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Résumé

La symétrie est omniprésente dans la science et I'art. Dans cette these, on con-
sidere les symétries décrites par la représentation d'un groupe fini pour aborder trois
problemes algébriques dans lesquels la symétrie apparait naturellement : I'interpola-
tion multivariée, 'interpolation idéale et le calcul des invariants et équivariants
fondamentaux. Les bases adaptées a la symétrie des anneaux polynomiaux sont
essentielles afin de préserver et d’exploiter la symétrie dans ces calculs algébriques.
On les utilise pour réduire les calculs d'un facteur qui dépend de la taille du groupe,
refléter les symétries initiales sur les solutions fournies, et calculer des ensemble
générateurs d’équivariants.

L’interpolation est un outil de premier ordre en calcul algébrique tandis que
la symétrie est une caractéristique qualitative qui peut étre plus pertinente pour
un modele mathématique que la précision numérique des parametres. On montre
comment préserver exactement la symétrie dans l'interpolation multivariée tout en
I’exploitant pour alléger le cott de calcul. On revisite I'interpolation de degré min-
imal et la moindre interpolation avec des bases adaptées a la symétrie, plutot que
la base monomiale. Cela permet de construire des bases d’espaces d’interpolation
invariants par blocs et qui capturent la redondance des calculs dis a la symétrie. On
montre que les bases d’interpolation adaptées a la symétrie ainsi construites allegent
le cotit de calcul de tout probleme d’interpolation et préservent automatiquement
toute équivariance que celui-ci pourrait avoir.

Les interpolations multivariées de Lagrange et Hermite sont des exemples d’inter-
polation idéale. Plus généralement, un probleme d’interpolation idéal est défini par
un ensemble de formes sur 'anneau polynomial, dont les noyaux se croisent en un
idéal. Pour un probleme d’interpolation idéal avec symétrie, on aborde le calcul
d’une base adaptée a la symétrie du moindre espace d’interpolation et d'une H-base
I'idéal adaptée a la symétrie. Outre sa présence manifeste dans la sortie, la symétrie
est exploitée a toutes les étapes de 'algorithme.

Les bases adaptées a la symétrie sont constituées d’équivariants fondamentaux
et ceux-ci forment des modules sur 'anneau des invariants. Dans cette these, on
propose trois algorithmes pour calculer des ensembles générateurs pertinents de ces
modules, ainsi que des ensembles générateurs pour I’anneau des invariants.

On montre comment la théorie de linterpolation idéale qu’on a développée
peut-étre appliquée pour calculer les invariants et les équivariants générateurs d’un
groupe de réflexion. Etant donné un ensemble d’invariants primaires pour toute
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représentation d'un groupe fini, on applique les algorithmes des Chapitres 3 et 4
pour calculer en méme temps un ensemble d’invariants secondaires et des bases
libres pour tous les modules équivariants fondamentaux. On propose un nouvel
algorithme pour calculer un ensemble d’'invariants générateurs simultanément aux
équivariants générateurs.

Mots Clés : Interpolation, Symétrie, Théorie des représentations, Action de
groupe, H-base, Matrice de Macaulay, Matrice de Vandermonde, Théorie des invari-
ants



Abstract

Symmetry is ubiquitous in science and art. In this thesis we consider symmetries
described by the representation of a finite group. Symmetry adapted bases of poly-
nomial rings are essential in order to preserve and exploit symmetry in algebraic
computations. In this work we address three algebraic problems in which symmetry
is naturally embedded: multivariate interpolation, ideal interpolation and gener-
ation of fundamental equivariants. We make use of symmetry adapted bases to
reduce the computations by a factor depending on the size of the group, to reflect
the initial symmetries on the provided solutions, and to compute generating sets of
equivariants.

Interpolation is a prime tool in algebraic computation while symmetry is a quali-
tative feature that can be more relevant to a mathematical model than the numerical
accuracy of the parameters. We show how to exactly preserve symmetry in multivari-
ate interpolation while exploiting it to alleviate the computational cost. We revisit
minimal degree and least interpolation with symmetry adapted bases, rather than
monomial bases. This allows to construct bases of invariant interpolation spaces in
blocks, capturing the inherent redundancy in the computations. We show that the
so constructed symmetry adapted interpolation bases alleviate the computational
cost of any interpolation problem and automatically preserve any equivariance of
this interpolation problem might have.

Multivariate Lagrange and Hermite interpolation are examples of ideal interpo-
lation. More generally, an ideal interpolation problem is defined by a set of linear
forms, on the polynomial ring, whose kernels intersect into an ideal.

For an ideal interpolation problem with symmetry, we address the simultaneous
computation of a symmetry adapted basis of the least interpolation space and the
symmetry adapted H-basis of the ideal. Beside its manifest presence in the output,
symmetry is exploited computationally at all stages of the algorithm.

Symmetry adapted bases are indeed made of fundamental equivariants and these
form finitely generated modules over the invariant ring. In this work we offers
algorithms to compute relevant sets of generators of these modules, together with
generators for the ring of invariants.

We show how the ideal interpolation theory that we developed can be applied
to compute the generating invariants and equivariants of a reflection group. Given
a set of primary invariants for any representation of a finite group, we apply the
algorithms in Chapters 3 and 4 to compute both a set of secondary invariants; and
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free bases of all fundamental equivariant modules. We propose a new algorithm to
compute a set of generating invariants simultaneously to the generating equivariants.

Keywords : Interpolation, Symmetry, Representation Theory, Group Action,H-
basis, Macaulay matrix, Vandermonde matrix, Invariant Theory.
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Chapter 1

General introduction

This introductory chapter provides an overview of the contributions in this thesis.
Since we kept the chapters of this thesis as close as possible to their original publi-
cations, more discussion on the state of the art can be found within the individual
chapters.

Preserving and exploiting symmetry in algebraic computations is a challenge
that has been addressed within a few topics and, mostly, for specific groups of
symmetry; for instance interpolation and symmetric group (Krick et al., 2017),
cubature (Collowald and Hubert, 2015), (Gatermann, 1992), global optimisation
(Gatermann and Parrilo, 2004; Riener et al., 2013), equivariant dynamical systems
(Gatermann, 2000; Hubert and Labahn, 2013) and solving systems of polynomial
equations (Faugere and Svartz, 2013; Gatermann, 1990; Gatermann and Guyard,
1999; Hubert and Labahn, 2012, 2016; Riener and Safey El Din, 2018; Verschelde
and Gatermann, 1995). Our objective in this thesis is to solve algebraic problems so
that the initial symmetries are reflected in the provided solutions. In addition to be
manifested in the output, we want symmetry to be exploited all along our algorithms
to reduce the size of the matrices involved, and avoid sizable redundancies. We are
also interested in the computation of generating sets of fundamentals invariants and
equivarinats, which play a key role in a large number of applications in different
mathematical disciplines.

We focus on three problems: Multivariate interpolation, ideal interpolation and
computation of fundamental equivariants. However, the theory developed in this
work can be used as a framework for different algebraic problems in the presence of
symmetries.

Multivariate Interpolation.

Due to its relevance in approximation theory and geometrical modeling, interpo-
lation is a prime topic in algebraic computation. Polynomial interpolation in n
variables has been widely studied, see (Gasca and Sauer, 2000; Lorentz, 2000) for
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good surveys in the area. Unlike univariate interpolation in which there is a unique
interpolation space of polynomials of degree less or equal to k for any given set of
(k+1) points in R, there is no such corresponding space in the multivariate case.
Then the structure of the input data needs to be taken into account.

Lagrange interpolation is what comes to mind when we speak of interpolation.
For a set of r points &1, ..., & in n-space, and r values 7y, ..., n,, Lagrange interpo-
lation consists in finding a n-variate polynomial function p such that p(&;) = n;, for
1 <7 <r. The evaluations at the points &; form a basic example of linear forms. The
space they generate is invariant under a group action as soon as the set of points is
a union of orbits of this group action. The above interpolation problem is invariant
if n; = n; whenever & and &; belong to the same orbit. It is then natural to expect
an invariant polynomial as interpolant. Yet, contrary to the univariate case, there
is no unique interpolant of minimal degree and the symmetry of the interpolation
problem may very well be violated in the computed solution (compare Figure 1.1c
and 1.1b).

(b) invariant interpolant of

a) interpolation data
(@) minimal degree (c)

interpolant obtained
from a monomial basis
Figure 1.1: Invariant Lagrange interpolation problem

Among the several problems in multivariate interpolation, we focus on the con-
struction of a polynomial interpolation space for a given set of linear forms. An
interpolation space for a set of linear forms is a subspace of the polynomial ring
that has a unique interpolant for each instantiated interpolation problem. Along
this thesis we consider an interpolation problem as a pair (A, ¢) where A is a fi-
nite dimensional linear subspace of K[z]* and ¢ : A — K is a K-linear map. An
interpolant, i.e., a solution to the interpolation problem, is a polynomial p such that

A(p) = &(N) for any X € A.

In Chapter 3 we consider general sets of linear forms; instead of, or in addition
to, fixing the values at the nodes, we could also impose the values of some deriva-
tives, moment functionals, or coefficients in a given basis of functions. The new
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angle on the above problems that is offered in Chapter 3 is to consider general sets
of linear forms invariant under a group action and seek to compute interpolants that
respect the symmetry of the interpolation problem. We mentioned invariance as an
instance of symmetry, but equivariance is the more general concept. We show that
the unique interpolants automatically inherit the symmetry of the problem when
the interpolation space is invariant. We need to point out that an invariant inter-
polation space is generally not spanned by monomials, when much of the literature
on algebraic computation restricts to monomial bases.

For a space of linear forms A, a canonical interpolation space A, also known as the
least interpolation space, was introduced by De Boor and Ron (1990, 1992a,b). It has
a desirable set of properties. We shall observe that it is invariant as soon as the space
of linear forms is. In floating point arithmetics though, the computed interpolation
space might fail to be exactly invariant. Yet, in mathematical modeling, symmetry is
often more relevant than numerical accuracy. We shall remedy this flaw and further
exploit symmetry to mitigate the cost and numerical sensitivity of computing a
minimal degree or least interpolation space.

Ideal Interpolation and H-Basis.

Multivariate Lagrange and Hermite, interpolation are examples of the encompassing
notion of ideal interpolation, introduced in (Birkhoff, 1979). They are defined by
linear forms consisting of evaluation at some nodes, and possibly composed with
differential operators, without gaps. More generally, a space of linear forms A on
the polynomial ring K[x] = K[z1,...,2,] is an ideal interpolation scheme if

I'=() ker A\={peK[x]:A(p) =0, for all X\ in A}
AeA

is an ideal in K[x]. In the case of Lagrange interpolation, Z is the ideal of the nodes
and is thus a radical ideal.

An interpolation space for A identifies with the quotient space K[x]/Z. Hence,
a number of operations related to I can already be performed with a basis of an
interpolation space for A: decide of membership to I, determine normal forms of
polynomials modulo Z and compute matrices of multiplication maps in K[x]/Z.
Given a Grobner basis of I, its corresponding set of reduced monomials span an
interpolation space. The relation between the reduction module a Groébner basis
and multivariate interpolation is exploited in (Sauer, 1998; De Boor, 2004).

Initiated in (Méller and Buchberger, 1982), for a set A of point evaluations, com-
puting a Grobuer basis of I found applications in the design of experiments (Pistone
and Wynn, 1996; Pistone et al., 2000). As pointed out in (Marinari et al., 1991),
one can furthermore interpret the FGLM algorithm (Faugere et al., 1993) as an in-
stance of this problem. The linear forms are the coefficients, in the normal forms, of
the reduced monomials. The alternative approach in (Faugere and Mou, 2017) can
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be understood similarly. The resulting algorithm then pertains to the Berlekamp-
Massey-Sakata algorithm and is related the multivariate version of Prony’s problem
to compute Grobner bases, or border bases or H-basis (Berthomieu et al., 2017,
Mourrain, 2017; Sauer, 2017, 2018).

All, the above mentioned algorithms and complexity analyses heavily depend
on a term order and basis of monomials. These are notoriously not suited for
preserving symmetry. Our ambition in Chapter 4 is to showcase how symmetry can
be embedded in the representation of both the interpolation space and the repre-
sentation of the ideal. This is a marker for the more canonical representations.

In the case of ideal interpolation, the least interpolation space is a canonical
representation of the quotient of the polynomial algebra by the ideal. It is the
orthogonal complement of the space of leading forms of the defined ideal. It has
great properties, even beyond symmetry, that cannot be achieved by a space spanned
by monomials. These latter are the object of focus for using H-bases as an alternative
approach in interpolation. The least interpolation space can be seen as the space
induced by the reduction process module an orthogonal H-basis (Sauer, 2001). H-
bases connection with multivariate polynomial interpolation has been approached
in the literature (De Boor, 1994; Méller and Sauer, 2000; Sauer, 2002, 2006)

Introduced by Macaulay (1916), H-bases are more intrinsically tied to the ideal.
Their computation from generators of the ideal is challenging though holds promises
in a symbolic-numeric setting (Moller and Sauer, 2000; Javanbakht and Sauer, 2019).
By providing the computation of a symmetry adapted H-basis, in the case of ideal
interpolation, we demonstrate that symmetry can be naturally preserved and repre-
sented in H-bases, as well as exploited in the course of their computation (compare
Figure 1.2¢ and 1.2b).

& (b) Variety of the minimal

degree invariant recovered (c) Variety of a minimal

from Ef‘ symmetry adapted degree polynomial recov-
H-basis

(a) invariant set of points

ered from Grobner basis
Figure 1.2: Lowest degree algebraic surface through an invariant set of the points

In Chapter 4 we provide an algorithm to compute simultaneously a symmetry
adapted basis of the least interpolation space and a symmetry adapted H-basis of
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the associated ideal. Based on QR-decomposition, the algorithm also lends itself to
numerical computations. Our algorithm somehow fits in the loose sketch proposed in
(De Boor, 1994). Yet we are now in a position to incorporate symmetry in a natural
way, refining the algorithm to exploit it. Symmetry is preserved and exploited thanks
to the block diagonal structure of the matrices at play in the algorithms.

Computation of fundamental equivariants and invariants.

The computation of invariants of group action has been an active subject since the
19th century. Celebrated mathematicians have left their mark on the subject and
textbooks reporting major progress still appeared recently (Derksen and Kemper,
2015; Sturmfels, 2007).

Invariant theory has a wide range of applications. Many of these depend on
computing generating set of rings of invariants. Below we mention some relevant
applications in different mathematical disciplines.

In computer vision invariants are useful for classifying objects up to the action
of a group of transformation. The objects are described in terms of invariants
and these invariants are used to provide all the essential information related to
the object. A good survey in the area can be found in (Mundy et al., 1992). In
(Palmer et al., 2020) the invariants of the octahedral group are used to cut the
variety of frame fields that are used to construct hexahedral meshes of volumes
in computer graphics. In graph theory the computation of generating invariants
for permutation representation has been used to show whether or not two given
graphs are isomorphic (Aslaksen et al., 1996; Thiéry, 2000). In code theory, once
a code is converted in polynomials constrains, invariant theory is used to restrict
the polynomials that satisfy the constraints (Sloane, 1977; Bannai et al., 1999; Nebe
et al., 2006). In quantum computing generating invariants of density operators are
computed to determine whether or not two quantum systems are locally equivalent
(Makhlin, 2002; Albeverio et al., 2005; King et al., 2007). Classical application for
solving systems of algebraic equations and for studying the behavior of dynamical
systems can be found in (Gatermann, 1990) and (Gatermann, 2000) respectively.

Several algorithms have been proposed for computing generating invariants of
finite groups. Algorithms to compute sets of primary and secondary invariants can
be found in (Kemper, 1999; Kemper and Steel, 1999; Gatermann, 2000; Sturmfels,
2007). For the computation of fundamental invariant we refer to (King, 2013). In
Chapter 5 we give a brief overview of these different algorithms. For a complete
overview of the subject as well as a more extensive comparison among the different
existing techniques we refer to (Derksen and Kemper, 2015).

Semi-invariants and equivariants, sometimes called covariants, appear frequently
in different mathematical models. Equivariants appear for the study of dynamical
systems and their bifurcations (Chossat and Lauterbach, 2000; Gatermann, 2000;
Golubitsky and Schaeffer, 1985; Golubitsky et al., 1988), mechanics (Olive et al.,
2018), and cryptography (Lercier et al., 2016; Mestre, 1991). Despite their relevance



CHAPTER 1. GENERAL INTRODUCTION 14

though, the few algorithms to compute equivariants (Stanley, 1979; Worfolk, 1994;
Gatermann, 1996) are not as advanced.

Any polynomial equivariant can be written in terms of fundamental equivariants,
i.e., equivariants for the irreducible representations of the group, the algorithms
presented in this thesis thus fill a void in the subject.

In Chapter 5 we show the existing link between symmetry adapted basis and
fundamental equivariants. Symmetry adapted bases are indeed made of fundamental
equivariants and these form finitely generated modules over the invariant ring. We
propose algorithms to simultaneously compute sets of generators of these modules,
together with generators for the ring of invariants. We show how ideal interpolation
can be used to compute the generating invariants and equivariants of a reflection
group. We also show how to obtain a set of secondary invariants; and free bases of
all fundamental equivariant for a set of primary invariants for any representation of
a finite group.

SyCo (Symmetry and Computations)

Our research results and algorithms are implemented into a Maple library. We pro-
vide generic representations of linear actions over vector spaces and linear forms. In
this way our library is flexible, to add new linear forms and groups, it is only nec-
essary to inherit the provided structure. We offer procedures with multiple options
to compute symmetry adapted bases, interpolation spaces, H-basis, fundamental
invariants and equivariants. Our methods preserve and exploit symmetry at each
step.

Much of the content of this work has been published and presented in the fol-
lowing papers and venues:

Multivariate Interpolation:

e Rodriguez Bazan, E., Hubert, E., 2019. Symmetry Preserving Interpolation.
In: ISSAC’19. ACM, Beijing, China, pp. 3441

e Presented in STAM Conference on Applied Algebraic Geometry. July 11-15,
2019, Bern, Switzerland.

e Poster presentation in Summer School on Numerical Computing in Algebraic
Geometry. August 13-17, 2018, Leipzig, Germany.

Ideal Interpolation:

e Rodriguez Bazan, E., Hubert, E., 2020. Ideal Interpolation, H-basis and Sym-
metry. In: ISSAC’20. ACM, Kalamata, Greece

e Presented in Journées nationales de calcul formel. March 2-6, 2020, CIRM,
Marseille, France.



15 CHAPTER 1. GENERAL INTRODUCTION

Equivariants

e Hubert, E., Rodriguez Bazan, E., Algorithms for fundamental equivariants
and invariants.

This manuscript is structured as follows. We start in Chapter 2 by introducing
the relevant mathematical concepts and results that will be used in our work. In
Chapter 3 we show how to exactly preserve symmetry in multivariate interpolation.
In Chapter 4 we address the simultaneous computation of a symmetry adapted basis
of the least interpolation space and the symmetry adapted H-basis of the ideal. In
Chapter 5 we offer algorithms to compute relevant sets fundamental equivariants,
together with generators for the ring of invariants. Finally, in Chapter 6, we present
the library we developed with the implementations of the methods and algorithms
from chapters 3 to 5. We concluded with some general overviews and comments on
future development.
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Chapter 2

Preliminaries

2.1 Notations

In this section we introduce some of the notation we use throughout the thesis. Let
K be either C or R. K[x] = K[zy,...,2,] denotes the ring of polynomials in the
variables 1, ..., x, with coefficients in K; K[x]<4 and K[x]4 the K-vector spaces of
polynomials of degree at most d and the space of homogeneous polynomials of degree
d respectively. The dual of K[x], the set of K-linear forms on K[x], is denoted by
K[z]*. By K[x]™ we denote the space of polynomials maps with m— components.

2.2 Duality

K[z]* can be identified with the ring of formal power series K[[0]] = K[[\, ..., 0,]]
through the isomorphism ¢ : K[[0]] — K[z]*, where for p = ¥, poz® € K[x] and

f=Zaawn fa0* € K[[0]]
0%p

GIOED WA IOED TN
aeN"™ T aeN
9)k
For instance, the evaluation e, at a point € K is represented by e(69) = 3 %7
keN .

the power series expansion of the exponential function with frequency &.
The dual pairing
K[z]* xK[x] - K
(Ap) -~ Ap)
induces the apolar product on K[x] by associating p € K[x] to p(9) € K[[0]]. For
p=Y,Pax® and q =Y, qox® the apolar product between p and ¢ is given by

(p,q) =D(0)q =) a'Pyga € K.

Note that for a linear map a: K" - K" (p,qoa) = (p od, q).
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For a set of linearly independent homogeneous polynomials P we define the dual
set Pt to be a set of homogeneous polynomials such that (pj, pj) = 0;;. For instance
the dual basis of the monomial basis {2} aenn is {52 }aene. Thus any linear form

1
A e K[z]* can be written as A= )’ —A(z)0% € K[[D]]. More generally, any linear
al

aeN"™
form on (P) can be written as

A= Ap)p'(9) < K[[9]]-

peP

2.3 Linear representations of finite groups

The basic material on representation of finite groups is taken from Serre (1977) and
Féssler and Stiefel (1992). We deal with a finite group G.

2.3.1 Linear representations and characters

A linear representation of the group G on the C—vector space V' is a group morphism
from G to the group GL(V') of isomorphisms from V' to itself. V is called the
representation space and n is the dimension (or the degree) of the representation
v. If V has finite dimension n, and t is a linear representation of G on V', upon
introducing a basis P of V' the isomorphism t(g) can be described by a non-singular
n x n matrix. This representing matriz is denoted by [t(g)]p. The complex-value
function

X :G — C, with x(g) - Trace(t(g))

is the character of the representation t.
The dual or contragredient representation of t is the representation t* on the
dual vector space V* defined by:

t*(g)(\) =Aor(g!) for any e V*. (2.3.1)
If P is a basis of V' and P~ its dual basis then [t*(g)]p+ = [t(g7)]5. It follows that

Xe (9) = x:(97") = X (9)-

A linear representation v of a group G on a space V is irreducible if there is
no proper nonzero subspace W of V with the property that, for every g € G, the
isomorphism t(g) maps every vector of W into W. In this case, its representation
space V is also called irreducible. The contragredient representation t* is irreducible
when v is. A finite group has a finite number of inequivalent irreducible representa-
tions. Any representation of a finite group is completely reducible, meaning that it
decomposes into a finite number of irreducible subspaces.



19 CHAPTER 2. PRELIMINARIES

Let v, (¢ =1,...,n) be the irreducible n, dimensional representations of G. The
complete reduction of the representation t and its representation space are denoted
by

t=ct ® @, and V=VDg...e VM, (2.3.2)

Each invariant subspace V() is the direct sum of ¢, irreducible subspaces and the
restriction of v to each one is equivalent to t,. The (¢ymny)—dimensional subspaces
VO of V are the isotypic components.

The decomposition of V' into irreducible components is not unique, whereas its
decomposition into a direct sum of isotypic components is unique (Fulton and Harris,
1991, Proposition 1.8) and is called the isotypic decomposition of V.

An element v € V' is called invariant, if t(g)(v) = v, for any g € G. The invariant
elements of V' form a vector space denoted by V9. The invariant subspace V9 is
the isotypic component corresponding to the unit representation v;. The elements
of VO, with £> 1, are called semi-invariants (Gatermann, 1996).

A representation with character y is irreducible if and only if

G g%x(g)x(g)

With x, the character of v, we determine the multiplicity ¢, and the projection
7, onto the isotypic component V(9

|g|g€2g><e(g)x(g) T = |Q|Q§X£(g Dr(g). (2.3.3)

Ce =

2.3.2 Symmetry adapted bases

A basis that is compatible with the decomposition of a vector space V' into isotypic
components is called a symmetry adapted basis. The construction of a symmetry
adapted basis is basically given by (Serre, 1977, Proposition 8) that we reproduce
here for ease of reference.

Proposition 2.3.1 (Serre, 1977, Proposition 8) Consider v4(g) a representmg ma-

trix for an irreducible ny,—dimensional representation v,. The linear maps 7r V-
V' defined by

md ()= i1 2 [0 (97 ¥(9)(0)

EY
satisfy the following properties:

(1) For every 1 < o < ny, the map 7r( ) is a projection ; it is zero on the isotypic
components V) k£ (. Its image V&) s contained in V© and

V(é) = V(fvl) DD V(Za”£)7 (234)

while 7(0) = Z 71'(()
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(2) For every 1 < «,f < ny, the linear map 7T((fﬁ) 18 zero on the isotypic compo-

nents V) k + 0, as well as on the subspaces V&K for k + € ; it defines an
isomorphism from V(&P) to V(&)

(3) For any v eV and 1 <y < ny consider v, = 759(v) € V&9 for all 1 < o <
ne. If non zero, vy, ..., v,, are linearly independent and generate an invariant
wrreducible subspace of dimension ny. For each g € G, we have

t(g)(vy) = i[rg(g)]m (vy) VYo,v=1,...,n.

(4) For every 1<, fB,7,8 <ng, we have

l .
0w _ [ itp=
ap = oo 0 otherwise.

Considering {ﬂ'ﬁ)(’l}l), . ,Wf?(vq)} a basis of the subspace VD = 70 (V) a
symmetry adapted basis P of the isotypic component V() is then given by:

PO =z (), 7D (W), w0, 7 (v} (2.3.5)

nyg ) gl
The union P of the P® for 1 </ < n, is a symmetry adapted basis for V. Indeed,
by Proposition 2.3.4, the set {Wéﬁ)(vl), . ,ﬂ&@(vq)} is a basis of V&) = 789 (V)
and VO =V ED g...9 V()
Hereafter we denote by P the polynomial map defined by
el L 14
PE) = (7 (w),..., = >(yq)). (2.3.6)
A symmetry adapted basis P is characterized by the fact that

[t(g)]P = diag (r1(g) ® 1, ..., m(g9) ®1c,).

Then [t*(g)]p. = diag (1;%(g9) ® I, |7 = 1.n).

As we can perceive in (2.3.5), a symmetry adapted basis of a vector space V is
not unique, yet it is fully determined by the choice of the bases for the subspaces
VED with 1</ <n.

Proposition 2.3.2 If P = U, PO be a symmetry adapted basis of V where PG
spans the isotypic component associated to v; then its dual basis P* = U™, (PW)" in
V* is a symmetry adapted basis where (PM)* spans the isotypic component associ-
ated to t;.

Corollary 2.3.3 If P is a symmetry adapted basis of K[x]<s, so is its dual PT with
respect to the apolar product.
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Theorem 2.3.4 Let ¥ and 6 be representations of G on the vector space V and
W respectively, and P and Q the respective symmetry adapted bases. Consider
¢:V — W an 9 -0 equivariant map, i.e., po¥(g) = 0(q) o ¢ for all g € G. The
matriz ® of ¢ in the bases P and Q has the following structure

& = diag (I, ®P; | i=1...n), (2.3.7)

where ®; is a ¢; x ¢, matriz, ¢; and c; being the multiplicities of the i—th irreducible
representation of G in'V and W respectively.

This is a consequence of Schur lemma (Serre, 1977, Proposition 4). The proof is
an simple extension of the result for an equivariant endomorphism ¢ : V — V in
(Fassler and Stiefel, 1992, Theorem 2.5).

A scalar product is G—invariant with respect to a linear representation t if

(v,w) =(r(g)(v),t(g9)(w)) for any ge G and v,w eV

If we consider unitary representing matrices r,(g), and an orthonormal basis

0 4
{ﬂ{l) (U1)7 s 77T§1) (UCZ)}

of V&1 with respect to a G—invariant inner product, then the same process leads
to an orthonormal symmetry adapted basis (Fassler and Stiefel, 1992, Theorem 5.4).

2.3.3 Real symmetry adapted bases

Some group have irreducible representations that have no representing matrices in
R, as is the case for the cyclic group C,,, m > 2. This would lead to symmetry
adapted bases whose components are polynomials in C[z]. This is not desirable for
an interpolation problem over R. Fortunately one can determine a real symmetry
adapted basis by combining the isotypic components related to conjugate irreducible
representations.

Based on (Serre, 1977, Chapter 13.2), we study the linear representations on
a R-vector space from the linear representations on a C-vector space. In fact,
any linear representation v on a R-vector space V' can be considered as a linear
representation on the C-vector space V ®g C, i.e., the vector space obtained from
V' by extending the scalars from the real numbers to the complex numbers.

Three types of irreducible representations on a C—vector space are distinguished
in (Serre, 1977, Chapter 13.2). Let t be an irreducible representation of a finite
group G on a n—dimensional C—vector space V' and let x be its character. The three
mutually exclusive cases are the following:

1. Complex type The character y is not real-valued. Hence v and its conjugate
t are non equivalent irreducible representations. When restricting the scalars,
t defines an irreducible representation on a R—vector space of dimension 2n
with character y +.
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2. Absolutely irreducible The representation v can be realized by matrices
having coefficients in R. Hence t defines an irreducible representation v on a
R-vector space of dimension n with character y.

3. Quaternonian type The character y is a real-valued function, but the rep-
resentation v cannot be realized by matrices having coefficients in R. By re-
striction of the scalars, v defines an irreducible representation t on a R—vector
space of dimension 2n with character 2y.

According to (Serre, 1977, Proposition 39), an irreducible representation t is of type
1, 2, 3, if and only if ﬁ Ygeg X(g?) is equal to 0,+1, or -1, respectively. We shall
denote M the number of absolutely irreducible representations of the group G and
2L the number of irreducible representations of complex type. They will be denoted
t1,...,ty, and Ty, ..., together with their conjugates Thry1,..., e, We
shall make the reasonable asumption that the group considered has no irreducible
representation of quaternion type.

The construction of a real symmetry adapted basis for a real represenation t on a
R-vector space V' is based on the construction of a complex symmetry adapted basis
as presented in Section 2.3.1. From a basis of the isotypic component associated
to t;, for 1 <i < M + L we construct a basis for the real irreducible representation
defined by v;.

Absolutely irreducible In this case we can choose representing matrices r,(g)
of the irreducible representation v, with real entries. Taking a real basis

{7 00,7 ()}
of the subspace 7r11) (V ®r C), the basis

14 4 14 )4
PO =20 ()7l o)l 1) 7D ()} (2:3.8)

is a real symmetry adapted basis of V().

Complex Type Let t; be an irreducible representation of complex type and yy its
character. Since x, and *, are different characters of G, then v, and t, are inequiv-
alent irreducible representations of t, both with multiplicity ¢,. A real symmetry

adapted basis PO of the space V) & v i given by
P(K) = {pl +]_917 % (p _]_91) Y 2 +ﬁcea % (pcz _]_jcé) IR
¢
O o) +7 @) 4 (75 () - w <p1>) (2:3.9)
¢
ngl (pci)—‘rﬂ-ngl (ng)7z ( 7(1[)1 (ng) anl (pCe))}’
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l .
where {7?11) (p1),- 711) (Pe,) s - -+ nel ) (p1),- .., T(w)l (pcz)} is a complex symmetry
adapted basis of V(Z).
Dk + Dk if k¥ mod2=1
Considering by = and 7T(1) = 7T(£1) + 7T(1) we can
1 (px—pr) otherwise

write Equation (2.3.9) in a similar fashion than Equation (2.3.8) as follows

PO = b, baey, o 7 (1) 7 (o)} (2.3.10)

9 nzl Y nel

Notice that if py,. .., p., are ordered by degree, so are by, ..., by, and if {p1,....pe,}
is an orthonormal basis then:

(7O (by) 278 (Br), 780 (b) 70 (B)) = 203 (2.3.11)

Hence %P“) is an orthonormal symmetry adapted basis of V.

When the group G admits absolutely irreducible representations and irreducible
representation of complex type, a real symmetry adapted basis for a representation
space V is characterized by the fact that

[v(9)]p = diag (A1(g), .-, Amr(9)),

and A;(g) is given by

r(g) @1, if 1<j<M

pig) (OB @By L B, (o)

(g) =1 j J J

j L, ®B21(g) ch®Bm(g) lo ®Bo, () | 4 Me<jemr
I, o) (9 L, o) 2(9) 1, @Bl (9)

with B 503(9) _t.gzﬂ(g)) i(g) = 3 (x;(g) +T; an
2 - (0 ) 90 - b ene)
Ti(g) = 5 (1;(9) = T;(9)) -

Proposition 2.3.5 Let 9 and 0 be representations of G on the R—vector space V and
W respectively, with real symmetry adapted bases P and Q. Consider ¢ :V — W
a v — 0 equivariant map. Then the matriz V of ¥ in the bases P and Q has the
following structure

U =diag (I, ®U; |i=1...M+L). (2.3.12)

If P and Q stem from the symmetry adapted bases P and Q of V &g C and WgRC
respectively and ® = diag (I,, ® ®; | i=1...n) is the matriz in w.r.t P and Q of
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the ¥ — 0 equivariant map ¢ : V @g C — W ®g C, given by ¢(zv) — Re(2)(v) +
iIm(2)y(v). Then for every 1 < j < M+ L the matriz V; has the following structure

o, it 1<j<M
J J J J
511 —tl-1 e Sig —tlch
tg s Lt 5,7
U, = 11 11 Ic; Ie; :
cee cee ..‘. cee if M<j §M+L
i 47 i 4
Sc’.l tc’,l Sc’.cj tc’,c]-
A A
c;.1 ch.l cl.cj SCS-C]‘

where ¢; and cj are the multiplicities of the i—th irreducible representation of G in 'V
and W respectively and the matrices ST = (Sa]ﬁ)lgagcj and T7 = (tajﬁ)lgagcj are defined

1<p<c] 1<B<c)
by
1 — S =
S]:§(¢j+¢j) szi(q)J_q)])
PROOF: For every real vector v we have that ¢)(v) = ¢(v). We distinguish now
two cases:
° vi . i1s an element of a symmetry adapted basis associated to an irreducible
component of absolutely irreducible type. Then @b(vik) = gb(vik) = ZZ L @éi) wiz
and the structure of ¥, for 1 < j <M follows

o v/ “, is an element of a symmetry adapted basis associated to an irreducible
component of complex type Then the elements of the real symmetry adapted

basis PO for VeV are given by Equation (2.3.10). The following qualities

holds
% 5 i _ i
() = B 3T = 3 o (o ) 1, (2 )
/=1 (=1
Loy & io(d i ; (wh, -,
w(; (erk_vak)) :; _tﬁa (wa€+wo¢€) +8€o¢ f

and therefore the structure of ¥, follows for M < j < M + L.

O

Conventions We introduce the following conventions so as to have uniform state-
ments for symmetry adapted bases of both real and complex vectors spaces. In the
complex case N = M + 2L is the number of inequivalent irreducible representations
of the group G and ¢; is the multiplicity of t; in the representation considered. In the
real case N = M + L is the number of inequivalent real irreducible representations
of the group G and ¢; is, in the representation considered,
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e the multiplicity of v; if 1 <i < M;
e is twice the multiplicity of v; it M +1<i< M+ L .

In either case we denote a symmetry adapted basis by P = u¥ P and say that P®)
is determined by pi, ..., p., to mean that the basis of P is

In the complex case:

{proopes o 7 )7 () |

In the real case and 1 <i < M : same as above

In the real case and M +1 <1< M+ L :

{Proopes o 70 )7 ()

2.4 Invariant theory

In this section we introduce some basic notions of invariant theory. The litera-
ture on the computation of polynomial invariants is rather extensive, for proof and
more extensive discussion we shall restrict here to the book references (Derksen and
Kemper, 2015; Gatermann, 2000; Sturmfels, 2007; Stanley, 1979).

The symmetries we deal with are given by the linear action of a finite group G
on K. It is thus given by a representation ¥ of G on K”. It induces a representation
p of G on K[x] given by

p(9)p(x) =pod(g7), (2.4.1)

for p e K[x], g € G. For arow vector q = [q1, -, qm] € K[x]™ of polynomials we write

p(g)(q) for the row vector [p(g)(q1),...,p(9)(qm)] € K[x]™. For £ e K", p € K[x]
or q € K[x]™ we occasionally write g-&, ¢g-p, or ¢g-q instead of ¥(g)(€), p(g)(p) or

p(g9)(a)-
The representation p: G - GL(K[x]) leaves invariant the finite dimensional
subspace K[x]4 spanned by the homogeneous polynomials of degree d. The isotypic

components of K[x]; are denoted K[x] Ef). We write

s ¢ ‘ ‘ ¢
- DK[xl. = DDK[x]Y, 9 =PKEY, K] =-DK[x].
deN deN £=1 deN =1
Similarly

O - DK - U, K[x]* = @K, K[x]® = K],
i - P e
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2.4.1 Ring of invariants

An invariant polynomial, or simply invariant, is a polynomial p € K[x] such that

p(g)(p) =pforall gegG.

The K-vector space of invariants is the isotypic component of K[x] associated to

™) But the invariants also form a ring and we

the trivial representation i.e. K[x]
shall denote this ring K[z]9. The projection 7Tﬁ) of K[x] in K[x]9 is also known as
the Reynolds operator.

The Hilbert’s finiteness theorem (Sturmfels, 2007, Theorem 2.1.3) states that the
invariant ring is finitely generated. A bound for the number of generating invariants,

as well as for their degrees are given in the following theorem

Theorem 2.4.1 (Noether’s degree bound). The invariant ring of a finite matriz
group G has an algebra basis consisting of at most (”J;lq) mvariants whose degree is
bounded above by the group order |G|.

The invariant ring is a graded algebra. It is the direct sum of the finite-
dimensional K-vector spaces K[x]9, where K[x]J denotes the space of homogeneous
invariants of degree d. The Hilbert series of K[x]9 defined by the generating function

H(K[x]§,t) = ;dim (K[x]9) t*

gives the dimension of the vector space of invariants at each degree. An explicit
formula for H (K[x]9,¢) in terms of the matrix group G is given in the following
theorem.

Theorem 2.4.2 (Molien’s Theorem). The Hilbert series of the invariant ring K[x]9

s given by
1 1
HK[x]9t) ==Y ——.
(K0 |g|1;gdet(1n—tr)

An estimate of the density of K[x]§ in K[x], is given in the following theorem:

Theorem 2.4.3 (Kemper and Steel, 1999, Proposition 1) Let aq = dim (K[x]9) and
bd = dim (K[X]d) . Then
lim Z%O e i
N—eo 370 o ba |G|

(2.4.2)

Equation 2.4.2 will be useful in Chapter 3 to study the complexity of invariant
interpolation.

Let A be a graded K-algebra and let m be the maximal number of algebraically
independent elements of A. A set oy ...,0,, of m homogeneous elements of positive
degree is called a homogeneous system of parameters, if A is a finitely generated
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module over K[oy...,0,,]. The invariant ring K[x]9 has n algebraically indepen-
dent invariants (Sturmfels, 2007, Theorem 2.2.1). The elements in an homogeneous
system of parameters of K[x]9 are called primary invariants. Algorithms to compute
primary invariants can be found in (Derksen and Kemper, 2015; Gatermann, 2000;
Sturmfels, 2007; Stanley, 1979). In section (5.4) we give a more detailed overview
of the existing algorithms for computing primary invariants.

Since the invariant ring is Cohen—Macaulay (Sturmfels, 2007, Theorem 2.2.1),
for each set of primary invariants {o; ...,0,}, there exists homogeneous invariants
M,-..,N such that

K[X]g = @T}ZK[Ul . ,O'n],

the n; are called secondary invariants. The secondary invariants are uniquely deter-
mined by the degrees of their corresponding primary invariants, this is reflected in
the following theorem

Theorem 2.4.4 Let dy,...,d, be the degrees of a collection of primary invariants
of a matrixz group . The number of secondary invariants is given by

d...d,
9]

m =

The degrees (together with their multiplicities) of the secondary invariants are the
exponents of the generating function

H(K[x]9,t) - py (T-th) =t + .+ 1o,

An explicit algorithm to compute secondary invariant can be found in (Kemper and
Steel, 1999).

2.4.2 Modules of equivariant

In this section we discuss about the theory of equivariants, and its relation with
linear representation. We provided the equivariants properties that are analogous
to the results given in the previous section.

Isotypic components.

The infinite dimensional isotypic components K[x] (Z), and their components
K[x]"“", are actually K[z]%-modules. Indeed, if p € K[2]9, then 7r2.(jé) (pq) = pﬂgf)(q)
for any ¢ € K[x]. In fact (Stanley, 1979, Theorem 1.3) asserts that K[x]‘ is finitely
generated by polynomials of degree less than |G|. Since K[x] can be decomposed

as a direct sum of its isotypic components it follows that K[x] is finitely generated
over K[x]9.
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Theorem 2.4.5 (Stanley, 1979) Let o4,...,0, be a set of primary invariants for

K[x]. Then the isotypic components K[x]'”, ¢ =2... N are modules finitely-generated
and free over K[oy,...,0,].

Theorem 2.4.6 (Stanley, 1979, Proposition 4.9) Let o1, ... 0., be a set of the pri-
mary invariants of K[x]9. Then the group action on K[x]/{(o1,...,0m) is a times
the reqular representation.

When G is a reflection group then K[x]/ (o4, ...,0,) is isomorphic to the regular
representation (Kane, 2001, Theorem 17.5).

A generalization of the Molien’s formula (Theorem 2.4.2) for any isotypic com-
ponent is given in the following theorem.

Theorem 2.4.7 The Hilbert series of K[x] ® s given by

HK[],8) = % F% detﬁir—)tr) ’

where Xy 1s the character of the {—th irreducible representation of G.

Based on Theorem 2.4.7 the following proposition is proposed in (Svartz, 2014,
Proposition 3.83) to estimate the density of K[X]gg in K[x]<q-

Theorem 2.4.8 Let ay) = dim (K[X]ff)) and by = dim (K[x]4) . Then

N (0 2
lim 20t _ " (2.4.3)
N—oo Zd:obd |G|

Equivariant

More generally, if v : G - GL,,(K) is a m dimensional matrix representation of G,
an t-equivariant is a row vector q = (qq, ..., ¢n) € K[x]™ such that p(g)(q) = qr(g),
where the left handside is a vector-matrix multiplication. The set of all t-equivariants
forms a K[z]9-module that we denote K[z]¢.

A projection on K[z]{ is given by 7, : K[x]™ — K[x]{ with

1

Tpe(q) = G Yop(g7h) (@) (9), a e K[x]™

geg

The map 7, . is a projection on the trivial component of the representation
7:G~>GL(K[x]™), 7(9)=p(s7")(@)e(9)-

A set of t-equivariants Q = {qy,...,qm} is generating for K[z]¢ as a K[z]9-module
if any other t-equivariant q can be written as a linear combination of @ over K[xz]9:
q=a1qr+ ...+ Gy A, a; € K[z]9.
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Theorem 2.4.9 (Gatermann, 1996, Theorem 2.13) If o1,...,0, are primary in-
variants for K[x], then the module of K[z]¢-equivariants is finitely generated and
free over K[oq,...,0,].
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Chapter 3

Invariant Interpolation

This chapter is an extended version of:
(Rodriguez Bazan and Hubert, 2019) Rodriguez Bazan, E., Hubert, E., 2019.
Symmetry Preserving Interpolation. In: ISSAC’19. ACM, Beijing, China, pp. 34-41
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3.1 Introduction

In this chapter, we address how to deal with multivariate interpolation in the pres-
ence of symmetry.

Among the several problems in multivariate interpolation (Gasca and Sauer,
2000; Lorentz, 2000), we focus on the construction of a polynomial interpolation
space for a given set of linear forms. Assuming the space generated by the linear
forms is invariant under a group action, we show how to, not only, preserve exactly
the symmetry, but also, exploit it throughout the computations.

An interpolation space for a set of linear forms is a subspace of the polynomial
ring that has a unique interpolant for each instantiated interpolation problem. We
show that the unique interpolants automatically inherit the symmetry of the problem
when the interpolation space is invariant (Section 3.3). We need to point out that
an invariant interpolation space is generally not spanned by monomials, when much
of the literature on algebraic computation restricts to monomial bases.

A canonical interpolation space, the least interpolation space, was introduced by
De Boor and Ron (1990, 1992a,b). We shall observe that it is invariant as soon as the
space of linear forms is. The least interpolation space can be constructed by Gauss
elimination in a multivariate Vandermonde (or collocation) matrix. A different col-
lection of the terms allows to determine the least interpolation space. The columns
of the Vandermonde matrix are traditionally indexed by monomials. We show how
any other graded basis of the polynomial ring can be used. In particular there is a
two fold gain in using a symmetry adapted basis. On one hand, the computed inter-
polation space will be exactly invariant independently of the accuracy of the data
for the interpolation problem. On the other hand, the new Vandermonde matrix is
block diagonal so that Gauss elimination can be performed independently on smaller
size matrices, with better conditioning. Computational savings are obtained from
identical blocks being repeated according to the dimension of the related irreducible
representations of the group. Symmetry adapted bases also played a prominent role
in (Collowald and Hubert, 2015; Gatermann and Parrilo, 2004; Riener et al., 2013)
where it allowed the block diagonalisation of a multivariate Hankel matrix.

In Section 3.2 we define minimal degree and least interpolation space and review
how to compute a basis of it with Gauss elimination. In Section 3.3 we make explicit
how symmetry is expressed and the main ingredients to preserve it. In Section 3.4 we
review symmetry adapted bases and show how the Vandermonde matrix becomes
block diagonal. This is applied to provide an algorithm for the computation of
invariant interpolation spaces in Section 3.5 together with a selection of relevant
invariant and equivariant interpolation problems.

3.2 Polynomial interpolation

In this section we first review the definitions and constructions of interpolation spaces
of minimal degree. By introducing general dual polynomial bases we generalize the
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construction of least interpolation spaces. We shall then be in a position to work
with adapted bases to preserve and exploit symmetry.

3.2.1 Interpolation space

A typical example of a linear form on K[x] is the evaluation e¢ at a point £ of Kn.
It is defined by

ee: K[x] - K

p = p).
Other examples of linear forms on K[x] are given by compositions of evaluation and
differentiation
A Kx] - K
p = Xiaeg g (9)(p),
ith Kn K d o= 0 0

with & e K", ¢; e K[x] an —ax?l...w.

As the most common type, Lagrange interpolation starts with a set of points
&1,...,& in K™ and a set of values 7, ...7, € K, and consists in finding, a polynomial
p such that e¢, (p) =7;, 1 <j <r. More generally an interpolation problem is a pair
(A, ¢) where A is a finite dimensional linear subspace of K[z]* and ¢ : A — K is
a K-linear map. An interpolant, 7.e., a solution to the interpolation problem, is a
polynomial p such that

A(p) = d(N) for any X € A. (3.2.1)

An interpolation space for A is a polynomial subspace P of K[x] such that Equation
(3.2.1) has a unique solution in P for any map ¢.

3.2.2 Vandermonde matrix

For a given linear space of linear forms A we introduce the Vandermonde operator

w as
w: Kx] - A

p - ( ) p):
where (-, -) is the dual pairing between A and A*, i.e., (A, p) = A(p). When A
is finite dimensional w is a surjective map. Indeed, for every ¢ € A* let py € K[x]
be a solution of the interpolation problem (A,¢). Then ¢ = (-, p,) and therefore

w(ps) = ¢.

We denote by wy : K[x]<q = A the restriction of w to K[x]<4. The matrix of wy in
the bases P = {p1,p2, ..., pm} of K[x]<4 and the dual of the basis £ = {1, Ao, ..., A}
of A is the Vandermonde matrix

)\1(]91) /\1(]72) /\1(P3) /\1(pm)
WP - Aa(p1) a(p2) Do(ps) - Aalpm) | (3.2.3)

)\r(pl) )\r(pZ) )\r(pr) )\r(pm)

(3.2.2)
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As in the univariate case, the Vandermonde matrix appears naturally in the
interpolation problem. Indeed (p1,. .., p, )k is an interpolation space for (A1, ..., A\ )k
if and only if for any ¢ : A — K there exists a unique a = (ay, . .. ,ar)T € K" such that

)\1(01]71 +.. -ampm) = gb()‘l)

M(arpr+ .. ampm) = d(\)
Then a is the solution of the linear system W7 a = (¢(\1),..., #(M\))". Therefore

(p1,--.,pr)x is an interpolation space if and only if WP is an invertible matrix.
This leads to a straightforward approach to compute an interpolation space for
(A, ..., A\ )k. Since the elements of £ are linearly independent, there is ¢ > 0 such

that WZD % has full row rank, where Pj is a basis of K[x]<s. For Lagrange interpolation
d <|L|. Hence we can choose r linearly independent columns ji, jo, . .. j, of Wﬁp ¢ and
the corresponding space P = (pj,,...p;, )k is an interpolation space for A.

In order to select r linearly independent columns of WZD ‘we can use any rank
revealing decomposition of VVL7> %, Singular value decomposition (SVD) and QR de-
composition provide better numerical accuracy but to obtain a minimal degree inter-
polation space we shall resort to Gauss elimination. It produces a LU factorization

of W where L is an invertible matrix and U = [u;;] 1j<r is in row echelon form.
1<j<m

This means that there exists an increasing sequence ji,...,J, with j; > ¢, such that
w;;, is the first non-zero entry in the i—th row of U. We call ji,...,j, the echelon
index sequence of Wf . They index a maximal set of linearly independent columns
of VVL73 2.

3.2.3 Minimal degree

It is desirable to build an interpolation space such that the degree of the interpolating
polynomials be as small as possible. We shall use the definition of minimal degree
solution for an interpolation problem defined by De Boor and Ron (1992a,b) and
Sauer (1998).

Definition 3.2.1 An interpolation space P for A is of minimal degree if for any
other interpolation space @QQ for A

dim(Q NnK[x]s) < dim(P nK[x]<s), V0 € N.

Definition 3.2.2 An interpolation space P for A is degree reducing if for any p €
K[x] the solution of the interpolation problem (A, $,) has degree less or equal than
degree of p, where

®p (X)) = AM(p) for any A € A.

Proposition 3.2.3 (De Boor and Ron, 1992a, Proposition 7.1) An interpolation
space P for A is of minimal degree if and only if it is degree reducing.
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We say that a countable set of homogeneous polynomials P = {pi,ps,...} is
ordered by degree if i < j implies that degp; < degp;.

Proposition 3.2.4 Let L be a basis of A. Let Ps, 6 >0, be a homogeneous basis
of K[x]<s ordered by degree, such that WZD‘S has full row rank. Let jq,...,7J, be the
echelon sequence of WEP“ obtained by Gauss elimination with partial pivoting. Then
P:={(pj,....,pj.) is a minimal degree interpolation space for A.

PROOF: Let () be another interpolation space for A. Let ¢q,¢>...¢q,, be a basis
of Q@ NnK[x]<q with d < 4. Since Py is a homogeneous basis of K[x]<s, any ¢; can be
written as a linear combination of elements of Ps N K[x]<4. Considering ¢; = ¥; a;ip;
we get that A(g;) = ¥;a;;A(p;) for any X e A.

Let {pj, ,Pj.,,---Pj, } be the elements of P that form a basis of PnK[x]<4. Gauss
elimination on W™ ensures that A(b) is a linear combination of AP, )y Mpii,)
for any b € PynK[x]<q and A € A. The latter implies that

Mai) = Z Cki)‘(pjik) for 1 <7 <m and ¢ € K.
k=1

If m > n then the matrix C = (¢;j)1<i<m has linearly independent columns, and
1<j<n

therefore there exist di,ds,...d,, € K such that

Zd'L)\ (Q'L) =\ (Z d'LQz) =0 for any AeA
i=1 =1

which is a contradiction with the fact that @) is an interpolation space of A. Then
we can conclude that m <n and P is a minimal degree interpolation space for A. O

3.2.4 Least interpolation space

For a space of linear forms A c K[z]*, a canonical interpolation space A, is intro-
duced by De Boor and Ron (1990). It has a desirable set of properties. An algorithm
to build a basis of A, based on Gauss elimination on the Vandermonde matrix is
presented in (De Boor and Ron, 1992a). In this algorithm the authors consider the
Vandermonde matrix associated to the monomial basis of K[x]. The notion of dual
bases introduced above allows to extend the algorithm to any graded basis of K[x].

The initial term of a power series A € K[[0]], denoted by A; € K[x] in (De Boor
and Ron, 1990, 1992a,b), is the unique homogeneous polynomial for which A—\(9)
vanishes to highest possible order at the origin. Given a linear space of linear forms
A, we define A| as the linear span of all A} with X € A.

Proposition 3.2.5 Let P = {p1,ps,...} be a homogeneous basis of K[x] ordered
by degree and L = {\1,..., A} be a basis of A. Let LU = W[ be the factorization
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of WP provided by Gauss elimination with partial pivoting with {ji,ja, ..., jr} as
echelon index sequence. If U = (u;;) consider, for 1 <{<r,

hg = Z Upk ]_)]: (3.2.4)
deg(px)=deg(pj,)

where P = {p{, e .p;., ...} is the dual basis of P with respect to the apolar product.
Then H ={hy,...h,} is a basis for A,.

PROOF: Let L7! = (a;;) and consider ¢, = Z Ugj]_)}(a). Since uy; = Zali)\i(pj), then
jeN i=1

= 2 (Y ahi®))Bi(9) = Y an 3 Mp)PHO) = Yk € A,
jeN =1 i=1  jeN i=1
Notice that hy = ¢, and therefore hy € A for 1 <0 <.

The j; are strictly increasing so that {hq,ho,..., h.} ¢ A, are linearly indepen-
dent. By (De Boor and Ron, 1992b, Proposition 2.10) we have that r = dim A =
dim A;. Thus we conclude that H is a basis of A|. O

In the Chapter 3 we provide an alternative construction of the least interpolation
space. We shall compute an orthogonal basis of the least interpolation space by
applying QR decomposition. This provides a better numerical stability then LU
decomposition (Fassino and Moller, 2016) but needs to be done degree by degree.

3.3 Symmetry

We define the concepts of invariant interpolation problem (IIP) and equivariant
interpolation problem (EIP). These interpolation problems have a structure that
we want to be preserved by the interpolant. We show that this is automatically
achieved when choosing the interpolant in an invariant interpolation space. Then
the solution of an IIP is an invariant polynomial and the solution of an EIP is an
equivariant polynomial map. In Section 3.5 we show that the least interpolation
space is invariant and how to better compute an invariant interpolation space of
minimal degree.

The symmetries we shall deal with are given by the linear group action of a finite
group G on K”. It is thus given by a representation ¢ of G on K”. It induces a
representation p of G on K[x] given by

p(9)p(x) = p(d(g~")x). (3.3.1)

It also induces a linear representation on the space of linear forms, the dual repre-
sentation of p :

P (DAP) = Mp(g7)p), peK[x] and A e K[z]". (3.3.2)

We shall deal with an invariant subspace A of K[z]*. Hence the restriction of p* to
A is a linear representation of G in A.
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3.3.1 Invariance

An invariant Lagrange interpolation problem can be seen as interpolation at union
of orbits of points with fixed values on their orbits, i.e., given &4, ..., &, with orbits
O1,...,0, and 1y, ..., ny, € K an interpolant p € K[x] is to satisfy pod(g) (&) = nk
for any g € G. This is generalized as follow.

Definition 3.3.1 Let A be a space of linear forms and ¢ : A — K a linear map.
The pair (A, (b) defines an invariant interpolation problem if

1. A is closed under the action of G.
2. o(p*(g)(N)) =¢(N) for any g € G and A € A.

It is natural to expect that the solution to a invariant interpolation problem is
an invariant polynomial. Yet, not all minimal degree interpolants are invariant.

Example 3.3.1 The dihedral group D,, is the group of order 2m that leaves in-
variant the regular m-gon. It thus has a representation in R? given by the matrices

(cos([zjﬁ) —Siﬂ(lﬁjﬁﬂ))(é _01) :|7 0<k<2m-—1. (3.3.3)

Consider = c R? a set of 1+ 3 x5 points illustrated on Figure 3.1. They form
four orbits O1,03,03,04 of D5 so that A := (eg, |&; € =)y is invariant. An invariant
interpolation problem is given by the pair (A, ¢) where ¢ is defined by ¢(e¢) = 0.1
if§ €Oy, p(eg) =01if§ € OouOy, and ¢(ee) = 0.5 if € O3. We show in Figure 3.1a
the graph of the expected interpolant, but in Figure 3.1b we present the graph of
an interpolant of minimal degree from a monomial basis; The D5 symmetry is not
respected.

Proposition 3.3.2 Let (A, ¢) be an invariant interpolation problem. Let P be an
invariant interpolation space and let p € K[x] be the solution of (A, ¢) in P. Then
p e K[x]%, the ring of invariant polynomials.

PROOF: For any A € A and g € G we have that A\(p) = ¢(\) and p*(g)(N\)p =
#(p*(g)(N)). Since ¢ is G—invariant, we get that

AMp(g7Mp) = p*(9)(M)p = d(p*(9)(N)) = A(p)

for any A\ € A. The latter implies that p(¢g=')p —p € Nyea ker A. As P is closed under
the action of p, p(¢71)p—p € Nyepa ker AN P. As (A, P) is an interpolation space we
have that ny.a ker A\ P = @ and therefore we can conclude that p(g=')p —p =0 for
any g € G, i.e., pe K[x]¢.O
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#Nodes A node per orbit
O 1 §1= (07 0)
O, 5 & = (0.1934557,0.1405538)
O 5 €7 = (0.4695268,0)
O, 5 €12 = (0.6260358,0)

(a) invariant interpolant of (b) interpolant obtained from a
minimal degree monomial basis

Figure 3.1: Invariant Lagrange interpolation problem

3.3.2 Equivariance

Let K[x]™ be the module of polynomial mappings with m components, and let
0 : G — Aut(K™) be a linear representation on K™. A polynomial mapping
f=0f1,f2,- -, fm)! is called ¥ - 0 equivariant if f(9(g)z) =60(g)f(x) for any g € G.
The space of equivariant mappings over K, denoted by K[x]9, is a K[x]%-module.

Equivariant maps define, for instance, dynamical systems that exhibit particu-
larly interesting patterns and are relevant to model physical or biological phenomena
(Chossat and Lauterbach, 2000; Golubitsky et al., 1988). In this context, it is inter-
esting to have a tool to offer equivariant maps that interpolate some observed local
behaviors.

Definition 3.3.3 Let A be a space of linear forms on K[x] and ¢ : A — K™ a
linear map. The pair (A, gb) defines a ¥ — 0 equivariant interpolation problem if

1. A is closed under the action of G.
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2. ¢(p*(9)(N)) =0(g9)p(N) for any g€ G and X € A.

The solution of an EIP (A, gb), is a polynomial map f = (f1,..., fm)! such that
M) = (M(f1),--, A(fm))t = ¢(A) for any A € A. It is natural to seek f as an
equivariant map. It is remarkable that any type of equivariance will be respected as
soon as the interpolation space is invariant.

Proposition 3.3.4 Let (A, ¢) be an equivariant interpolation problem. Let P be an
invariant interpolation space for A and let f = (fi,..., fm)? be the solution of (A, )
in P. Then feK[z]f.

PROOF: We need to prove that fod(¢g') =0(g)f. As f e P and P is invariant,
fod(g7') belongs to P™ as does 6(g)f. As P is an interpolation space for A, it is
thus enough to prove that A (fod(g)) =A(0(g)f) for all AeA.

On one hand

A(fed(g) = (0" (9)N) () = (P (9)N),

where the first equality is by definition of p and the second one stems from f being
a solution of the interpolation problem. On the other hand

A(O(9)f) =0(g)A(f) =0(g)p(N) =9 (p*(9)N),

where the first equality is by linearity, the second one stems from f being a solution
of the interpolation problem, and the third one comes from the definition of an
equivariant interpolation problem. O

Example 3.3.2 We consider two different equivariant problems for the groups Ds
and Cs. The cyclic group C,, is the group of order m that is generated by a single
element. It has a representation in R? given by m rotations matrices

o [(COS(%) —sin(%))]’ O<k<m-—1. (3.3‘4)

sin ( 2k ) cos ( 2km )

The symmetries are given by the representations of Dy and C3 in Equations (3.3.3)

and (3.3.4) respectively. For D3 we consider the space Ap of linear forms spanned by

the evaluations at the points of the orbits of & = —57\/5, 3)t and & = (—V/3, 3)L. We

v v
define ¢p : A - R? by ¢p(egg)e ) = 9(g) ( U; ) and  ¢p(ey(g)e,) =V(9) ( Ui ) .
For C3 we consider A¢ spanned by the evaluations at the points of the orbits of

G = (—%,O)t, (o= (0 5)t and (3 = (%,O)t. We define ¢c : A - R? by

bote) = ( 1), dolene) =@ (1)t octene) =) 1),

The thus defined interpolation problems are clearly equivariant. For each quadruplet
v € R* and sextuplet u € R it is desirable to find interpolants (p1,p2)! € R[z]? and
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(q1,q2)! € R[z]? that are an ©¥ — 1 and T — T equivariant maps respectively. This will
define the equivariant dynamical systems

{ ORI TR ) N { £1(1) = 4 (1), 2(1)).

To(t) = pa(w1(t), 22(1)); To(t) = qa(w1(t), 22(2)).

whose integral curves, limit cycles and equilibrium points, will all exhibit the D3 and
C5 symmetries respectively. In Figures 3.2a and 3.2b we draw the integral curves of
the equivariant vector fields thus constructed. The data of the interpolation problem
are illustrated by the black arrows

= /

=AY >// (Lkﬁ\

= &2

K l\\\\\\\\\\ N\\\
(a) Ds

Figure 3.2: Integral curves for the equivariant vector fields interpolating the equiv-
ariant set of vectors shown in black.

3.4 Symmetry reduction

In this section we show how, when the space A of linear forms is invariant, the
Vandermonde matrix can be made block diagonal. That happens when making use
of symmetry adapted bases both for K[x].s and A. as it appears in representation
theory (Serre, 1977; Féassler and Stiefel, 1992) and then show how to obtain real
symmetry adapted bases. This block diagonalisation of the Vandermonde matrix
indicates how computation can be organized more efficiently, and robustly. It just
draws on the invariance of the space of linear forms. So, when the evaluation points
can be chosen, it makes sense to introduce symmetry among them.

We consider a linear representation 9 of a finite group G on K”. It induces the
representations p and its dual p* on the space K[x] and K[z]*, as made explicit in
(3.3.1) and (3.3.2).

For an invariant subspace A of K[z]* the restriction of p* to A is a linear repre-
sentation of G, the dual representation of this restriction denoted by 6* is a linear
representation of GG in A*.
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Proposition 3.4.1 Consider 0 the restriction of p* to the invariant subspace A of
K[z]*, and 0* the dual representation on A*. The Vandermonde operator w : K[x] —
A* defined in (3.2.2) is p — 0* equivariant.

PROOF: This is mostly a matter of unrolling the definitions. We want to show
that w(p(g)(p)) = 0*(g) (w(p)). The left hand side applied to any A € A is equal
to A(p(g)(p)) = (p*(g71)(N)) (p). The right handside applied to any A € A is equal
to w(p) (B(gH)(N)) = (8(g7*)(N)) (p). The conclusion follows since 6(g=1)(\) =
p*(g71)(A) by definition of 6. O

Corollary 3.4.2 Let P = U, P® and L = 0% LD be symmetry adapted bases of
K[x]<s and A respectively where

e PO determined by {p(l) .. ,pgl)} spans the isotypic component associated with
the 1rreducible representation p;

e L) determined by {)\(l) e ,A,(ﬂf)} spans the isotypic component associated with
the irreducible representation p;

The Vandermonde matriz WF is given by

diag (In]. ® (Agn (py)))lgsgj i= 1...11), (3.4.1)

1<t<c;
where ® denotes the Kronecker product.

PROOF: According to Proposition 2.3.2, the dual basis £* of L is symmetry
adapted with its :-th component being associated to p;. The matrix of the Vander-
monde operator w in P and L is WZD . Proposition 3.4.1 ensure that w is equivariant
and thus the result follows from Theorem 2.3.4. O

Note that p; and p; are not equivalent only when p; is of complex type. In
particular, when we deal with interpolation over the reals, and thus use a real
symmetry adapted basis, there is no distinction to be made.

Example 3.4.1 Let G be the dihedral group D5 of order 6. A representation of G on
R? is given by Equation (3.3.3) with m = 3. Ds has three irreducible representations,
two of dimension 1 and one of dimension 2.

Consider = the orbit of the point & = ( 5{, :15) in R?2, with & = 9;,.1&. Let

A = (@5 o D¢ ) with Dy, the directional derivative with direction & A is closed
under the act1on of G. Indeed for any p € K[x],

p*(9)(eg © Dg)(p) = e¢, 0 De,(p(9(97')) = @y(g1)e, © Dyynye, (P(2))-

Since ¥(g7')&; = §; for some 1 < j <6 we have p*(g)(eg,0Dg,) = e, oDg . Considering
0i =g 0 Dg, 1<i <6, a symmetry adapted basis of A is given by
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{o1+02+03+04+05+06},
L:=1 {o1-02+03-04+05— 06}, [,
{3, A} {5, A6} )
with
A3 =01+ 02— 04— 05 /\5=%5(92—@1+Q4+293—296—95),
Ay =03~ 04— 05+ 06, )\62@(292_291_Q4+Q3_Q5_Q6)'
A symmetry adapted basis of R[x]<3 is given by
{1,2% + 23,23 - 3wy 22},
P = {222y - 123},
Ha, x% - x%a l’? + 551913%} Awa, 21179, 33'%952 + 953}}

The Vandermonde matrix WY is block diagonal :

Ay

= Ar=(0 2% -240V/3)

WP = 9 _16v/3 128 12163
L A A 3 3 9
3 3= .
_2V3 40 1523
3 9

As
Example 3.4.2 Let GG be the cyclic group C3 of order 3. A representation of G on
R? is given in (3.3.4). Cy has 3 irreducible representations of dimension 1, one abso-
lutely irreducible representation and a pair of conjugate irreducible representations
of complex type. The real symmetry adapted bases thus have two components. Con-
sider A the space spanned by the orbit of the points (; and (s given in Example 3.3.2.
Real symmetry adapted bases of A and R[z]<3 are given by

{\/?3 ((BCl +€¢, +®Cs) ) ? ((BC4+(BC5+(BCG)} )
L= { \/?6 (2®C1_®42_®C3) ’ \/Té (2®C4_®C5_(BCG) ) } and

g ((BC2_(BC3) ) 4 (<B<5 _(BC@)

S

.
o050

weo [ O A TV e sl

= y LA = y 432 =

’ A Vi B 0 -2 o -2
V6 V6
-0 0 BE
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3.5 Equivariant interpolation

In this section we shall first show how to build interpolation spaces of minimal
degree that are invariant. We shall actually build symmetry adapted bases for
these, exploiting the block diagonal structure of the Vandermonde matrix. Doing so
we prove that the least interpolation space is invariant. We then present a selection
of invariant or equivariant interpolation problems. As proved in Section 3.3, the
invariance or equivariance is preserved by the interpolant when the interpolation
space is invariant. The use of the symmetry adapted bases constructed allows this
equivariance to be preserved exactly, independently of the numerical accuracy.

3.5.1 Constructing invariant interpolation spaces

The starting point is a representation ¥ of G on K" that induces representations p
and p* on K[x] and K[z]*.

Let A be an invariant subspace of K[z]*. Hereafter £ is a symmetry adapted
basis of A and P a symmetry adapted basis of K[x]<s consisting of homogeneous
polynomials. The elements of P corresponding to the same irreducible component
are ordered by degree.

According to Proposition 3.4.2, W = diag (I,, ® A;). In the factorization L;U, :=
A; provided by Gauss elimination, let ji, ja, ..., j,; be the echelon index sequence of
U;; r; is the multiplicity of pf in A. An echelon index sequence for D; = I,,, ® A; is

given by
ci—1

Si = U {1 +kng, go + kng, .o, g, + kny b
k=0

An echelon index sequence of WY is given by S = UN,S;. Let P/(\i) be the set of
elements of P that are indexed by elements of S;. From (2.3.5) we get that

PO = (b e n (0,) e n ) (85,

We prove the assertions made on the outputs of Algorithm 1.

Proposition 3.5.1 The set of polynomials Py built it in Algorithm 1 spans a min-
imal degree interpolation space for A that is invariant under the action of p. Pa is
furthermore a symmetry adapted basis for this space.

PROOF: Since the elements of Py are indexed by the elements of S then WEP A
is invertible and therefore P, is an interpolation space for A. The elements of
P, that correspond to the same blocks of WP are ordered by degree. Then as a
direct consequence of Proposition 3.2.4, Py is a minimal degree interpolatlon space.
We prove now that for any p in Py, p(g)(p) € Py. Considering p = 7r (b) By

Proposition 2.3.1 we have that p(g)(p) = Z r (g)ﬂ(J) (b). As Wéjl) (b) € Py for any
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Algorithm 1 Invariant interpolation space

In: P and £ s.a.b of K[x].s and A respectively.
Out: - a s.a.b P, of an invariant interpolation space of min. degree
- a symmetry adapted basis Hy of A,.

1: fori=1 to ndo

2 LU= WEs with U = (ufy)) > LU factorization of A;
3: J= (1,0 0 o > echelon idex sequence of Uj;
Ci—l
4: Sz(_ U{j1+kni7j2+knia"‘ajm+kni};
k=0
50 P {p:preP® and Ce S},
6: ’H/(\i) <« > ugk)pk pr € P’ and (¢ SZ-};
d(pk)=d(pe)
7: end for

N . N .
s P« UJPY and Hy <« JHD;
i=1 i=1

9: return (Py,H,);

1 < B <n;, we conclude that p(g)(p) € Px. Since Py is a basis of Py we can conclude
that P, is invariant under the action of p.0

Proposition 3.5.2 The set Hp built it in Algorithm 1 is a symmetry adapted basis
for A,.

PROOF: By Proposition 3.2.5 we get that H, is a basis of A;. Let 'Hf{a =
{h1 o P af = VIeNH, with 1 < a <¢;. By the block diagonal structure and
Corollary 2.3.3 we have

1= T (1) <o (S il 7 ) =2 (1)

Therefore 7—[?\ has the following structure

Hy = {1 o (07 (B, )}
Since for any ¢, he, 750 (hy) ,. (j ) (hy) form a basis of an irreducible representation
of G we can conclude that HA is a symmetry adapted basis of A. O
If ¥ is orthogonal, the apolar product is G-invariant. As pointed out in Sec-
tion 2.3.1, we can construct a symmetry adapted basis P of K[x]s that is orthonor-
mal. Then P = P and the basis P built in Algorithm 1 is orthonormal. Moreover if
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in the third step of Algorithm 1 we use Gauss Elimination by segment as in (De Boor
and Ron, 1992a), then H, is an orthonormal symmetry adapted basis of A;.

With this construction we reproved that A, is invariant. The above approach
to computing a basis of A is advantageous in two ways. First Gauss elimination is
performed only on smaller blocks. But also, when solving invariant and equivariant
interpolation problems, the result will respect exactly the intended invariance or
equivariance, despite possible numerical inaccuracy.

3.5.2 Computing interpolants

We consider an interpolation problem (A, ¢) where A is a G-invariant subspace of
K[z]* and ¢ : A - K™. Take P to be a symmetry adapted basis of an invariant inter-
polation space P for A as obtained from Algorithm 1. The interpolant polynomial
p that solves (A, ¢) in P is given by

N n;
p=7,
=1

A7l (L) (PGe))’, (3.5.1)
1

a=

(i:1)
tion on ¢. The invariance of A allows to decompose the problem into smaller blocks,

independently of the structure of ¢. This illustrate how symmetry can be used
to better organize computation : if we can choose the points of evaluation, the
computational cost can be alleviated by choosing them with some symmetry.

When ¢ is invariant or equivariant, Equation (3.5.1) can be further reduced.
If (A,¢) is an invariant interpolation problem, it follows from Schur’s lemma that
#(LE)) =0 for any j > 1. Therefore for solving any invariant interpolation problem
we only need to compute the first block of W/, i.e., the interpolant is given by
Ar'g (LM) (P,

More generally if (A, ¢) is a ¥ — 0 equivariant problem, such that the irreducible
representation p; does not occur in 6, then ¢ (£®) = 0. The related block can thus
be dismissed.

where P(:) | £0:2) are as in (2.3.6) and A; = V\ép(i’l). Note that we made no asump-

Example 3.5.1 Following on Example 3.3.1. Since we are interested in building
an interpolation space for an invariant problem, we only need to compute bases of
A and K[x]%. We have

o 6 11 16
L :{@51’2;(8&’2;@&’ Zefz}
i= i=

=12

and

PC = {1, 2+ 22, i+ 20202 + 2 23 - 102322 + 52,23},

Since W = WLPGG is a square matrix with full rank, (P%), contains a unique invariant
interpolant for any invariant interpolation problem. It has to be the least interpolant.
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For ¢ given in Example 3.3.1, one finds the interpolant p by solving the 4x4 linear
system W a = ¢(LS). The solution a = (-0.3333333, 3.295689, —36.59337, 45.36692)"
provides the coefficients of P¢ in p. The graph of p is shown in Figure 3.1. If p given
above is only an approximation of the least interpolant, due to numerical inaccuracy,
it is at least exactly invariant. Had we computed the least interpolant with the
algorithm of De Boor and Ron (1992a), i.e., by elimination of the Vandermonde
matrix based on the monomial basis, the least interpolant obtained would not be
exactly invariant because of the propagation of numerical inacurracies.

We define the deviation from invariance (InvD) of p= )" a,z®™ as
deg a<b

o (CLQ(), aog) + 0 (CL40, %, a04) + 0 (a50, —@, %) + Z|a5|
2 10° 5 b
where o is the standard deviation, and B represents the exponents of the monomials
that do not belong to any of the elements in P&. In Table 3.1 we show the InvD for
the interpolant p computed with different precisions. The obtained polynomials are
somehow far from being G'—invariant.

# Digits | 10 15 20 30
InvD | 72.9614 | 40.0280 | 6.0967 | < 109

Table 3.1: InvD values for different digits of precision

In the same spirit, let us mention that the condition number of WM, where M
is the monomial basis of K[x]<s, is more than 10? times the condition number of
V\ggc. This is an indicator that two additional digits of precision are lost in the
computation.

Example 3.5.2 Following up on Example 3.4.1. Let 6 be the permutation repre-
sentation of D3 in R3. 6 decomposes into two irreducible representations, the trivial
representation and the irreducible representation ¥ of dimension 2. Let ¢ : A — R3
a v — 0 equivariant map determined by ¢(01) = (1,-1,5)t. For solving (A, ¢) we
need only consider the first and third block of the Vandermonde matrix computed
in Example 3.4.1. The p* — 0 equivariant map that solve (A, ) is P = (p1, pa,p3)

with:
705 135 . 3l 93 15
P1= ors®l * oge _\/gxl TreT2T 112fx1x2
_T05 135, 31
P2 s T 125672 T fxl :”2+ 112f‘7“$2
T, 49 31
Ps = ~5ios i ¥ Hiag ¥ fxl

In Figure 3.3 we show the image of R? by P and the tangency conditions imposed
by ¢.
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Figure 3.3: Parameterized surface with tangency constraints.

Example 3.5.3 This example illustrate the use of an equivariant interpolating map
to parameterize a surface with an symmetric set of tangency conditions. It follows
up on Example 3.3.2. Since the representation v of Dz in R? is irreducible, for
computing any 9 — v equivariant we only need to compute the third isotopic block
in the Vandermonde matrix W' | where P is a basis for the interpolation space Py

£G)
built by Algorithm 1. This block is W = ( As A ) The rows correspond to
3

L= {£BGD LG £GD = LX) X, Az, A} and L3 = {A5, X6, A7, As}

A = @, + @, — B¢, — g, A5 = —®g, + Cg, + 2B¢, + C¢, — Cg, — 2€g, ),

3
A2 = Cgy — Bgy — B¢y + Egg,s A6 = _2®£1 + 2<B£2 T Cgy —Cgy — Cgy — e&s)'
A3 = g + Bgy — Cgyy — g1 A7 = 3 (—Cg + By + 20, + Bgyy — @1~ 2€¢y,),

A= @y — By — Byt + gy, A = 5 (20, + 2@ + @y — By — Bgy1 — Cgy).

The columns correspond to

PO { POD = {z,2% -y 2® + oy, wt -y}, }
P2 = {y, 2y, y(2® + y*), -2y (2” + y*) }

72/3 —288 608v/3 —2432
21 93 90 76V3 760
57797 45v3  -90 1403 280
93 18 28/3 504
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We thus determine that the equivariant interpolant for the interpolation problem
described in Example 3.3.2 is given by :

_ o 3B, 5 9y 2 9 276 . 4 4
P1= 3007 Ga0 V) F ggep T Y)  rgg (BT )
o« 305 9~ 9 o 276 5 o
P2 = 3008~ 390" * 3960Y (T T V) " gogo (T + YY)

where

a=+/3(25a—114b) +494d ~ 185¢, B=v/3(114d - 25¢) + 38b -5 a,
7=v3(42b-25a) + 185¢ - 182d, 6=/3(25¢c-42d) + 5a — 140.

Example 3.5.4 We now seek an invariant implicit surface through a given sym-
metric set of points. We thus seek an invariant polynomial that is zero on the given
point. In order to obtain a non zero polynomial though, we need to select a point,
for instance the origin, where the polynomial shall not be zero.

The group here is Oy, the subgroup of the orthogonal group R? that leaves the
cube invariant. It has order 48 and 10 inequivalent irreducible representations whose
dimensions are (1,1,1,1,2,2,3,3,3,3).

Consider = c R3 the invariant set of 27 points illustrated on Figure 3.4a. They
are grouped in four orbits 01,0, O3 and Oy of Oy. The orbit O; consist of only
one point, the origin of coordinates. The points in Oy are the vertices of cubes with
the center at the origin and edge length /3. The points in O3 and in O, are the
centers of the faces and edges of a cube with the center at the origin and edge length
1. Consider A = ({e¢ | £ €Z}) . A is an invariant subspace. Consider the the map
¢: A - R defined by ¢(§) =1 if £ € Oy and ¢(§) =0 if £ € Oy u O30 O4. The pair
(A, ¢) is an invariant interpolation problem. The polynomial p € K[x]% given by

p=18+ (22 +y? +22) + 18 (v%y* + 2?2% + y%2?) = 19 (a* + y* + 2*)

is the solution of (A, ¢) in A;. We built p over the Vandermonde matrix Wc%% € R4x6
instead of the full Vandermonde matrix for bases of A and K[x]<s which is a 27 x 84
matrix. The set Oy u 03Uy is in the zero set of p, in Figure 3.4b we show the zero
set of p, which has the symmetry of Op,. Note that we introduce a non zero value in
the origin to avoid zero solutions during interpolation.
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#Nodes A node per orbit value
0, 1 & =(0,0,0) ¢(ee) =1/2
0, 8 &= (—V3,-V/3,-V/3) p(eg) =0
Os 6 £10=(-1,0,0) od(eg) =0
O, 12 &16=(0,-1,-1) o(eg) =0

(a) Points in = divided in orbits

(b) Variety of p

Figure 3.4: Interpolation data and variety of the interpolant p that goes through

the points in Oy u O3 U Oy.
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Chapter 4

Ideal Interpolation

This chapter is an extended version of :
(Rodriguez Bazan and Hubert, 2020) Rodriguez Bazan, E., Hubert, E., 2020.
Ideal Interpolation, H-basis and Symmetry. In: ISSAC’20. ACM, Kalamata, Greece
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4.1 Introduction

In Chapter 3 we addressed multivariate interpolation, in this chapter we go further
with ideal interpolation. We provide an algorithm to compute simultaneously a
symmetry adapted basis of the least interpolation space and a symmetry adapted H-
basis of the associated ideal. In addition to be manifested in the output, symmetry
is exploited all along the algorithm to reduce the size of the matrices involved,
and avoid sizable redundancies. Based on QR-decomposition (as opposed to LU-
decomposition previously) the algorithm also lends itself to numerical computations.

A space of linear forms A on the polynomial ring K[x] = K[xz1,...,x,] is an ideal
interpolation scheme if

I=() ker A={peK[x]: A(p) =0, for all X\ in A} (4.1.1)
AeA

is an ideal in K[x].

An interpolation space for A can be identified with the quotient space K[x]/I.
In this Chapter we make use of the least interpolation space (Section 3.2.4) as a
canonical representation of the quotient of the polynomial algebra by the ideal. In
Proposition 3.2.4 we freed the computation of the least interpolation space from
its reliance on the monomial basis by introducing dual bases. We pursue this ap-
proach here for the representation of the ideal by H-bases (Macaulay, 1916; Moller
and Sauer, 2000). Where Grobner bases single out leading terms with a term or-
der, H-bases work with leading forms and the orthogonality with respect to the
apolar product. The least interpolation space then reveals itself as the orthogonal
complement of the ideal of leading forms.

As a result, computing a H-basis of the interpolation ideal is achieved with
linear algebra in subspaces of homogeneous polynomials of growing degrees. The
precise algorithm we shall offer to compute H-bases somehow fits in the loose sketch
proposed in (De Boor, 1994). Yet we are now in a position to incorporate symmetry
in a natural way, refining the algorithm to exploit it.

Symmetry is preserved and exploited thanks to the block diagonal structure of
the matrices at play in the algorithms. This block diagonalisation, with predicted
repetitions in the blocks, happens when the underlying maps are discovered to be
equivariant and expressed in the related symmetry adapted basis. The case of the
Vandermonde matrix was settled in Corollary 3.4.2. In this chapter, we also need
the matrix of the prolongation map, known in the monomial basis as the Macaulay
matrix. Figuring out the equivariance of this map is one of the key results of this
chapter.

The chapter is organized as follows. In Section 4.2 we define ideal interpolation
and explain the identification of an interpolation space with the quotient algebra.
In Section 4.3 we review H-bases and discuss how they can be computed in the ideal
interpolation setting. In Section 4.4 we provide an algorithm to compute simultane-
ously a basis of the least interpolation space and an orthogonal H-basis of the ideal.
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In Section 4.5 we show how the Macaulay matrix can be block diagonalized in the
presence of symmetry. This is then applied in Section 4.6 to obtain an algorithm to
compute simultaneously a symmetry adapted basis of the least interpolation space
and a symmetry adapted H-basis of the ideal.

4.2 1Ideal interpolation

In this section, we consider the ideal interpolation problem and explain the identifi-
cation of an interpolation space with the quotient algebra. We recall that the least
interpolation space is the orthogonal complement of the ideal of the leading forms,
10,

All along this chapter we shall assume that

I =kerw = nyep ker A

is an ideal. When for instance A = (eg,,...,®¢ )k then I is the ideal of the points
{&1,...,&} cK[x]. One sees in general that dimK[x]/I = dim A* = dim A =: 7.

With Q = {q,...,¢} c K[x], we can identify K[x]/I with (Q)x if (Q)x ® [ =
K[x]. With a slight shortcut, we say that Q is a basis for K[x]/I.

Proposition 4.2.1 Q ={q,...,q-} c K[x] spans an interpolation space for A iff it
is a basis for the quotient K[x]/I.

PROOF: If @ ={qi,...,q.} is a basis of K[x]/I then for any p € K[x] there is a
q €{qi,--.,q)x such that p = g mod I. Hence \(p) = A(q) for any X € A and thus
(Q)k is an interpolation space for A. Conversely if (qi,...,¢ )k is an interpolation
space for A then {qi,...,q.} are linearly independent modulo I and therefore a basis
for K[x]/I. Indeed if ¢ = a1q1 + ... + a,q, € I then any interpolation problem has
multiple solutions in (Q)x, i.e, if p is the solution of (A, ¢) so is p + ¢, contradicting
the interpolation uniqueness on (Q)k. O

For p € K[x] we can find its natural projection on K[x]/I by taking the unique
q € (Q)k that satisfies A(q) = A(p) for all A € A. From a computational point of view,
q is obtained by solving the Vandermonde system, i.e.,

i A(p)
q=(q1,---,q) (WEQ) : with £={\,..., A} a basis of A.

Ar(p)

Similarly, the matrix of the multiplication map, in the basis Q, is

my: K<)/ K[x]/L,
[al = [pd]
is obtained as [m,]g = (WLQ)_1 W2

om, where Lomy,={Aiomy,.... A\ om,}.
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When working with Grobner bases, one fixes a term order and focuses on leading
terms of polynomials and the initial ideal of I. The basis of choice for K[x]/I consists
of the monomials that do not belong to the initial ideal. An H-basis of I is somehow
the complement of the least interpolation space A; and hence can be made to reflect
the possible invariance of A and I. Instead of leading terms, the focus is then on
the leading homogeneous forms.

Hereafter we denote by p® the leading homogeneous form of p, i.e., the unique
homogeneous polynomial such that deg (p — p°) < deg (p). Given a set of polynomials
P we denote P° = {p® | pe P}.

Proposition 4.2.2 Let ) be an interpolation space of minimal degree for A. Then
Qo I°=K[x].

PROOF:  We proceed by induction on the degree, i.e, we assume that any
polynomial p in K[x]<4 can be written as p = ¢+ where ¢ € @ and [ € I°. Note that
the hypothesis holds trivially when d is equal to zero.

Now let p € K[x]<g+1. Since K[x] = (Q)x @ I there exists ¢ € @ and [ € I such that
p=q+1. Since @ is of minimal degree, ¢ and [ are in K[x]<gy1. Writing [ =10+ [;
he have p = ¢+ 1%+ {; with [; € K[x]<4 then by induction l; = ¢; + [y with ¢; € @ and
ly € I9 and therefore p=qg+q +1°+l, e Q@ I°. O

As a consequence we retrieve the result of (De Boor and Ron, 1992b, Theorem
4.8).

Corollary 4.2.3 Considering orthogonality with respect to the apolar product it
holds that A, & I° = K[x].
PROOF: Follows from the fact that A(p) =0 = (A;,p°) =0. O

4.3 H-bases

H-bases were introduced by Macaulay (1916). The use of H-basis in interpolation
has been further studied in (Méller and Sauer, 2000; Sauer, 2001). In this section
we review the definitions and present the sketch of an algorithm to compute the

H-basis of I = Mycp ker A.

Definition 4.3.1 A finite set H = {hy,...,hn} c K[x] is an H-basis of the ideal
I:=(hy,...,hy) if, for all pe I there are g1, ... gy, such that,

p= Zhigi and deg(h;) +deg(g;) <deg(p),i=1,...,m.
=1

Theorem 4.3.2 (Moller and Sauer, 2000) Let H := {hy,...,hn} and I := (H).
Then the following conditions are equivalent:

1. H is an H-basis of I.
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2. 10:=({h0 | he I}y = (R0, ... h0).

Hilbert Basis Theorem says that I° has a finite basis, hence any ideal in K[x] has
a finite H-basis. We shall now introduce the concepts of minimal, orthogonal and
reduced H-basis. The notion of orthogonality is considered w.r.t the apolar product.
Our definitions somewhat differ from (Moller and Sauer, 2000) as we dissociate them
from the computational aspect. We need to introduce first the following vector space
of homogeneous polynomials.

Definition 4.3.3 Given a set H = {hi,...,hy} of homogeneous polynomials in
K[x] and a degree d, we define the subspace V4(H) as

Va(H) = {Z gihi ‘ gi € K[X]d—deg(hi)} c Klx]a-
izl

Va(H) is the image of the linear map v,:

VYapt Klx]ga x.. . xK[x]ga, - K[x]g
(917---79m) - Zgihz’ '

=1

=

We denote by My, p,(H) the matrix of ¢y in the bases My and Py of K[x]g-g, ¥
.. x K[x]4-q,, and K[x]y4 respectively. Tt is referred to as the Macaulay matrix for
H. We can write V4(H) as

[Pal

Va(H) = {ZO a;p;

(al,...,a|pd|)ER(MMd,pd("H))}, (431)

where R (M, p,(#H)) denotes the column space of My, »,(H).
We shall use the notation P? for the set of the degree d elements of PO. In other
words P? = PO nK[x]g.

Definition 4.3.4 We say that an H-basis H is minimal if, for any d € N, HY is
linearly independent and
Va(I9.1) @ (M), = 17. (4.3.2)

Furthermore H s said to be orthogonal if (’Hg)K is the orthogonal complement of
Vi (13—1) in Iy.

Note that if h; and h; are two elements with degh; > degh; of an orthogonal
H-basis we have
(hY,ph%) =0 for all p € K[x]deghs—degh,

The concept of orthogonal H-basis introduces uniqueness of the leading ho-
mogeneous forms of a H-basis up to linear transformations. If H and G are two
orthogonal H-basis then ) and G are both bases of the orthogonal complement
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of V4 (19 ) in 19, and thus HY = GY - Qq, where Qq is the change of basis from GY to
HY, therefore

HO =G Q, with Q = diag (Qq,d=1..D). (4.3.3)

We can extend the previous notion of uniqueness not only for the leading homo-
geneous forms of a H— basis but also for the complete H-basis by introducing the
concept of reduced H-basis.

Definition 4.3.5 Let H = {hy,...,hy} be an orthogonal H-basis of an ideal I. The
reduced H-basis of H is defined by

H={ne-n0,....n5 -3} (4.3.4)

where, for p € K[x], p is the projection of p on the orthogonal complement of I°
parallel to 1.

(Moller and Sauer, 2000, Lemma 6.2) show how p can be computed given H.

Proposition 4.3.6 Let H ={hy,...,hn} andG ={g1,...,gm} be two reduced H-bases
of I. Then there is a linear transformation from H to G, i.e, there is a m xm matrix
Q such that

(h17"'7hm):(gla"'agm)'Q-

PROOF: By (4.3.3) there is a m x m matrix Q such that H% = G°- Q, thus

h) = g9 for 1<i<m.
p

By the uniqueness of p for any p € K[x] follows that f;? =¥ qijég? and therefore
hY - fnz? = Y G (g? - gA?) Last equality implies that % =G - Q. O

Schematic computation of H-bases In the next section we elaborate on an
algorithm to compute concomitantly the least interpolation space and an H-basis
for the ideal associated to a set of linear forms A. As a way of introduction we
reproduce the sketch of an algorithm as proposed by De Boor (1994) to compute an
H-basis until degree D. It is based on the asumption that we have access to a basis
of 1;:= 1 nK[x]<4 for any d.
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Algorithm 2 (De Boor, 1994) H-basis construction

Input: - a degree D.
- basis for I; for 1<d< D.
Output : - an H-basis until degree D

1: H <~ {} ;

2: for d=0 to D do

3 Cq < a basis of V4(H?);

4 By < a basis for the complement of V() in I7;
5: B, < projection of By in I

6 H<~H Ugd;

7. end for

8: return H;

The correctness of Algorithm 2 is shown by induction. Assume that Hy_; consists
of the polynomials in an H-basis of I up to degree d — 1. Consider p € I with
deg(p) = d. By Step 4 in Algorithm 2 we have

hieH bieBy

with g; € K[x]4-deg(n;) and a; € K. From (4.3.5) we have that p € I and ¥, 3 higs +
YbieBy.y ail;i € I have the same leading form. Thus

p- Z higi - Z aiBiE[d—l
hiE’Hd_l biEBd

therefore using the induction hypothesis we get that

p= Z higi + Z ai?)i"' Z hiq;

hieHq-1 bieBgi1 hieHq-1

with ¢; € K[x]<4-1-deg(n;) and therefore H is an H-basis.

Algorithm 2 can be applied in the ideal interpolation scheme. In this setting a
basis of I; can be computed for any d using Linear Algebra techniques due to the
following relation.

i=1

Pl
1; = { i a;p; | (al, . ,a‘pgd|)t € ker (WLPS”‘) and p; € Pgd},

for any basis P4 of K[x]q.

In the next section we will give an efficient and detailed version of Algorithm 2
in the ideal interpolation case. We will integrate the computations of an H-basis for
I =nyep ker X and a basis for A,.
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When the ideal is given by a set of generators it is also possible to compute
an H-basis with linear algebra if you know a bound on the degree of the syzygies
of the generators. A numerical approach, using singular value decomposition, was
introduced in (Javanbakht and Sauer, 2019). Alternatively an extension of Buch-
berger’s algorithm is presented in (Méller and Sauer, 2000). It relies, at each step,
on the computation of a basis for the module of syzygies of a set of homogeneous
polynomials.

4.4 Simultaneous computation of the H-basis and
least interpolation space

In this section we present an algorithm to compute both a (orthogonal) basis of A
and an orthogonal H-basis H of the ideal I = ny.p ker A\. 'We proceed degree by
degree. At each iteration of the algorithm we compute a basis of A; nK[x]; and the
set HY = HOnK[x]4. Recall from Corollary 4.2.3, Theorem 4.3.2, and Definition 4.3.4
that
1 1
K[x]=A@®1° I1°=(H°), and IJ=V,(19,)e (M), .

I is the kernel of the Vandermonde operator while A| can be inferred from a rank
revealing form of the Vandermonde matrix. With orthogonality prevailing in the
objects we compute it is natural that the QR-decomposition plays a central role in
our algorithm.

For a m x n matrix M, the QR-decomposition is M = QR where Q is a m xm
orthogonal matrix and R is a m x n upper triangular matrix. If r is the rank of M
the first r columns of Q form an orthogonal basis of the column space of M and the
remaining m —r columns of Q form an orthogonal basis of the kernel of MT (Golub
and Van Loan, 1996, Theorem 5.2.1). We thus often denote the QR-decomposition
of a matrix M as

[Q1|Q2]-lfg]=M

where Q; € K™ Q, € K™ (m=7) and R € K™". Algorithms to compute the QR-
decomposition can be found for instance in (Golub and Van Loan, 1996).

In the Lagrange interpolation case, Fassino and Méller (2016) already used the
QR-decomposition to propose a variant of the BM-algorithm (Moller and Buch-
berger, 1982) so as to compute a monomial basis of an interpolation space, the
complement of the initial ideal for a chosen term order. They furthermore study the
gain in numerical stability for perturbed data. We shall use QR-decomposition to
further obtain a homogeneous basis of A; and an orthogonal H-basis of the ideal.

Due to Corollary 4.2.3 the reduction p of p that appeared in Definition 4.3.5 is
the unique interpolant of p in A,.

Definition 4.4.1 Given a space of linear forms A, we denote by Asq the subspace
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of A given by
Asa={AeA| A eK[x]sqa }u{0}.

Hereafter we organize the elements of the bases of K[x], A, or their subspaces, as
row vectors. In particular P and Pt are dual homogeneous bases for K[x] according
to the apolar product. Their degree part P; and 77; are dual bases of K[x]g.

A basis L54 of A,4 can be computed inductively thanks to the following obser-
vation.

Proposition 4.4.2 Assume L4 is a basis of Asq. Consider the QR-decomposition
R
Wl = [Q |Q2]-[ 0 ]

and the related change of basis [Lq | Lsgi1] = Lsa-[Q1 | Q2]
Then

o L.4:1 15 a basis of NAsgs1;
e Ry= WZZ ¢ has full row rank;

e The components of La, = P} RY form a basis of A, nK[x],.

We shall furthermore denote by L4 = UL, L; the thus constructed basis of a
complement of A,yq in A.

PROOF: It all follows from the fact that a change of basis £’ = LQ of A implies
that W7 = QTW/. In the present case @ = [Q;|Q2] is orthogonal and hence

T-Q,

The last point simply follows from the fact that, for A e A, A = 3 .p A(p)p'(9).
Hence if T'= W then the j-th component of £ is ¥, ¢t;;p(9). O

This construction gives us a basis of A; nK[x], in addition to a basis of A,gy1 to
pursue the computation at the next degree. Before going there, we need to compute
a basis HY for the complement of V;(H?,) in I9. For that we shall use an additional
QR-decomposition as explained in Proposition 4.4.5, after two preparatory lemmas.

Lemma 4.4.3 Let d >0 and let Py be a basis of K[x]y4 then:

Pl
Ig = {Z ap; | (a1, ap,)" € ker (Wz7') and p; € Pd}
i=1

PROOF: Recall that I is the kernel of the Vandermonde operator, and W/ is the
matrix of this latter. The Vandermonde submatrix WZ de can be written as follows

ngd—l WPd

Ped _ W Ps _ L<i-1 Lea 1

W,Csdd - \A/[LSZ,l | Ld] - P (441)
0 W
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where WZ Si‘ll has full row rank.
Assume first that p is a polynomial in 9. Then there is ¢ € I of degree d such

J<d-1

that ¢° =p. Let q = ) and p = qq be the coefficients of ¢ and p respectively

in the basis P. As g € I; we have that

Pe(a-1) P
WPS"Z .= Wﬁsd(—dl v Qed-1+ Wﬁgii—l "dd =0
£<d q Pd
- Wﬁd *qq

and therefore p = q4 is in kernel of WZZ 4. Now let v a vector in the kernel of WZZ i A

vector u such that ( lvl ) € K(ndﬂi) and WZS; . ( LVI ) =0 can be found as the solution

of the following equation.

WPs(d—l)u _ WszV ~WPe . (4.4.2)

Leg1 Leg-1

As WZ ™ has full row rank, Equation 4.4.2 always has a solution. Then Py -

( 3 ) e I and therefore P;-vell. O

Lemma 4.4.4 Consider the row vector q of coefficients of a polynomial q of K[x]q
in the basis Py. The polynomial q is in the orthogonal complement of V4 (H) in
K[x]q if and only if the row vector q is in the left kernel of My, »t(H).

"

PROOF: The columns of M M, Pt Are the vectors of coefficients, in the basis
d
’P;, of polynomials that span V4(#H). The membership of q in the left kernel of
M, pi(H) translates as the apolar product of ¢ with these vectors to be zero. And
d
conversely. O

Proposition 4.4.5 Consider the QQR-decomposition
T R
[ (WLZd) MMd,p;(H) ]: [Q1 | Q2] [ 0 ]

The components of the row vector Py- Qo span the orthogonal complement of V4(H)
in I9.

t

PROOF: The columns in Qy span ker Wgzd N ker (MMd PT) . The result thus
d

follows from Lemmas 4.4.3 and 4.4.4. O

We are now able to show the correctness and termination of Algorithm 3.
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Algorithm 3

Input: - £ a basis of A (r=|£]= dim (A))

- P a basis of K[x].,
- Pt the dual basis of P w.r.t the apolar product.

Output: - H a reduced H-basis for [ := ker A

- Pa a basis of the least interpolation space of A.

1: 7‘[0<—{}, PA<—{}
2: d<0
3 Lo« i}, Lo« L

10:

11:
12:
13:
14:
15:
16:

while L., # {} do

Q. [ P({)d ] _ WLZ(Z > QR-decomposition of WZ ‘

Px < PAUP)-RY

[La| Logir] < Loa- QT > Note that Ry = W[Zd
Logir < LeqU Ly

[Qu| Qo] R=[ R My, () |

HY <« HOUPs Qo

d<d+1
end while
for all pe#H° do

H+~HU {p - Pa (WZ[;)_I (Egd)T}
end for

return (H,P,)
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Correctness In the spirit of Algorithm 2, Algorithm 3 proceeds degree by degree.
At the iteration for degree d we first compute a basis for A,y by splitting £.4 into
Lsq+1 and L4, As explained in Proposition 4.4.2, this is obtained through the QR-
decomposition of WZZ *. From this decomposition we also obtain a basis for A nK[x]4

as well as W[Z 4. We then go after HY, which spans the orthogonal complement of
Va(H2, ,) in I). The elements of H are computed via intersection of ker WZZ 4 and

ker (MMd’P;

degree ¢ such that L.5 is empty. Notice that for d > § the matrix WLZ ¢ is an empty
matrix and therefore its kernel is the full space K[x]s. Then as a consequence of
Lemma 4.4.3, for all d > 6 we have that V4(I9 |) = I hence (HY) is an empty set.
The latter implies that when the algorithm stops we have computed the full H-basis
HO for I°.

We then obtain an H-basis of I by finding the projections, onto A; and parallel to
I, of the elements of H?. These are the polynomials of A interpolating the elements
of H° according to A.

t
) as showed in Proposition 4.4.5. Algorithm 3 stops when we reach a

Termination Considering r := dim(A) we have that L, is an empty set, this
implies that in the worst case our algorithm stops after r iterations.

Complexity The most expensive computational step in Algorithms 3 is the com-
. . T .

putation of the kernel of the matrix [(WEZ d) M MaPl (H)] , with number of columns

and rows given by

row(d) = (*"71) = L + O (dn )

n-1 /)~ (n-1)!
[H| (d-di+n-1 [H|dm 1 (4.4.3)
col(d) = S5 (751 + €l = T + O (@)
where dy, ..., dp are the degrees of the elements of the computed H-basis un-

til degree d. Then the computational complexity of Algorithm 3 relies on the
method used for the kernel computation of VM (d), which in our case is the QR-
decomposition.

We are giving a frame for the simultaneous computation of an H-basis and the
Least interpolation space, but there is still room for improving the performance of
Algorithm 3. The structure of the Macaulay matrix might be taken into account to
alleviate the linear algebra operations as for instance in (Berthomieu et al., 2017).
We can also consider different variants of Algorithm 3. In Proposition 4.4.6 we
show that orthogonal bases for K[x];n A, and IJ can be simultaneously computed
by applying QR-decomposition in the Vandermonde matrix (WZ ! )T, Therefore we
can split Step 9 in two steps. First we do a QR-decomposition (VVZD> )T to obtain

orthogonal bases of K[x];n A, and I9. Once that we have in hand a basis of I? we
obtain the elements of #4 as its complement in the column space of M, 5+ (H).
4
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Rq
0

(WEZ)T Let r be the rank of (WZ‘Z)T Let {q1...q.} and {qrs1---qm} be the
columns of Q1 and Qo respectively. Then the following holds:

1. Pra= {73;‘611,---,P£-qr} is a basis of K[x]aNA,.
2. N={Py-Grs1,...,Pa-qm} is a basis of I3.

Proposition 4.4.6 Let [Q | Q2] [ :| = (WZ‘Z)T be a QR-decomposition of

3. If pe Prg and g e N then (p,q) =0, i.e., K[x]=(A, nK[x]s) élg.

In the case where P is orthonormal with respect to the apolar product, i.e. P = PT,
then Pag and N are also orthonormal bases.

PROOF: Let D such that L,p = {} and let L.p = Ugep L4 be a basis of A.
Then the matrix WZ =” is block upper triangular with non singular diagonal blocks.

Consider {ai,...a,} € KP=pl the rows of WZS; By Proposition Proposition 3.2.4
we have that PA{(PQD -aﬁ)l,...,(PlD-CLZ)l} is a basis of A, we can rewrite Py

D
as {732 b ,P;-bzd} where {b,...,bs,} is a basis of the row space of (Wgzd)
d=1

Since P, is a graded basis then {P(E b ,73; : bzd} is a basis K[x]snA;.

Part (2) in the proposition is a direct consequence of Lemma 4.4.3 and the fact
that the columns of Q; form a basis of the kernel of WZZ Z . Let now g € Py 4 and
peN. Then, )

(p,q) = ( Z iPs s Z bi(h‘> = ;aibz‘ =0.

Pi€Pq qz'GPdT

Last equality stems from a and b being different rows in Q. O

4.5 Symmetry reduction

In the above Algorithm 3, to compute an H-basis of I = kerw, we use the Vander-
monde and Macaulay matrices. We showed in Section 3.4 how the Vandermonde
matrix can be block diagonalized using appropriate symmetry adapted bases of K[x]
and A. We show here how to obtain such a block diagonalization on the Macaulay
matrix when the space spanned by H is invariant under the induced action of a
group G on K[x]. The key relies on exhibiting the equivariance of the prolongation
map ¥,y defined in Section 4.3.

Consider now a set H = {hy,...,} of homogeneous polynomials of K[x]. We
denote dy, .. ., d, their respective degrees and h = [hq, ..., hy] the row vector of K[z]*.
Associated to h, and a degree d, is the map introduced in Section 4.3

Yan: Kx]g-g, x .. xK[x]aaq, —» K[x]q

t (4.5.1)
f=[fi,....f/] > h-f.
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We assume that H forms a basis of an invariant subspace of K[x] and we call
0 the restriction of the representation p to this subspace, while © is the matrix
representation in the basis H: ©(g) = [0(g)],,- Then

[p(9)(R1),....p(g)(he)] =hod(g™") =h-O(g).

Note that, since the representation p on K[x]| preserves degree, degh; + degh; =
@w(g) = 0, Vg € G

Proposition 4.5.1 Considerh = [hy,...,h] e K[z]q, x...xK[z]4, and assume that
hod(gt) =h-O(g), for allge G. For any d € N, the map 1qy is T—p equivariant for
the representation T on K[x]g_a, x ... xK[x]4-q, defined by 7(g)(f) = O(g)-fod(g7!).

PROOF:  (p(g) o Yan)(f) = p(g)(h-f) =hod(g7!)-fod(g7") =h-O(g) -fod(g™") =
(Yno7(9)) (f). O

By application of (Féssler and Stiefel, 1992, Theorem 2.5), the matrix of ¢4y, is
block diagonal in symmetry adapted bases of K[x]4_4, x. . . xK[x]4-4, and K[x]4. Yet,
in the algorithm to compute symmetry adapted H-basis, the set H increases with d
at each iteration and 7 changes accordingly. We proceed to discuss how to hasten
the computation of a symmetry adapted basis of the evolving space K[x]g_g, x ... x
K[X]d_d[.

The set H =H'u...HN that we shall build, degree by degree, is actually a sym-
metry adapted basis. In particular, for 1 <i < N, H? spans the isotypic component
associated to the irreducible representation p;. If the multiplicity of the latter, in the
span of H, is ¢; then the cardinality of H* is /; n;. The matrices of the representation
6 in this basis are O(g) =diag (R;(g) ® I;;|i=1...N).

Assume H? is determined by h; 1, ..., h;g,, of respective degrees d; 1,...,d; . In
other words, for 1 <1 <¥;,

h“ = I:hi’l’ Wézl) (hi,l) gooe 77TT(LZ;;)1 (hz,l)]

is such that h;; o9(g™') = hi; - Ri(g). Hence the related product subspace K[x]y’,
is invariant under 7. The symmetry adapted bases for all these subspaces can be
combined into a symmetry adapted basis for the whole product space

(K[X]dm x K[X]dul )”1 X...x (K[X]dN,l X K[X]szN )”N :

Note that the components K[x]¢* with representation 7;. defined by 7;.(g)(f) =
Ri(g) - f o¥(g7') are bound to reappear several times in the overall algorithm of
next section. Hence the symmetry adapted bases for the evolving 7 can be computed
dynamically.

We can actually go further in the combination of symmetry adapted bases of
smaller size, down to the symmetry adapted bases for the tensor product represen-
tations p; ® p;.
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Let us first observe what is the matrix of 7 for any H. We take the same set P,
as a basis for each component K[x]. and call P the natural basis for the product
K[x]g-g, x ... x K[x]g-q,- Let L. = [P\K[x]e]p be the matrix representation of the
restriction of p to K[x]. in the basis P.. The matrix of 7 is then described by
blocks. The block in position (7, j) is zero if d —d; # d - d; and ©;;(g) I's_a,(9)-

If we choose P, to be a symmetry adapted basis of K[x]. then

[.(g) =diag(R;(g) ® I, |1<j < N), where cj,

is the multiplicity of the irreducible representation p; in K[x].. Hence the matrices
of the restriction of 7 to the invariant product subspace K[x]* 4, are

Rl(g) ® Fd—dz‘,l(g) = Rl(g) ® dlag (Rj(g) ® [ijd*di,l | 1 S] < N)

With a permutation of the basis elements of K[x]3’, , the matrices of the restriction
of 7 can be brought to a diagonal of blocks R;(g) ® Rj(g) Assuming that the sym-
metry adapted bases for these tensorial representations of p; ® p,; are precomputed,
a symmetry adapted basis for the restriction of 7, and then of 7, can be assembled
from the symmery adapted bases of the components K[x]..

4.6 Constructing Symmetry Adapted H-Basis

In this section we show, when the space A is invariant, an orthogonal equivariant
H-basis H can be computed. In this setting, we exploit the symmetries of A to build
H. A robust and symmetry adapted version of Algorithm 3 is presented. The block
diagonal structure of the Vandermonde and Macaulay matrices allow to reduce the
size of the matrices to deal with. The H-basis obtained as the output of Algorithm
4 inherits the symmetries of A.

Proposition 4.6.1 Let [ = nycpker A and d € N. If A is invariant, then so are I,
1019, Vy (]Sd). Also, if H is an orthogonal H-basis of I, then (HS)x is invariant.

PROOF: Let peland g e G, since A is closed under the action of G, A(p(¢g)(p)) =
p*(g) o A(p) = 0 for all A € A therefore p(g)(p) € I implying the invariance of 1.
Considering d the degree of p we can write p as p = p° + py, with p; € K[x]4. Then
we have that p(g)p = p(g)p° + p(g)p1 € I, as p is degree preserving then p(g)p° € I9
and the invariance of 19 follows. Now for every ¢ = ;.. ", qih; € Vy (Ig d), it holds
that p(g)q = Yhiel? | p(9)qip(g)h; c Vy (Igd), thus Vd(Igd) is an invariant subspace.
Finally recalling (4.3.2) we conclude that (H9)x is also G-invariant for being the
orthogonal complement of a G-invariant subspace. O

Algorithm 4 is a symmetry adapted version of Algorithm 3. In any iteration we

compute 1 as a symmetry adapted basis of the orthogonal complement of Vy(#H?,)
in 19
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This structure is obtained degree by degree. Assuming that the elements of 7Y,
form a symmetry adapted basis it follows from Corollary 3.4.2 and Proposition 4.5.1
that the matrices Wﬁp 4 and My, p,(12,) are block diagonal. Computations over the
symmetry blocks leads to the symmetry adapted structure of 7. For any degree d

i1 )
we only need to consider the matrices WZ?‘ﬁ and M’(#2,), i.e., only one block per

>d
irreducible representation.

Once we have in hand H° = [hh, R X hg“nn]T and a symmetry adapted

basis for A}, we compute H by interpolation. Since H° € K[x]%, by (?, Proposition
3.5), its interpolant in A, is also ¥ — 0 equivariant. Therefore

— — T

G L PR S AN . 7 D £ 8
The set ‘H of its component is thus a symmetry adapted basis. The correctness and
termination of Algorithm 4 follow from the same arguments exposed for Algorithm 3.
Note that both Macaulay and Vandermonde matrices split in Y°;_; n; blocks. Thanks
to Proposition 2.4.8 we can approximate the dimensions of the blocks by

dimMi(H°) dim W' n?
dimM(#%) ~ dim WP |G|

Therefore depending on the size of G the dimensions of the matrices to deal with in
Algorithm 4 can be considerably reduced.

Example 4.6.1 Consider = c R3 the invariant set of 26 points given by the union
of the orbits Oy,03 and Oy in Example 3.5.4. Consider A = ({e¢ |£€Z}). A is
an invariant subspace and therefore I = (Nyep ker A is an invariant ideal under the
action of Oy. Applying Algorithm 4 to I we wet the following orthogonal symmetry
adapted H-basis H.

HD ={p:=-19(z* +y* + 24) + 18 (2292 + 1222 + y222) + 22 + 32 + 22 + 18}

HO) = {at =2yt + 24— 2% + 292 - 22, V3 (2t - 2t — 22 + 22)}

HD ={yz (y?>-22),-xz (2? - 22) 2y (2® - y2)}

HO) = {~yz (422 - 3y? - 322 +6) , 2z (322 - 4y? + 322 - 6) ,zy (322 +3y> — 422 -6)}

From the structure of H it follows that p is the minimal degree invariant polyno-
mial of I. Notice that as a difference with Example 3.5.4 we do not need an artificial
point to get an invariant interpolant which its zero set contains =. In Figure 4.1 we
show the zero surface of p which is O), invariant.
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Algorithm 4

Input: - Lasabof A (r=|L]= dim (A),r; =|LH)
- P an orthonormal graded s.a.b of K[x],
- M; a graded s.a.b of K[x]Z:, 1<i<n

Output: - H an orthogonal equivariant H-basis for [ := ker A
- P a s.a.b of the least interpolation space for A.

1: 7‘[0<—{}, PA<—{}
2: d< 0

3: ‘CSO <~ {}, EZO <_£
4: while L,; # {} do

5: for i =1 to n such that E;’; + g do

6: Q- [ Ra, ] = WP% > QR-decomposition of Wf‘l{
0 L4 Lsa
e e e
£2c1l+1 < chll U ‘C;’l
: [Qi | Q2]-R=[ RY, Mj(H) ]
10: for =1 to n; do
11: E{e—Z%Lyg“?-Rii
12: HY « HIUP;™ - Qo
13: end for

14: end for
15: d<~d+1
16: end while
17: fori=1 to ndo
18: for all pe H? do
i,1\ 1 .
19: H<HU {p - Py (WPA ) (/;g;)T}

i,1
L2,

20: end for
21: end for
22: return (H,P,)
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Figure 4.1: Lowest degree invariant algebraic surface through an invariant set of the
points =.

Example 4.6.2 The subgroup of the orthogonal group R? that leaves the regular
tetrahedron invariant is commonly called T},. It has order 24 and 5 inequivalent irre-

ducible representations, all absolutely irreducible, whose dimensions are (1,1,2,3,3).
We consider the the following action of T}, in R?

T, ={dciaB | 0<i<1, 0<j<2 0<k<1, 0<<1}

which is defined by the matrices.

010 00 1 10 0 1 0 0
s=|1 0 0|, o=|1 0 0] a=|0 1 0| and B=|0 -1 0
00 1 010 0 0 -1 0 0 -1

Consider = c R3 the invariant set of 14 points illustrated on Figure 4.2a. They are
gruped in three orbits Oy (violet points), Oy (brown points) and O3 (red points).
Consider the space of linear forms A given by

A={{e¢| €2} u{eco Dy | ge(og,})R
The fact that I = nyea X Is an ideal in R[x] can be easily deduce from the fact that
ec o Dg (f-g) = f(§)-ec o Dg(g) +9(&) - ec o De(f)

so if § € O3 then for any f e I and g € R[z], eco Dg (f - g) = 0. Applying Algorithm 4
to I, we get a symmetry adapted H-basis ‘H
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1) — [2152 4 4 4 25973 2,2 2.2 2.2 45000 13750 2 2 2
HO = {H22 (4 4yt + 24) + BIB (322 + 2222 + y222) + 200y — L8700 (324 42 4 22) 4 1}

HG) ={(4a? + 422 -25)(x — 2)(w + 2), (4> + 422 - 25)(y — 2)(y + 2) }

270x%yz + 90132 + 90y 23 — 823 + T9xy? + T9x2% — 250y 2 + 50z,
Y - H®D =1 90232 + 270xy%2 + 90223 + 7922y — 8y? + T9y22 — 25022 + 50y,
9023y + 90xy3 + 2702y 22 + 79222 + 79y?z — 823 — 2502y + 502

HED = {ay? - 22? yz (y* - 2%)}
HO3) = {222 - y?z, 2y (2% - y?)}

and a symmetry adapted basis L of the least interpolation space

LD ={ 1,22 +y?+ 22, zyz, 25973 (24 + y* + 2%) - 12912 (2292 + 2222 + y?22) }
L = {207 -y = 22, y? - 22}
L= LOD = {x,yz,a% 7 (4 + 22))
£0 =1 262 = {2298,y (a2 4 22))
L63) = {z yx, 23 2 (2% +y?)}

. (b) Variety of p e (D)
(a) Points in Z divided in orbits
Figure 4.2: Interpolation data and variety of the interpolant p that goes through
the points in = and with zero directional derivative in Oj.
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4.7 FGLM

The FGLM algorithm was introduced by Faugere et al. (1993). It performs change
of orderings for Grobner bases in a zero dimensional ideal. Variations of the FGLM
to take symmetries into account can be found in (Faugere and Rahmany, 2009) and
(Faugere and Svartz, 2013). Denoting by 79 the intersection of an ideal I with
K[x]9, an algorithm is presented in (Faugere and Rahmany, 2009) to compute a
Grobner basis of an invariant ideal K[hy,. .., h,,] with h; € I9 from an SAGBI basis
of I9.

In (Faugere and Svartz, 2013) for invariant ideals with respect to diagonal ac-
tions, the symmetries are exploited to speed up the change of orderings. In this
section we show how Algorithm 4 can be seen as a FGLM-type algorithm and as a
generalization of the Diagonal-FGLM algorithm proposed in (Faugere and Svartz,
2013). From a Grobner basis of an invariant ideal I we compute a symmetry pre-
serving H-basis as well as a symmetry adapted basis of K[x]//. Having a robust
and symmetry adapted basis of K[x]/I plays a key role for exploiting symmetries
during the solution of equivariant system of equations (Gatermann, 1990; Corless
et al., 2009), and for computing symmetric cubatures (Gatermann, 1988; Collowald
and Hubert, 2015). An aggregated value of Algorithm 4 is that it provides a s.a.b of
K[x]/I such that its representatives are also a s.a.b of an invariant subspace of K[x].
We will see in Example 4.7.1 that symmetry adapted bases computed w.r.t the rep-
resentation p does not necessarily induce a decomposition in irreducible components

of K[x].
Proposition 4.7.1 If I is a G-invariant ideal and g € G then

p(g): K[x]/T - K[x]/I
[p]  — [p(9)p] (4.7.1)

1S a linear representation of G.

PROOF: We just need to check that the definition is independent of the choice
of representative for [p]. If [p] = [¢] then p—q € I so that p(p—q) = p(p) — p(q) € I
since [ is G-invariant. Hence [p(p)] = [p(q)]. D

Consider ny,ns, ..., n, € K[x] such that {[ni],...,[n,]} is a basis of K[x]/I. Let
aq,...,a, be its dual basis, so that any element [p] € K[x]/I can be written as

HE N (4.7.2)

i=1

As a consequence of Proposition 4.7.1, if I is G-invariant so is (K[x]/I)" under the
dual representation of p. Define Aq,..., A, as elements of K[z]* by \;(p) = as([p])
for any p e K[x].

Proposition 4.7.2 Let \y,..., A\, be defined as above. The following holds.
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o A=(A\1,..., N\ )k is a G-invariant subspace of K[x]* w.r.t p*.

o [ =nyepker A

PROOF: The first assertion is mostly a matter of unrolling the definitions. We
want to show that p* (¢) (\) € A for any g € G. Applying p* (g) (\) to any p € K[x]
we have that p* (9) (\)p=A(p(97")p) =a([p(g7")p]) = 5" (9) (@) ([p]). Therefore
as p* (g) is in (K[x]/I)" then p* (g) (\) € A.

For the second assertion, we have the equivalences:

pel <= [p]=0 < a;i([p]) =0,1<i<r < N(p)=0,1<i<r

i

Let G ={g1,92,---,9m} € K[x] be a Grobner basis of I, and let N = {ny,ng,...,n,} c
K[x] the corresponding normal set of monomials. The linear forms Ay, ..., A, in
K[z]* are defined so that the normal form of p € K[x] w.r.t. G is \(p)ni +...+

Ar(p) N

Example 4.7.1 Lets consider the cyclic group Cs, and its action over R3. It has
order 3 and 3 inequivalent irreducible representations of dimension 1, one absolutely
irreducible representation and a pair of conjugate irreducible representations of com-
plex type. We analyze the cyclic n—th roots system (Bjérck, 1990), which has been
widely used as a benchmark. The cyclic 3—th roots system is defined by:

THYy+z
C(3) =3 axy+yz+zx

ryz—1
The associated ideal I = (C'(3)) of C'(3) is invariant under C5. The reduced Grébner
basis G of I w.r.t the graded reverse lexicographic order and its corresponding normal
set N are given by G:={x+y+z2,y>+yz+2228-1} and N ={1,z2,y, 22, yz,yz*}.
Applying Algorithm 4 to the linear forms given by the coefficients of the normal
forms w.r.t N, we obtain a symmetry adapted H-basis

H={z+y+za?+y*+2% 2% +y*+2° -3}

as well as a symmetry preserving and robust representation of the quotient

P:{ P = {1 (y-2)(z-2)z-y)}
P@ = {z-zy-z (v-y)(x-22+y), (y-2)(2r -y -2)}

If instead of using Algorithm 4 we compute directly a s.a.b of K[x]/I whit respect
to p we get the following basis

o [ - (L)
Q) = {2z+y,yz+22% —2+2y, 2yz+2%}

We can check that the elements of Q do not belong to any isotypic component of
K[x].
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Chapter 5

Fundamental Equivariants

Rodriguez Bazan, E., Hubert, E., 2020. Algorithms for fundamental equivariants
and invariants.
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5.1 Introduction

The main purpose of this chapter is to offer algorithms to compute relevant sets of
generators of equivariant modules, together with generators for the ring of invariants.

In Section 5.3, we show that the ideal interpolation algorithms presented in
Chapter 4 can be straighforwardly applied to compute the generating invariants and
equivariants of a reflection group. In Section 5.4, given a set of primary invariants

for any representation of a finite group {ri,...,r,}, we apply the algorithms in
Chapters 3 and 4 to compute both a set of secondary invariants; and free bases of
all fundamental equivariant K[ry, ..., r,]-modules.

In Section 5.5 we elaborate on the idea in Section 5.4 to compute a set of gen-
erating invariants simultaneously to the generating equivariants. The Section 5.2
links symmetry adapted basis and fundamental equivariants.

5.2 Symmetry adapted bases and fundamental equiv-
ariants

In polynomial rings, symmetry adapted bases can be understood to consist of fun-
damental equivariants. We recall these notions and we show their connections.

We recall that t(M), ... t(") denote the inequivalent irreducible matrix represen-
tations of G over C; n, the dimension of t. We call fundamental equivariant an
t(-equivariant, for some 1 < £ < n. Hence a symmetry adapted basis of any in-
variant subspace of K[x] consists of fundamental equivariants. Furthermore the
t-equivariants, for any matrix representation t: G - GL,,(K), are linear combina-
tions of fundamental equivariants. Indeed, let q € K[x]™ be a t-equivariant and
P e K™*™ he the invertible matrix such that

P~lv(g) P = diag (I, ®tV(g) [ 1< <n) forall geg.

Then qP is a (mitM . ..@m,t(™)-equivariant, i.e., its components are fundamental
equivariants.

Proposition 5.2.1 For any 1 <k < ny, the K[z]9-linear maps

o : K[z]%, - K[x]“"  and @,: K[x]“Y - K[x]%,

41, n] = @ ¢~ @@

» Tngk
are well defined and inverse of each other.

PROOF: The fact that ¢ and @, are K[z]9-linear is an easy observation from
the definition of the maps W](f). We first show that the images of ¢ and @y are in
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K[x]“* and K[z ](Z) respectively. Let q = [q1,...,¢n,] be an t()-equivariant. By
definition of equivariance q = p(g)(q)t®(g)~'. Hence

0= ()@ p(9)(an) €D (g71) = [z €O p(9) (@) Zrﬁf;l 1>p<g><qj>].

Summing over g € G we see

Glq - [z SO () (). 3T (g l)p(gxqj)]

7=1geG 7=1geG

=%[Z Y (4 Zﬂfffj (7) ]

j=1
Since 7T(k) o W]gf) = W(f) we can write
1 ’ ; ,
Q= [Z;wiﬁ o)} (¢5), Zm&ﬁ oy <q]>] [+ @)....x0 @], (621
]:

NI () (£K)
where ¢ = - Zwlj (gj). It follows that ¢x(q) € K[x]".
=1

Now let ¢ € K[x] (“¥) By Proposition 2.3.1 we have

p(9) (74 (0)) = zt“) 9ISy (a)

so that

2(0) (a(a) - [Zr @) S n o)

=[P @). .7 @)] O (9) = Bi() O (9).

Hence @, (q) € K[z] oY
To conclude we show that ¢ o &, and P o ¢, are the identity maps. Let
a=1[q,---n,] € K[ ]g(l) By Equation (5.2.1) there exists ¢ € K[x] such that

[711) @, nzl (q)] Hence
B0 (@)= 0 () (@) = [ o) (@), mihomiy) (@)] =
If now ¢q € K[x] (45 {hen 7Tkk)(q) ¢ so that ¢ 0 x(q) = ¢. O

Corollary 5.2.2 Consider a set Q = {qi,...,qm} of t)-equivariants, with q; =
[¢i1s- - -, Gin, ). The following statements are equivalent:

1. Q is a generating set for K[z]9 20
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2. for any given 1 <k <ny, {qix|1 <i<m} is a generating set for K[x] (&)

3. {qn|1 <k <ng, 1<i<m) is a generating set for K[x]“.

All as K[x]9-module.

PROOF:
1. = 2. Let ¢ e K[x]"“®). Since ®4(q) € K[x]f(e), there exist hy,..., Ay, € K[2]9 such
that ®,(q) = X" h;q;- Applying ¢, on both sides we obtain ¢ = Y1y hiodr (q;) =
> i

2. = 1. Take q € K[x]tgm . Since ¢x(q) € K[x]"“" there are invariant polynomials
hi,...,hy such that ¢x(q) = X%y higik. Appplying @, on both sides we obtain
q= 2" hi® (qi) and therefore @k (q1x) = q1,- -, Pr (¢mk) = Qi form a generating
set for K[z]9

NON

ny . .
2. = 3. Since K[x]" = PK[x]“?, and ﬂj(i) : K[x]“P > K[x] is K[z]9-
=1

linear and bijective, and W](i)(qik) = Q-
3. = 2. Since W,ﬁ? c K[x]Y - K[x]“" is K[z]9%linear and surjective, and

W,ii)(qij) equals to g or 0 according to whether 7 = k£ or not. O

5.3 Fundamental equivariants & invariants by in-
terpolation

A reflection group is a subgroup of GL,(K) that is generated by matrices that
have precisely one eigenvalue different from 1. Such finite groups enjoy extensive
properties (Benson and Grove, 1985; Chevalley, 1955; Kane, 2001). In this section
we show that we can deduce generating invariants and equivariants for such group
actions from the solution of an ideal interpolation problem as computed in Section
4.6.

For £ e K® we consider the evaluation map e¢ : K[x] - K. Then I = Nygkereg.
in K[x] is the radical ideal of the orbit of £. Algorithm 3 applied to the space of
linear forms A = (eg¢ | g € G) determines a reduced H-basis H of I and a basis Q
of the orthogonal complement of I°, the ideal of the leading homogeneous forms of
the polynomials in /. Q can be interpreted as a basis for the quotient K[x]/I.

For a given group, and its irreducible representations, Algorithm 4 produces fur-
thermore a H and a Q that are symmetry adapted. We shall show in this section that
a minimal set of generating invariants can be read on such a ‘H and the generating
fundamental equivariants are given by Q.

Proposition 5.3.1 (r —e¢(r)|r e K[z]9) c I.

PROOF: eg¢ (r—e¢) =0 for all r e K[z]9 and g€ G. O
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The isotropy subgroup G¢ of £ € K™ is the set of elements of G that leave ¢
invariant: Ge={geG|g-£=¢}

Proposition 5.3.2 The induced representation on K[x]/I is equivalent to the per-
mutation representation of G associated to G /QE.

PROOF: The ideal I = Ny kerey is invariant under the action of G. There is
thus an action of G induced on K[x]/I that is well defined.

Let ¢1,...,g, be representatives for the classes of G/Ge. Denoting & = 9(g;) (&)
we have that & # §; for i # j and {;,...,& } is the orbit of £ and hence the zero set
of I. Therefore for every g € G there exists a permutation o (g) such that

(g) (&) =&o(g)ay for all § e V.

Now let fi,..., f, be polynomial such f; (§;) = d;;. Such polynomials can be found
via interpolation and we prove next that they form a basis of K[x]/I. This latter
is of dimension r hence we only need to prove that they are linearly independent
modulo 7. Let aq,...,a, € K such that f =Y ;a; f; € I. Then for any 1 < <r,
ai = (&) =0,

For any 1 <14,7 <r we have

p(9) (f:) (&) = fio9(g7™) (&) = fi (&oey)) = Foor (&)

It follows that p(g) (fi) = fo(g)(s) Vanishes on the orbit of £ and thus p(g) (f;) -
fo(g)(iy € I. Hence, in the basis f1,..., f;, the induced matrix representation of G on
K[x]/I is given by the permutation o. O

In particular, if G, is restricted to the identity then the induced representation
on K[x]/I is equivalent to the regular representation of G and thus has dimension

G].

Lemma 5.3.3 When G is a reflection group and G is restricted to the identity, I1°
is the ideal N generated by all the homogeneous invariants of positive degree.

PROOF: From Proposition 5.3.1 it follows that N c I°. G being a reflection
group, by (Kane, 2001, Theorem 24-1), and originally (Chevalley, 1955), K[x]/N
is equivalent to the regular representation and thus of dimension |G|. By Proposi-
tion 5.3.2, K[x]/I, and hence K[x]/I°, is also of dimension |G|. We can therefore
conclude that 1= N. O

Lemma 5.3.4 Let J be an ideal generated by k homogeneous invariants of posi-
tive degree. Then any homogeneous orthogonal H-basis of J consists of invariant
polynomials, and of at most k of them.

PROOF: We write J; = JnK[x]; and Joy = J nK[x]<4 and similarly for H a set
of homogeneous invariants generating J. Recalling ¥, (-) the map defined in (4.5.1),
we have Jg =V, (H) + (Ha)x.
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We show that for any degree d, any basis for the orthogonal complement ), of
VU, (Jeq) in Jg consists of homogeneous invariants in numbers less or equal to the
cardinal of H,.

Let m be the dimension of a complement of ¥, (H.q) in Jg. Then m < card(Ha).
We can select Ry, ..., hy, € (Ha) c K[z]9 s.t. Ji=U, (Hea) ® (hiy -, hon )i

Consider ¢y, ..., ¢, any basis of (J;. There is then a nonsingular matrix (a;;) €
Kmm such that ¢; = ¥ a;jhj + r; where r; € ¥, (Hq). Since ¥, (Jq), Jq and Qg are
invariant, the polynomial ¢; - 7 (g;) = r; — 7™M (r;) belongs to Qq NV, (Heq). It
therefore is 0, i.e., ¢; = 1M (g;), that is to say ¢; € K[m]g m]

Theorem 5.3.5 Consider G c GL,(K) a reflection group and take & € K" with
Ge = {1,,}. Define

o [ =()kereye, and
R

n
e Q=UU {qi?, .. ,qr(lf)k} a symmetry adapted basis of an invariant complement
0=1k=1
of I.

Then :

e Any reduced H-basis of I is given by a set {r; —e¢(r1),...,r, —e¢(r,)} where
{r1,...,rn} Is a set of homogeneous invariants generating K[x]9
e QM = {1} and, for 2 < ¢ < n, QO consists of t(Y)-equivariants qge), Y

g (& (&

freely generating K[m]t(@ as a K[z]9-module. Writing q; = [qil ,...,qw], for

1 <i<ny, we have

Kix] =D @ K[2]9¢0.

0=1 k,i=1

PROOF: When G is a reflection group, K[z]9 is generated by n algebraically
independent homogeneous invariants (Chevalley, 1955), (Kane, 2001, Theorem 18-
1). The ideal N generated by all homogenous invariants of positive degree is a zero
dimensional ideal and thus any of its H-basis cannot have less then n elements. It
thus follows from Lemma 5.3.4, that a reduced H-basis of Nconsists of exactly n
homogeneous invariants. By the classical argument of Hilbert’s finiteness theorem
(Sturmfels, 2007, Theorem 2.1.3), a set of homogeneous invariants generating N as
an ideal is also generating for K[z]9 as an algebra.

H is a H-basis of I iff H? is a H-basis of 19 = N. It follows that for any orthogonal
H-basis of I H" = {ry,...,r,} where r1,...,r, form a generating set of homogeneous
invariants. With Proposition 5.3.1 we can conclude that the shape of a reduced
H-basis is as stated.
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On the other hand, @) spans the orthogonal complement of [° (Corollary 4.2.3).
By Lemma 5.3.3 1% = N, and thus K[x] = N @ (Q)k. Nakayama’s lemma for graded
algebra (Kane, 2001, Lemma 17-5) thus implies that

n ny ng
- K[z Q (f))_

By (Kane, 2001, Lemma 18-3) the set {qi(,f) [1<l<n 1<i,k< ng} is furthermore al-

gebraically independent when G is a reflection group. Moreover K[x](¢1) = Y7 K[x]9 qgf),
and thus Proposition 5.2.2 implies that Q) = {[qff), . ,Q,(:QZ] |1<i< ng} is a freely
generating K[z]9 (o as a K[z]9%-module. O

Example 5.3.6 Consider the representation p of the dihedral group
Ds ={6%" | 6*=0%= (00)? = 1}

of order 16 given by the matrices

1 0 1 (11
19(0)2(0 _1) and 19(5):%(1 _1).

Dg has 7 inequivalent irreducible representations, four of dimension 1 and three of
dimension 2.

Applying Algorithm 4 to A = {e,¢ | g € G) where £ = ‘[a, b] we obtain the
following H-basis H of I and s.a.b Q@ = Uj_, Q) of the orthogonal complement of I°

H={a? +y? - (a® +b?), 2® - 282%y* + T0zy* - 2822y + y* — (a® - 28a5b? + 70a*b* - 282" + b°) }
QW ={1}, Q® ={zy(a®-Ta'y>+7x?y" - %)},
QW = {a* - 622y +y*}, QW ={zy(a?-y?)},
Q¥ ={[z,y], [z (2% - 2Lay? + 35a%y* = TyS) ,y (=T + 352y - 212yt + )]},
Q) = {[2? - ¢?, 2zy], [2° - 152%y? + 1522y* — b, 22y (32* - 1022y + 3y*) ]},
QM ={[xz (2> -3y*),y (32 - y?)], [w (-a* + 102%y* - 5y*) ,y (52" - 102°y> + y*)]} .
As Theorem 5.3.5 asserts HO = {z? + y?, 28 — 282522 + T0x4y* — 2822y + 48} is a
generating set for K[x]Ps and, for 2 <€ <7, QW is a set of free generators for the
t(®-equivariants.
Example 5.3.7 Consider the action of the group of symmetries of the cube B3 =

Sy w (Z)27)?
By={0'0™a | 0<i,j,k,m<1, 0<0<2}
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in R3 which is defined by the matrices.

010 010 (-1) 0
=0 0 1f,0=]1 0 0],a=| 0 (1)
100 00 1 0 0

(-1)*

B3 has order 48 and 10 inequivalent irreducible representations, all absolutely
irreducible, whose dimensions are {1,1,1,1,2,2,3,3,3,3}. Applying Algorithm 4 to
A ={ey¢ | g€ Bs) where £ ='[1, 2, 3] we obtain a H-basis H of I and a symmetry
adapted basis of the orthogonal complement Q = U}, Q) of I°.

7_[0 — {12 +y2 + 22’x2y2 +l’222 +y222’x2y222}

is a generating set of invariants and, for 2 < £ < 10, QW freely generate the t(9-
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equivariants, with

QW ={1}, Q@ ={wyzp.p,p.}, QO ={ppyp.}, QW ={wyz},

[-V/3zyzpy, 2yzp, - p-],
Q®) = %5 (24 + 62%y? — 120222 — 2y* + 6y222 + 24) | ;
(026 )

[-V3ayzpy, vyzp, - -],
Q) = 255 (10y? - 322 - 322) :
3zt + 1022y? - 302222 - 6y* + 10y?22 + 324

[yzpe, w2py, 2yp-]
[yzpe (y2 + 2% = 102%) ,w2p, (2% + 2% = 10y?) , wyp, (2% + y* - 1022)],
QU= A yzpe (bxt = 3x2y? — 32222 + y222?)

xzp, (byt - 3y?22% - 322y? + 2222)

xyp, (524 — 32222 - 3y%22 + 22y?)

['r?y? Z]?
[ (3y? + 322 - 222) ,y (322 + 322 - 2y2) , 2 (32 + 3y? — 222)],
Q®) = x (22 =5 (y* + 2%) - 10 (22 (y? + 22) - 6y%22)),

y 2yt =5 (24 +2%) - 10 (y? (22 + 22) - 62222)),
2 (224 =5 (x* +y*) - 10 (22 (22 + y?) - 622y?))

[yZ7 Z,UZ, xy] 9
[y= (222 - 62%) 02 (20 = 62) 2y (a2 - 67)],
Q® = yz (209222 + 3022 (22 —y? — 22) - 3 (y* + %)),

xz (202222 + 30y? (y2 - 22 - 22) - 3 (24 + %)),
xy (2022y? + 3022 (22 — 22 - y?) = 3 (a1 + y1))

(P2, ypy, 2p-],
(D2 (py = P2) , ypy (= = D), 2D= (P = Py)]
QU0) = xp, (3x* - 5a?y? — 5222 + 15y%22) |
ypy (3y* — by?22 - ba?y? + 152222) |
zp, (32% = 5222 — 5y?22 + 1522y?)

S22 n2 a2 o a2 L2
where p, = x* —y*,p, = 2° — 2%, p, = y* — 2°.
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We shall now illustrate that Theorem 5.3.5 fails when not applied to a reflection
group.

Example 5.3.8 Consider the three dimensional representation of Dy given in Ex-
ample 5.5.2. Contrary to the classical representation of Dg, this is not a reflection
group since —1 is a double eigenvalue of ¥(c).

The output Algorithm 4 applied to A = (eg¢ | g € G) consist of a symmetry
adapted H-basis H of I and Q a s.a.b. of the orthogonal complement of I°. For

§= t[aa b, C]

Q(Qvl) = {1}’ Q(Qvl) = {2}7 Q(gvl) = {aj‘s — 31‘y2}7
Q=4 QU ={3a2y — 3} {QOD = {z,yz}, Q0 = {y, ~w2}},
{Q(6’1) = {:172 - y2, nyz} , Q6:2) = {2xy, —r?z+ yQZ}}

and
HOD = {22+ 92 - (a2 + b?), 22 - 2},
HOD =@, HOD ={a(a? 1) yz (30* - y*) ~be (30> - ) w (¢ - y*)},

HED = {b(b? - 3a?) vz (22 - 3y2) —ac(a® - 30?) y (y? - 322)}, HOD =g,

260) =] € (a2 +b2)* (24 - 62292 + y*) + 4ab (a2 - 3b2) (32 - b?) zyz
| +c(a?-b2) (a* - 14a2b? + b*) (22 - 32) ’

2/(6.2) = 2¢(a® + b2)2 xy (22 —y?) —ab(3a? - b?) (a® - 30?) (22 - y?) 2
| +c(a? - b?) (a* - 14a2b? + b*) xy

Q has 12 elements, as predicted by Proposition 5.3.2. Yet we saw in Exam-
ple 5.5.2 that a minimal set of generating equivariants has 22 elements.
In this case H° has non invariant elements. For instance

a (a2 B b2) yz (3x2 B y2) - bc (3a2 - b2) (a:3 - ny) eH®,

Its leading form yz (3x% — y?) € H° is not an invariant and one can check that it does
not belong to N. Hence N ¢ I°. Also we can see that (7—[0)(1) consists of only 2
elements so we can not obtain from H a fundamental set of invariants.

5.4 Fundamental equivariants from invariants

In this section we show how to determine generating invariants and fundamental
equivariants assuming we have sufficiently many invariants already. We then show
that this construction provides a Hironaka decomposition of K[z]9 and K[x] ®
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1<l <, if it is applied to a set of primary invariants rq,...,r,. Indeed, working
with the concepts of primary and secondary invariants (Sturmfels; 2007, Section
2.3) allows to have a unique representation of invariants and equivariants, or any
element of K[x], seen as a K[rq,...,r,]-module.

Theorem 5.4.1 Consider H ={hy,...,hy} c K[2]9 a set of homogeneous invariants
of positive degree such that the ideal H = (hy, ..., h;) is a zero dimensional.
Consider Q = U}, Q) a symmetry adapted basis of an invariant complement

of H in K[x], where Q) consists of the v(Y)-equivariants qzw = [qi(f), . ,q%i], for
1<:< my.
Then QO generates K[x]\” as a K[hy, ..., hy]-module. In particular H u Q) is

a generating set of invariants. Also Yj_; ngmy > |G|.

PROOF: H is G-invariant and thus admits an invariant complement in K[x].
As a basis of such a complement (Q)x can be identified with K[x]/H. Thus

n nNg My

K[x]/H = (Q)x = DD P K.

=1 k=1 1

By Nakayama’s lemma for graded algebra (Derksen and Kemper, 2015, Lemma
3.7.1).

K(x] - 335 (35 w04,

With the notations of (Serre, 1977), for all ¢ and k, qi(,f) belongs to K[x] (k) -
ngk)K[X] ). These subspaces are in direct sum with each other. Hence two subspaces

(Zi K[xz]9 qz-(,f)) for different k’s have an intersection restricted to {0}. We can thus
replace the two first 3 by a @ so that

n n Ty n g
K[x] = @é (Z K[A] qz.(]f)) and thus  K[x] = é (Z K[R] qi(,f)) :
0=1k=1\ 1 k=1 \ 4

In particular K[2]9 = K[x]" = > K[h] qi(;).

Let N be the ideal generated by all the homogeneous invariants of positive degree.
By (Kane, 2001, Theorem 17-5 and Propositions 18-3,4,5), dimg K[x]/N > |G|. Since
H c N the announced inequality holds. O

A particular case of this statement is when # is a generating set of invariants

of positive degree. Then the t(Y-equivariant qy), 1 <i <my, generate K[x] ® as a
K[x]9-module. Also QM) = {1} then.

Corollary 5.4.2 When G is a reflection group and ‘H is a generating set of invariants
then my = ny and the v(Y-equivariant qf), 1 <i < ny freely generate K[x] ® so that

n Ny Ny

K[x] =D DD K[z ¢}

=1 k=1 1
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PROOF: By (Kane, 2001, Proposition 18-3,4,5 and Lemma 18-3): the homoge-
neous representatives of K[x]/H are independent over K[z]9 if and only if G acts as
a reflection group on K”. When G is a reflection group, the induced representation
on K[x]/N is equivalent to the regular representation of G (Kane, 2001, Theorem
24-1). Hence then my =mny. O

Of particular interest is the case where H = {hq,...,h,} is a set of primary in-
variants, i.e., a set of homogeneous parameters for K[z]9. In particular {hy,...,h,}
are then algebraically independent and K[Ah] = K[hA4,...,h,] is a polynomial alge-
bra. The secondary invariants si, ..., S, are then a free basis of K[z]9 viewed as a
K[h]-module. Any p € K[x]9 can be written in a unique way as p = pi1s;+. ..+ DmsSm
where p; € K[h]. This is a so called Hironaka decomposition of K[z]9. The following
results shows how we can actually obtain a Hironaka decomposition of K[x] as a
K[h]-module.

Theorem 5.4.3 Consider hy, ..., h, a set of primary invariants. Then |G| divides
the product of their degrees [}, deg(r;). Let m be their quotient. If Q = Uj_, Q)
is a symmetry adapted basis of a G-invariant complement of the ideal (hy,..., h;,)
in K[x], then Q) splits into mn, vectors of K[x]™ that are t(O)-equivariants and
form a free basis of K[x]\) seen as a K[h]-module. In particular Q0 consists of a
set of secondary invariants for hy, ..., h,.

PROOF: By (Sturmfels, 2007, Proposition 2.3.6), |G| divides [}, deg(r;) and
the number of secondary invariants m is their quotient. With an argument based
on the Molien series of the K[x] (4)7 (Stanley, 1979, Proposition 4.9) proves that
K[x]/(h1,...,h,) is equivalent to m times the regular representation of G. Hence
mn? is the dimension of K[x])/(hi,..., h,)K[x]" as a K-vector space.

Nakayama’s lemma for graded algebra (Derksen and Kemper, 2015, Lemma
3.7.1) ensures that Q generates K[x] as a K[h]-module. We have

n nyg Mmng

Klx] =& Y. K[h]qf

1 k=1 4=1

since the components K[x] ) are mutually orthogonal.

On the other hand K[x] is finitely generated over K[z]9 so that hy,..., h,
also form a homogeneous system of parameters for K[x]. Since K[x] is Cohen-
Macaulay, K[x] is a free K[h]-module. If 7y, ..., is a free basis, then their images
in K[x]/(r1,...,m,) span this m|G|-dimensional vector space. Hence the rank of
K[x] as a K[h]-module is at least m|G|. It follows that Q is a free basis. O

If we have a set of primary invariants we can compute thus the secondary invari-
ants and fundamental equivariants with the following algorithm that is a straight-
forward application of the Section 4.7. Note that for reflection group we can pick
the primary invariants so that [T}, deg(r;) = |G| (Sturmfels, 2007, Corolary 2.4.5).
Hence m =1 and K[z]9 =K[r1,...,7r,].
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Algorithm 5
Fundamental equivariants

INpUT: A set {hq,...,h,} of primary invariants.
OurpuT: QU = {[qi(f), . ,qfﬁi] |1<i< mng}, 1 < ¢ <, a set t®-equivariant

that form a free basis for K[x]) viewed as a free K[y, ..., hy,]-module.
Compute a Grébner basis B of (hy, ..., h,), according to any given term order

A1, Amjg) € K[z ]* the coefficient forms for the normal form w.r.t. B,
where m|G| is the cardinality of the normal set of monomials w.r.t. B

n
Compute Q = J Q") a s.a.b of the least interpolation space for {\i, ..., Amig))»
=1
applying Algorithm 4.

The above algorithm can also be applied to a set of invariants H that satisfies
only the hypotheses of Theorem 5.4.1. It would still output generating sets of
fundamental invariants. But they would not be freely generating.

We have to point out though that with a set of homogeneous (invariant) poly-
nomials always form a H-basis. One can thus compute more directly a basis of the
orthogonal complement of the generated ideal, with prolongation. Such an approach
is taken in next section where we actually compute generating invariants on the fly.

There are actually several algorithms to compute primary invariants. In (Sturm-
fels, 2007, Algorithm 2.5.8) and (Gatermann, 2000, Algorithm 2.1.5) algorithms are
proposed to extract primary invariants from a generating set. They generate in-
variants of increasing degree whose variety gets smaller each time until a set of
algebraically independent homogeneous invariants is found. If the obtained set is
composed of n elements, then it is a set of primary invariants. Otherwise sets of n
elements weighted over the computed invariant are randomly generated until an al-
gebraically independent set is found. Dade’s algorithm (Sturmfels, 2007, Algorithm
2.5.14) is a more direct approach based on linear algebra. It constructs primary
invariants taking products over G—orbits of linear forms, such that all the degrees
of the computed invariants are divisors of the group order. On the other hand
(Kemper, 1999, Algorithm 2) looks for a set of primary invariants {fi,..., f,} that
minimize 117, deg(f;), and then Y7, deg(f;). The algorithm iterates over N" follow-
ing the described pre-order and stops when a n-tuple dy,...,d, is found such that
there exist a set of primary invariants with those degrees.

Example 5.4.4 The alternating group A, is the group of even permutations on a
set of n elements. It has order %' We consider here the alternating group A, consist-
ing of 12 elements and generated by the cycles {(2,4,3),(1,3)(2,4),(1,2)(3,4)}.
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We consider the representation of Ay in R3 given by the matrices

0 0 1 -1 0 0 1 0 O
p(24.3)=[1 0 o] p@n@a=lo 1 o[ p2EH)=[o -1 0
010 0O 0 -1 0O 0 -1

Ay has four irreducible representations, three of dimension 1 and one of dimension
3. Two of the irreducible representations of dimension 1 are of complex type and
conjugate to each other. Since we are dealing with a real representation, we shall
consider the 3 irreducible real representation of A, given by the two absolutely
irreducible ones and the one obtained by the combination of the two of complex
type. A set of primary invariants for A, is given by

H = {2 +y? + 22 wyz, ay? + 2?2 + P27

The Gréobner basis and the normal sets of the ideal generated by H w.r.t a degree
reverse lexicographical order are given by

B={a?+y*+ 2% wyz, Pz + y2t gt + P2 + 24 20
2 2 3 0002 2n2 2. 03 02 4
N— ]'7Z7y7x7z 7yz7xz7y 7xy7z 7yZ 7‘7:2 7yz7y ny 727
B 3 0sd 0252 703 yod esd 02,3 2.4 :
yz 7'TZ 7yZ 7xy 7yZ JIZ 7yZ 7yZ

We define the linear forms Ai,..., Aoy so that the normal form of p € K[x] w.r.t
B is A\ (p)ni + ...+ Aoa(p)ngs where n; € N and let A = (\; | 1 <i <24). Then
Algorithm 5 computes the secondary invariants and fundamental equivariants Q

S=0W = {1,(12 - 22)(22 - 22) (2% - )}

Q@ = {207~y — 22,92 — 22, (4 ~ 1) 2,2t — Y, 6a2(y? — 22) — y + 24}

[xaya Z] ) [yZ, a:zﬂ:g] 3 [‘T (.Z'Q - 3Z2) Y (y2 - 33:2) )y % (22 - 3y2)] 5
Q0 = | [~ ),y (- 22),2 (a2~ )] Ty (- ), 22 (2~ 22) g (a2 - 7)),
20357 - )~y ~ ), 292 - 2) ~y(x1 - a), 22902 ~42) = (at ~ )]

Example 5.4.5 Consider the action of the cyclic group C,, in C" given by

2ikm 2ikm

C’m:{diag<e mo...,em ),OSk‘Sn—l}.

C[x]9m is generated by all terms of degree m (Sturmfels, 2007, Proposition 2.1.5) and

H = {7, ...,am} is set of primary invariants. H is also a Grobner basis with respect

to any term order. The normal set consists of the terms N = {x®yP27 | 0< o, 8,7y <m - 1}.
C,, has m inequivalent irreducible representations of dimensions 1. For1 < ¢ <m, the
generating fundamental equivariants are given by Q) = {x®yf27 |a+ f+y=m+1-(}.
Observe N = U2, QU and this corroborates Theorem 5.4.3.
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5.5 Simultaneous computation of invariants and
equivariants

For a row vector of polynomials h = [hl . hm] e K[x]™, with h; of degree d;, the
prolongation map to degree d defined in (4.5.1) is given by

Yoy K[x]g-aq, x - - xK[x]4-a,, - K[x]a

(917"'79771) e Zgzhz ’
i1
The restriction of this map to K[x] 1) i
0y 01 01
w s K < <K, » Ky
(917"'79771) - Zglhz .
i1

For a Set 7-[ = {h17 ey hm} we Shall denote by \I[d (7—[) and \112&1) (/}_[) the respective
images of 9, and q/,flli;l) where h = [hy, ..., hy]. Whether H c K[z]9 or Q c K[x]“"
both WY (1) and (" (Q) are contained in K[x]{".

Lemma 5.5.1 Consider H c K[z]?,\K and Q c K[X]iﬁli)l Assume that \Iffll_)l (Q) =
K[x]%" and that W (H) = K[2]9 for all 1 <e <d. Then O (31) = 0tV (Q).

PROOF: Let ¢ = ) hip; € \I!g“) (H) with p; € K[X]i@’l). Since \If((jl_)l (Q) =

hl‘E'H

K[X]gﬁ)l, for any ¢ there are polynomials 1, ..., r|g € K[x]9 such that p; = Z i
qi€Q
so we have
1
0= Y b Y= Y 4 ) rhie ¥y (Q),

hiGH quQ quQ hZGH

hence \Ifl(f’l) (H) c \Ifél) (Q). Analogously any ¢ = Y. p;g; in \Iffll) (Q) can be written
qi€Q

as

q= ), ( >, hj?”j)Qi: > hy Y g e WY (M),

4:€Q \hjeH hjeH  qieQ

therefore \I/y’l) (H) = \Ilél) (9). o

Computational note. In the algorithm we need to compute a complement of
\Ilgf’l) (H) in K[X]Ef’l), for H c K[x]9. In general, this can be achieved with linear
algebra as follows: Assume we use Py’l) as basis for K[x]((f’l) and let M be the
matrix of wc(fﬁl) . On a column echelon form of M select the indices of the rows that
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have no pivot; They index the elements of P{gé’l) that form a basis of a complement
to Wi (%),

Alternatively, taking advantage that K is a subfield of C, we can choose to
compute the orthogonal complement w.r.t. the apolar product. A vector in the
kernel of ‘M provides the conjugate of the coefficients in the dual basis of Pc(lm) of

a polynomial orthogonal to \Ilgf’l) (#). Thus a basis of the kernel of "M provides a
basis for the orthogonal complement of \I/((f’l) (H).

Algorithm 6
Fundamental Invariants and Equivariants

n |G|
IneuT: P=JU 'Py’l) where Pc(f’l) is an orthonormal basis of K[X]Ef’l).
=1d=1

OutpuT: HcK[x]9 and Q = [ JO® a s.ab. for K[x]/(H) with the properties
=1
that

e 7 is a minimal generating set of homogeneous invariants

o QU = {[qi(f), . ,qi(ﬁﬂ |1<i< mg} is a generating set for K[x] © as a K[z]9-
module

4o, 08V, QM) « g

o (1)

a < 1 # counts the polynomials of degree d in Uj_, Q)
for d from 1 to |G| while a >0 do

IC < a basis of a complement of \Ifél) (Ha-1) in K[z]§
Hi < Haa UK
a<0
for /=2 ton do
K < a basis of a complement of the image of \Ifg’l) (Haq) in K[x]
o Qi ur

a < a + cardinal(K)

(6,1)
d

end-do
end-do
return H,_; and | {[ﬂﬁ)(q), . ,ﬂﬁfi(q)] | g€ Qfﬁ})}

l=1

PROOF: We prove first that the three following properties are true at the end
of each iteration of the for-while loop bearing on d.
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A(d) : U (Hy) =K[2]9 for all 1< e <d.

B(d) : §” (@) = K[

n d
C(d): Uy {Wﬁ)(q) | q € ng)} is a basis of an invariant complement of @ ¥, (H)
/=1 a=1 e=1

Property A(0), B(0) and C(0) hold. Assume that A(d—1), B(d-1) and C(d-1)
hold.

Property A(d) is then secured because of Property A(d - 1) and the adjunction
to Ha-1 of a basis of the complement of \Ifgll) (Ha-1) in K[x]§ to form Hg.

By Lemma 5.5.1 and Property A(d) and B(d - 1), \I,((iz,l) (Hy) = \IJ(I) (Q(e 1)).
Hence Q,Elé’l) consists of ng_’i) and a basis of the complement of \Ilél)( (¢ 1))

d-1
K[x ](e M and thus Property B(d) holds.

Q(e v is a basis of the invariant complement, in K[x ]ilc’ll), of W, (Hq) nK[x ](z b -
\Il(e Y (H4). Recall that 7T(€) c K[x ]gz;l1) - K[x ](e *) is an isomorphism such that
Wkl)(rq) = rﬂkl)(q) for any r € K[z]9. Tt follows that {Wkl)(q) lq e Q(e 1)} is a basis of
the complement of ¥, (Hq) N K[X]Ef’k) in K[X]Ef’k). As K[x]w = @7, D, K[X]iﬁl’k),
we obtain Property C(d).

With these properties at each iteration, we want now to prove that when d = |G|
or a = 0 we have that Hy is a generating set of K[z]9 and Q((f’l) is a generating set
of K[x]“" as a K[z]9-module.

Note that Property A(d) implies that any p € K[z]? 2, can be written as a poly-
nomial in the elements of H,. Hence, if d = |G|, Noether s bound, H, is a generating
set of invariants (Sturmfels, 2007, Theorem 2.1.4). (Stanley, 1979, Theorem

3.1) or (Worfolk, 1994, Proposition 4.3), K[x ]() generates K[x ](Z) as a K[z]%

19|
module. Thus Property B(d), together with the properties of the maps Wli?, implies

( 71
19

tion 5.2.2, U{[Wll)(q . fﬁ(q)] | qe Qd } is a generating set for K[z ], as a

K[z]9- module
At the end of an iteration a = 0 means that ¥, (H,) = K[x]4. It follows that
U, (Hq) = K[x]. for all e > d. Hence

that ng’l is a generating set for K[x] ) as a K[z]9-module. So by Proposi-

n

Kix - () D|[DD & k2

(=1 k=1 g g(t1)

Any homogeneous invariant of positive degree thus belongs to (#). By the classical
argument used in Hilbert’s finiteness theorem (Sturmfels, 2007, Theorem 2.1.3), H,4
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is a generating set of homogeneous invariants. It is a minimal such set by construc-
tion. Then, by Nakayama’s lemma for graded algebra (Derksen and Kemper, 2015,
Lemma 3.7.1) and the fact that the different K[x] (k) are in direct sum we have

K =DD| ¥ K9]

=1 k=1 qegflm)

It follows that K[x]“" = > K[z]¢ Wg)(q). O
qeQ{"V

In the algorithm we have made use of Noether’s bound to mark termination. Yet
we could have use a = 0 as unique stopping criterion : it is indeed enough to know
that K[z]9 is finitely generated as an algebra and K[x] ) is finitely generated as a
K[z]9-module.

As the algorithm in (King, 2013), for each degree d Algorithm 6, looks for invari-
ants that are not yet in the ideal generated by the invariants of degree d — 1. The
membership in King’s algorithm is decided thanks to a Grébner basis of the ideal,
which is thus computed at each step. The termination criterion is also different.
King’s algorithm stops when d reaches a degree bound. This latter is updated at
each iteration once the ideal generated by the so far computed invariants is zero
dimensional. Our algorithm terminates as soon as no new element appears in the
quotient K[x]/(H).

Prior approaches to compute generating invariants of finite groups (Derksen and
Kemper, 2015) proceeded by first determining a set of primary invariants, and then
a set of secondary invariants. In this approach, Molien’s series is key: it provides the
degrees of the invariants. These are then computed applying the Reynolds operator.

The computation of generating #-equivariants in (Gatermann, 1996, Algorithm
3.16) and (Worfolk, 1994) is in the same spirit as the computation secondary in-
variants. They introduce the representation 7: G — Aut (K[x]™),7(g) (p) = 0(9g) -
po¥(g!) and use the fact that the related the Reynolds operator is a projection
on the K[x]g vector space. Note that the linear algebra operations at degree d are
then made in a vector space of dimension m times the dimension of K[x],.

As explained in Section 5.2, any equivariant can be written as linear combinations
of fundamental equivariants. Algorithm 6 computes generating sets of these with
linear algebra in the vector spaces K[x]; of homogeneous polynomials, and not
vectors of them. Furthermore we actually only compute the generators for the
K[2]9-modules K[x]“", from which the generators of any K[x]“*) can be deduced.

Example 5.5.2 Consider the representation ¥ : Dg — GL3(R) of the dihedral group
Dg = {6208 | 66 = 02 = (06)° = 1} defined by

1 0 0 ; %0
Y(o)=]10 -1 0 | and 9(9) = ? 1o
0 0 -1 0 0 1
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This action was examined in (Sturmfels, 2007, Example 2.2.6). Dg has six absolutely
irreducible representations, four of dimension 1 and two of dimension 2. Applying
the Fundamental Invariants and Equivariants algorithm to Dg we obtain the follow-
ings generating invariants

H={a? +y?, 2%, 2% - 152%y? + 152%y* — o, zyz (32 - 102%y* + 3y*) },

and equivariants

Q@ = {z zy (32 - 10222 + 3y")}, QW = {w (22 =3y?), yz (322 - ¢?)}
Q0 = {y (30~ 1) o= (2~ ).
Q¥ ={[w.y]. [yz,~2], [w (2" = 102%° + 5y*) ,y (52" - 102%y? + ") ],
[yz (52" — 102%y* + ") w2 (2 - 102%y% + 5y*) ]},
Q® - {[12 _ 2 2xy] ’ [2@2, SO yzz] ’ [354 — 622y + 1t y (a:2 B y2)] ’
[zyz (2% = %), 2 (2" - 62%y% +y*) ]}

Example 5.5.3 Consider the action of the full group of symmetries of the regular
tetrahedron

T, ={d0la*B |0<i<l, 0<j<2 0<k<l, 0<f<1}

in R? which is defined by the matrices.

010 00 1 -1 0 0 1 0 0
s=|1 0 0], o=|1 00| a={0 1 0] and B=]|0 -1 o0
00 1 010 0 0 -1 0 0 -1

T}, has order 24 and 5 inequivalent irreducible representations, all absolutely irre-
ducible, whose dimensions are 1, 1, 2, 3, and 3. Applying the Fundamental Invariants
and Equivariants algorithm to T}, we obtain the following generating invariants

H={a?+y?+ 22 zyz, ot +yt + 21 - 3aPy? - 3072 - 3yt
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and equivariants
QU={1}, QW ={(2-)(a- ) -?),)

[x4 — 322 (y2 + 22) - %y4 +6y222 — %24,6x2y2 — 62222 -yt + 24]

oW = [z,y, 2], [yz, zz, 2y],
[ (222 - 3y? - 322),y (32?2 - 2y% + 322) , 2 (322 + 3y? — 22?) ]
[wa - ._'23'22, _ny + 92’27 12z~ yQZ] )
[y (y? = 2%) w2 (a2 = 22}, wy{a® - y?)],
QW = x (222%y% - 22222 -yt + 21) |

y (= 2222 + 24222 - 24)

2 (xt = 20222 -yt + 2y222)

Example 5.5.4 Consider the three-dimensional representation of the cyclic group
Cy of order 4 over C[z,y, z] given by the matrices

1 00y\({0 1 0\ (-1 0 0\ ({0 -1 0
o1 o0fl-10 0l]Jo -1 0|1 0o o
001/ \o o -1/\o o 1/\o o -1

This action was examined in (Sturmfels, 2007, Example 2.3.7). C4 is an abelian
group with four irreducible representations of dimension 1, two of which are abso-
lutely irreducible and the other two being of complex type and conjugate to each
other. Applying Algorithm 6 we get the following generating invariants

H= {m2 +y?, 22, wyz, 22—z, 2t vyt oy (rpQ - yQ)}
and equivariants

Q(Q) = {Z7 xy, .I'2 - y2}7
Q®) ={z -1y, z(z+1iy), 3z2y + y> +i(2® + 3zy?)},
QW ={z +iy, z (x —1y), 3z2y +y> —i(x3 + 3xy?)}.

In the above, the elements of Q) and QY are conjugate of each other. And
indeed, when dealing with a real representation, pairs of conjugate irreducible rep-
resentations of complex type can dealt with as a single one; If QW is a generating
set of t(Y)-equivariants then Q) is a generating set of v(Y)-equivariants.



Chapter 6

Implementation
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The methods and algorithms we discuss in this work have been implemented in
a Maple library: SyCo (Symmetry and Computations). This library can be used to
construct group actions for finite groups and symmetry adapted bases. It provides
algorithms to effectively preserve and exploit symmetry in multivariate interpolation
(Chapter 3). We offer symmetry representation (via H-basis) for ideals given by
the kernel intersection of invariant sets of linear forms (Chapter 4). The library
has different methods to compute fundamental sets of invariants and equivariants
(Chapter 5), either via interpolation or using direct symbolic approaches. We design
SyCo to be extensible and generic. Our purpose in this chapter is to present the
general design and a basic documentation of the library.

6.1 Linear Forms

All linear forms in SyCo implement an interface (LinearForm) that contains the eval-
uation method. This method receives as parameter a polynomial expression. Below
we show the existing linear forms in our library as well as their main attributes.

Linear Form Quotient Form

+evaluate(p : Polynomial)| > - == = 1 +node: vector<int=
T - +GBasis: List<Polynomials=
f “

' .

] \ -
1 ' .
f 1 -

I
=<abstraction==
i

-
~

A
<<abstraction:> <<abstractisen=>
I 5 by

' . N
P Y .
1 it -

-

-

Point Evaluation Directional Derivative Weighted Form
+node: vector<floats +node: vector<float= +forms: ListzLinear Forms,
+derivative: vector<floats +weights: vector<float=

Figure 6.1: UML diagram for the implemented linear forms.

#Exzample of wuse

pi=a®+y?

Grobner_Basis :={22+y, y>+1};

p_eval := Object(PointEvaluation, (1,2));

d_eval := Object(DirectionalDerivative, (1,2), (1,0));

w_eval := Object(WeightedForm, [point_eval, d_evall, (1,1));
g_eval := Object(quotientForms, Grobner_Basis, (0,1,0,0,0,0));

for 1f in [p_eval, d_eval, w_eval] do
print (1f:-evaluate(p));

end;

#The output s 6 , 6 , 11, -1
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6.2 Group Actions

The group actions in SyCO are divided in two main groups: actions on K" and
induced representations. Any induced representation contains a group action on
K», and any group action is associated to a particular finite group. As we can
observe in Figure 6.2, any implementation of a group action must provide:

e A method to compute linear representations for a given dimension and type.

e A method to compute a collection of non isomorphic irreducible representa-
tions in a given field (R or C for the current implementation).

InducedAction GroupAction
-action: GroupAction —— +linearAction(dimension: int, type: string): List<Matrix>
+linearAction(): List<Matrix= +irreducilble Representation(field: Field): ListeListeMatrix==

Figure 6.2: Linear actions diagram.

Table 6.1 shows the implemented group actions in our library together with the
existing configuration for dimension and type. The default types for each dimension
are highlighted in red.

Group action [Dimension Type Additional parameters
OhGroup 3 Flu; Fgu, Flga FQQ -
ThGroup 3 T}, (Example 5.5.3) -

: 2 ortogonal (3.3.3) m:int

DihedralGroup parametric S,R:matrices

CyclicGroup n permutation, diagonal m:int

SymmetryGrou 3 embedded -

y y P n permutation
AlternatingGrou S embedded
& P n signed Permutation
DiagonalGroup n parametric A:Matrix, P:List

Table 6.1: Group actions in R™ and C™.

In Table 6.1 the additional parameter m corresponds to the order of Dhiedral
and Cyclic group. The matrices S and R are such that $2 = R™ = (S-R)* = L,. The
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explicit description of the parameters A and P in the diagonal group can be found
in (Hubert and Labahn, 2016, Section 2.2).

We provide the following implementations for the InducedAction module:

PolynomialAction. p(g)p=pod(g7!') in K[x],
FormsAction. p*(g)A(p) = A(pod(g™')) in K[z]*
PolyMapAction. 7(g)p =0(g) -pod(g™t) in K[x]7

QuotientAction. 5(g) ([p]) = [p(9)p] in K[x]/I

where ¥ and 6 linear actions in R® and R™ respectively, p € K[x], A e K[x]* and
p € K[x]™.

# Examples
DG := DihedralGroup:-linearAction(2, type=ortogonal, 3);
10\ (-1/2 -1/23\ (-1/2 -1/2/3\ (1 0\ [-1/2 -1/2V3)\ (-1/2 -1/2V3
> DG := , , , , , ;
[(0 1) (1/2¢§ —1/2) (1/2¢§ —1/2) (0 1) (1/2¢§ —1/2) (1/2¢§ -1/2 )]
OhGroup:-linearAction(3, type=F_1u): #F_1u action of O) in R’
CyclicGroup:-linearAction(3, type=permutation, 3);
100\ (010y (001
>cycPerm:=|[0 1 0},|]O0 O 1,1 O O
001/ \1 00/ \01O0
cycDiag  := CyclicGroup:-linearAction(3, type=diagonal, 3);
100\ (5 00) (5 00
>cycDiag:=1|0 1 0],]0 T 0 10 e 0 ;
001/ \oo0 ) \00 &%

#List of mon-isomorphic irreducible representations of D3 in R3

ohAction
cycPerm

I

Irr := DihedralGroup:-irredRepresentation(3):
#Polynomial representation for the permutation action of C3 in R[x,y]s
PolyAction := PolynomialAction:-linearAction(cycPerm, degree=2):
[(1 00000 001000 00000 1\]
010000 000010 000100
>PolyAction:2001000 000001 100000
0001001'l0O1TO0O0O0O01’10O0O0O0T1O0I[f
000010 000100 010000
[\0 00001 100000 001000/]

6.3 Symmetry Adapted Bases

The effective computation of a symmetry adapted basis plays a key role in all our
algorithms. Given a group G, we provide functions to compute symmetry adapted
bases for different vector spaces. The exiting options are listed below.
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e SymmetricPolynomialBasis Calling sequence: SymmetricPolynomialBasis(action,
irreducibles, d, W). Parameters: action a linear representation of G, irreducibles
list of all irreducible representations of G, d degree, W a subspace of K[x]4
given by a set of linear generators. W is an optional parameter, by default
the full space K[x]<4 will be considered. Returns a list of symmetry adapted
bases for each isotypic component, i.e., a list of lists of polynomials.

e SymmetricLinearFormBasis Calling sequence: SymmetricLinearFormBasis(action,
irreducibles, A). Parameters: action, irreducibles, A a set of LinearForms. Re-
turns a list of symmetry adapted bases for each isotypic component, i.e., a list
of lists of WeightedForm.

e SymmetricPolynomialMapBasis Calling sequence: SymmetricPolynomialMapBa-
sis(, 9, irreducibles, degreeMap, W). Parameters: 6, 9 linear actions in K" and
K™ respectively, irreducibles, degreeMap vector of degrees dy, ..., d,, represent-
ing the space K[x]g4, x...xK[x]q4, , W a subspace of K[x]g4, x...xK[x]q, , if W
is not provided the full space K[x]q, x...xK[x]4, will be considered. Returns
a list of symmetry adapted bases for each isotypic component, i.e., a list of
lists of polynomials maps.

e SymmetricQuotientBasis Calling sequence: SymmetricQuotientBasis(action, ir-
reducibles, GB, degreeOrd). Parameters: action, irreducibles, GB a Grébner
basis of the associated ideal I, degreeOrd a monomial order. Returns a list
of symmetry adapted bases for each isotypic component, i.e., a list of lists of
polynomials. Each polynomial is representative of its associated equivalence
class.

To compute a s.a.b for a generic vector space W we first look for a representation
of W in K™ and then we call the method SymmetryAdaptedOrthogonalBasis. The
method SymmetryAdaptedOrthogonalBasis is in charge of handling the computation
of s.a.b for every isotypic component of W and it needs the following parameters:

action : — Group action in K™ of a group G
irreducibles: — List of all irreducible representations of G
W — Subspace of K™ given by a set of vectors

Depending on the type of each irreducible representation one of the following
subroutines is called:

e IsotypicComponentAbsolutelylrreducible Calling sequence IsotypicComponentAb-
solutelylrreducible(action, irr, W). Parameters: action, irr the i-th irreducible
representation of action, and W. Returns a symmetry adapted basis of W () |
i.e., the ¢-th isotypic component of W.

e IsotypicComponentComplexTypelsotypicComponentComplexType(action, irr, W).

Parameters: action, irr, W. Returns a symmetry adapted basis of W& @ W),
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6.4 Interpolation

The symmetry preserving algorithms from Chapters 3 and 4 are implemented in the
Symmetrylnterpolation module. We list below the precise signature of the algorithms
as well as their calling sequence in our library.

e SymmetrylnterpolationSpace Calling sequence: SymmetrylnterpolationSpace(action,
A, m, t, epsilon). Parameters: action a GroupAction, A set of LinearForm, m
(optional) equation of the form method = name where name is one of ‘leastIn-
terpolation’ or ‘minimalDegree’ methods, t (optional) equation of the form type
= name where name is one of the available representations on action, epsilon
(optional) integer indicating the number of digits of precision. The Symme-
trylnterpolationSpace first computes symmetry adapted bases of span(A) and
K[x]<r, with 7 < |A]. Then it calls as a subroutine to Algorithm 1 with the
precise method to use. Returns a symmetry preserving interpolation space for
A, i.e., a list of polynomials.

e Symmetryldeallnterpolation Calling sequence: SymmetrylnterpolationSpace(action,
A, t). Parameters: action a GroupAction, A set of LinearForm such that
Nxea ker A is an ideal in K[x], t (optional) equation of the form type = name
where name is one of the available representations on action. The Symmetrylde-
allnterpolation method first computes symmetry adapted bases of span(A),
K[x]er and K[x]Zi, with » < |A|, 1 <4 < n. Then it calls as a subroutine
to Algorithm 4. Returns a symmetry adapted H-basis for nyep ker A and a
symmetry adapted basis of A,.

e Computelnterpolant Calling sequence: Computelnterpolant(P, A, phi, epsilon).
Parameters: P an interpolation space for A, A set of LinearForm, phi ¢ KIAl
list of interpolation values, epsilon (optional) integer indicating the number
of digits of precision. Returns a polynomial p which is the solution of the
interpolation problem (A, phi).

# Examples

#Set of points closed under the orthogonal action of D3 in R?
= 53 1\ [2v3 _8 7 53 _1 7\ [2v3 8\].
THETA := [(‘T)§>’<T’_§>7<\/§>§>7<_T’_§>7<\/§7_§>7<77§>]'

#Creation of DirectionalDerivative forms from THETA
A := [seq(Object(DirectionalDerivative, THETA[i], THETA[i]), i=1..nops(THETA))]:

#Computation of a s.a.b of the least interpolation space for A
P := SymmetryInterpolationSpace(DiagonalGroup, A, method='leastInterpolation',
type='ortogonal');
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[ 38V6(x2+y?) 28v/6(3z%-y2) 83z  14v/3(x2—y?) 83y 283z .

> P | BGRR[0 [[oafie IAGEmn [ [, na]]]

#Compute the interpolant for the invariant interpolation problem (A,(,b)
¢ = (1,1,1,1,1,1):

p := ComputelInterpolant(A,¢);
>pi= 155 (x2 +y?); #Notice that p is an invariant polynomial as expected

#Creation of an tdeal interpolation problem
Ay [seq(Object (PointEvaluation, THETA[i]), i=1..nops(THETA))]:
Ay = [op(A),op(A1)]: # Mhea, ker A is an ideal in K[x].

#Simultaneous computation of a symmetry adapted H-basis for [y, ker A
#and of the least solution interpolation space of A,
[H,P] = Symmetryldeallnterpolation(DiagonalGroup, A,, type='ortogonal');

> H = [[19v/323 - 57v/3ay? + 1352 + 13542 - 380, (922 + 992 - 76)2] . [1, [[], [11];

2 12 ’ 48 !
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6.5 Fundamental equivariants and invariants com-
putation

In Chapter 5 we propose three different algorithms to compute generating sets of
equivariances. The algorithms are implemented in the FundamentalEquivariants mod-
ule of our library. The signature and calling sequence of each algorithm are described
next.

e FundamentalEquivariants:-reflection Calling sequence: reflection(action, A, t).
Parameters: action a reflection GroupAction, A set of PointEvaluation such
that for each & € A the isotropy subgroup of £ with respect to action is trivial, t
(optional) equation of the form type = name where name is one of the available
representations on action. The reflection method checks the correctness of its
parameters and calls as a subroutine the Symmetryldeallnterpolation method.
Returns generating sets of invariants and equivariants for action which are read
from the output of the Symmetryldeallnterpolation method.

e FundamentalEquivariants:-fromlInvariants Calling sequence: fromlnvariants(action,
primary, t) Parameters: action a GroupAction, primary a set of primary invari-
ants for action, t (optional) equation of the form type = name where name is
one of the available representations on action. The fromlnvariants method is
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an implementation of the Algorithm 5. Returns a set of secondary invariants
and a set of fundamental equivariants of action.

e FundamentalEquivariants:-simultaneously Calling sequence: simultaneously(action,
t). Parameters: action a GroupAction, t (optional) equation of the form type =
name where name is one of the available representations on action. The simul-
taneously method starts by computing symmetry adapted bases for K[X]Sd(z’l),
then it calls as a subroutine to Algorithm 6. Returns a set of secondary in-
variants and a set of fundamental equivariants of action.

#Examples

# Creation of linear forms without trivial tsotropy subgroup w.r.t
# the reflection group Dg in R?

§=(a,b);
DG := DihedralGroup:-irredRepresentation(3):
forms := [seq(Object(PointEvaluation, DG[i] - ¢ ), i=1..nops(DG))]:

# Computation of fundamental sets of invariants and equivariants for DG
# Notice that the type of the action is omitted because the default wvalue
# for R? (ortogonal) is being considered

[#°, Q] = reflection(DihedralGroup, forms);

# H° and Q are showed in Ezample 5.3.6

# Set of primary invarinats for the action of Ay in R3 (Ezample 5.4.4)
primary := {x?+y?+ 22 xyz, x?y? + 2222 + y222}:

# Computation of secondary invariants and fundamental equivariants
[S,Q] = fromInvariants(AlternatingGroup, primary, type='embedded');

# Stmultaneous Computation of fundamental invariants and equivariants for Ty
[#,Q] = simultaneously(ThGroup);
# H° and Q are showed in Ezample 5.5.3



Chapter 7

Conclusions

In this dissertation, we addressed three main topics, symmetry preserving interpo-
lation, ideal interpolation and the computation of generating sets for fundamental
equivariant modules. A summary of our contributions is the following:

Multivariate interpolation.

e By introducing general dual polynomial bases we generalized the construction
of the least interpolation space introduced in (De Boor and Ron, 1992a). As
we freed the computation from its reliance on the monomial basis we are then
in a position to work with symmetry adapted bases to preserve and exploit
symmetry.

e We showed how, when the space A of linear forms is invariant, the Vander-
monde matrix can be made block diagonal. The latter happens when making
use of symmetry adapted bases both for K[x]<s and A. This block diagonalisa-
tion of the Vandermonde matrix indicates how computation can be organized
more efficiently and robustly. Substantial computational savings are obtained
from identical blocks being repeated. It just draws on the invariance of the
space of linear forms. Thus, when the evaluation points can be chosen, it
makes sense to introduce symmetry among them.

e We defined the concepts of invariant interpolation problem (IIP) and equivari-
ant interpolation problem (EIP). These interpolation problems have a struc-
ture that we want to be preserved by the interpolant. We showed that this is
automatically achieved when choosing the interpolant in an invariant interpo-
lation space. Then the solution of an IIP is an invariant polynomial and the
solution of an EIP is an equivariant polynomial map. The use of the symmetry
adapted bases allows symmetry to be exactly preserved, independently of the
numerical accuracy.

Ideal Interpolation
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e We showed I = nyy ker A is the kernel of the Vandermonde operator while A
can be inferred from a rank revealing form of the Vandermonde matrix. We
presented an algorithm to compute simultaneously a (orthogonal) basis of the
least interpolation space and an orthogonal H-basis of the ideal I. We proceed
degree by degree. We made use of Macaulay matrices, at each iteration of the
algorithm we compute bases of A N K[x]4 and of I° nK[x],.

e We showed how to obtain a block diagonalization on the Macaulay matrix
when (#) is invariant under the induced action of a group G on K[x]. The key
relies on exhibiting the equivariance of the prolongation map 4. We built
a robust algorithm that exploits the symmetries of A. The block diagonal
structure of the Vandermonde and Macaulay matrices allow to reduce the
size of the matrices to deal with. The H-basis obtained as the output of
the algorithm inherits the symmetries of A. The algorithm also provides a
symmetry adapted basis of K[x]/I.

e As an application of ideal interpolation we developed a FGLM-type algorithm
for constructing symmetry representations for the ideal. From a Grobner basis
of an invariant ideal I we are able to compute a symmetry adapted H-basis as
well as a symmetry adapted basis of K[x]/I.

Fundamental Equivariants

e We showed that a symmetry adapted basis of any invariant subspace of K[x]
consists of fundamental equivariants. Furthermore, the equivariants for any
matrix representation are linear combinations of fundamental equivariants.

e When ¢ is a reflection group, we showed that we can deduce generating in-
variants and equivariants for such group actions from the solution of an ideal
interpolation problem. We showed that a minimal set of generating invariants
can be read from the symmetry preserving H-basis obtained in the output of
Algorithm 4, and the fundamental equivariants can be read from a symmetry
adapted basis of A|.

e We proposed a new approach to determine generating invariants and funda-
mental equivariants assuming we have primary invariants. We then showed
that this construction provides a Hironaka decomposition of K[x]9 and K[x] @
for 1 <l<n.

e We presented a new algorithm to compute a set of generating invariants simul-
taneously to the generating equivariants. When it comes to compute generat-
ing invariants, the resulting algorithm can be compared with (King, 2013). We
compute the generating sets of equivariants with linear algebra in the vector
spaces K[x]; of homogeneous polynomials, and not a vector space of dimen-
sion m times the dimension of K[x], as in previous results in the literature



103

CHAPTER 7. CONCLUSIONS

(Worfolk, 1994; Gatermann, 1996). We actually only compute the generators
for the K[x]9%-modules K[x]“" from which the generators of any K[x]“*) can
be deduced. The latter makes our method more efficient from a computational
point of view.

Maple library SyCo (Symmetry and Computations) All the methods and
algorithms we presented in this work were implemented in a Maple library. We
described the general design of the library and gave some examples of use.

On the other hand, our results also open several ideas for further research. Some

of these are the following:

Develop more advanced algorithms for the construction of symmetry adapted
basis. Find a constructive approach for building a real symmetry adapted
basis of quaternonian type from a complex symmetry adapted basis.

Compute symmetry adapted H-basis for invariant ideals represented by a set
of polynomials generators.

Apply our symmetry reduction techniques in the computation of resultants for
equivariant systems of equations.

Feed our algorithms in Chapter 5 with efficient criteria to separate primary
and secondary invariants from a generating set of invariants.

Extend all the theory developed in this thesis not only to C or R but also to
fields of positive characteristic.
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