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Introduction générale

Dans cette theése, nous considérons le probleme général suivant. Soient K[z] = Klz1,...,z,]
I’anneau des polynoémes a n variables et a coefficients dans un corps K de caractéristique zéro
et A une forme linéaire sur K[z] pouvant s’écrire sous la forme d’une combinaison linéaire
d’évaluations en des points

A:Kz] =2 Kp— Zajp(fj),
j=1

ou de maniere équivalente
.
A= Z aj]lgj (0'1)
j=1

avec r € N\ {0}, a1,...,a, € K\ {0} et &,...,& des points distincts de K”. Il s’agit de
reconstruire cette forme linéaire A a partir d’évaluations de celle-ci en des polyndmes, c’est-a-
dire trouver les valeurs des coefficients a1, ..., a,, des points &1,...,&, et dans certains cas le
nombre de termes r. Lorsque la forme linéaire A est identifiée a I'intégration sur une mesure a
support fini, les évaluations en des monémes A(z*) avec k € N" sont appelés les moments.

Pour certains petits exemples, I’ensemble des calculs peut se faire dans une extension algébrique
du corps des rationnels Q et donc en arithmétique exacte. Cependant, la majeure partie
des exemples intéressants traités ici nécessite la résolution de problemes d’algebre linéaire en
arithmétique flottante et donc I'utilisation du corps des réels R. A noter que, pour certains
résultats théoriques, le corps des complexes C est utilisé pour une premiere approche.

Cette formulation a l'aide d’une forme linéaire sur ’anneau des polynémes permet de traiter
plusieurs applications. Il s’agit alors dans un premier temps de reformuler ces problemes. Des
exemples sont donnés par la reconstruction de polytopes a partir de leurs moments (shape-from-
moment problem), la recherche de cubatures (analogues multidimensionnels des quadratures), la
décomposition de tenseurs (tensor decomposition), I'interpolation creuse (sparse interpolation)
ou l'interpolation exponentielle (exponential analysis). Les deux premiers problemes font 'objet
des deux chapitres de cette these, tandis que les trois suivants ont déja été traités dans la
littérature avec une approche similaire.

Apres reformulation, ces problemes peuvent étre résolus via la méthode de Prony ou une
méthode similaire. A l'origine [93], celle-ci est une méthode de résolution pour des problemes
univariés. Son utilisation dans le cadre de problemes multivariés nécessite alors soit une refor-
mulation du probléme pour un traitement univarié, soit une adaptation multivariée a 1’aide des
opérateurs de Hankel.

Des problemes multivariés avec une résolution univariée

La reconstruction de polytopes a partir des moments, les interpolations creuse et exponentielle
sont des problemes multivariés. Une résolution a l'aide de la méthode (univariée) de Prony
est cependant possible apres avoir reformulé le probleme initial. Nous nous attardons ici sur
les différentes reformulations et sur 'algorithme que nous proposons pour la reconstruction
numérique de polytopes convexes a partir des moments directionnels.



Dans le cadre de I'interpolation creuse, ’algorithme de Ben-Or & Tiwari [11] choisit d’évaluer
la fonction & reconstruire en des puissances successives de nombres premiers. Dans le cadre de
I'interpolation exponentielle, 1’algorithme dans [88] propose d’évaluer la fonction en des points
bien choisis d’une grille. Ces choix permettent la reformulation souhaitée. Dans le cadre de la
reconstruction de polytopes & partir des moments, nous reprenons 'idée de [47] d’utiliser des
moments directionnels suivants des directions bien choisies. La formule de Brion [8] permet
alors la reformulation souhaitée.

Reconstruction numérique de polytopes convexes a partir des moments direction-
nels

Le premier chapitre de cette these est consacré a la reconstruction de polytopes a partir de leurs
moments. Plus précisément, nous nous sommes intéressés aux polytopes converes de R™ avec
n € N, c’est-a-dire aux enveloppes convexes de nombres finis de points. Ces points sont alors
appelés les sommets du polytope convexe. Ce dernier est noté V. Cette définition généralise celle
des polygones convexes quand n = 2 et celle des polyedres convexes quand n = 3. Les moments
d’un polytope convexe sont, de maniere tres générale, une suite de nombres qui caractérisent de
maniere globale le polytope convexe. Il en existe différents types : les moments géométriques
(Ma)genn» directionnels (m(0)),cy et, quand n = 2, complexes (my(1,4)),cn

Ma :/xo‘dar, my(6) :/ <x,6 >Fdr, my(1,4) = /(a:+iy)kdxdy.
\% 1% 1%

L’objectif du premier chapitre de cette these est de proposer un algorithme pour reconstruire
numériquement (en arithmétique flottante) un polytope convexe de R™ & partir d’'un nombre
fini de ses moments directionnels. Il suffit ici de retrouver I’ensemble de ses sommets.

De tels algorithmes ont été proposés, mais dans des cas particuliers. Pour le cas des polygones
(n = 2) [43, 83], l'algorithme s’articule autour de l'utilisation des moments complexes et de
méthodes numériques efficaces. Nous allons tirer profit de ces dernieres. Le cas général (n
quelconque) n’a lui été étudié a notre connaissance qu’en arithmétique exacte dans [47]. Cepen-
dant, cette étude permet de reformuler le probléme de reconstruction de polytopes sous la forme
souhaitée (0.1).

Théoréme (Formule de Brion). Supposons que les projections orthogonales des r sommets du
polytope convexe V sur la direction d sont distinctes, nous avons alors les égalités suivantes

(kz!”)!mk@) = Zav(d) <, >"F k>0,
veV

et
0= Zav(é) <0, 0 >"F 1<k<n,
veEV

ot ay,(9) dépend de 6 et des sommets adjacents a v dans une triangulation de V. De plus,

ay(0) # 0.

Ainsi, les moments directionnels du polytope convexe sont reliés aux évaluations d’une forme
linéaire univariée (0.1) en les monomes x* avec k € N

0 sik<n-—1,

A(zh) = { (k+n)!

Sremi(6)  sik>n.
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Les points &; sont ici les projections < v,d > des sommets v sur une droite 6, appelée direction.
La formule de Brion généralise la formule de Davis [28] qui était & la base de la reconstruction des
polygones dans [43, 83]. L’algorithme que nous proposons combine les méthodes numériques de
la reconstruction de polygones avec la formule théorique pour les dimensions supérieures. Pour
obtenir un algorithme robuste numériquement, il y a cependant quelques problemes sous-jacents
a résoudre.

Un premier probleme vient du fait que nous travaillons avec des moments directionnels et des
projections de sommets. A partir des moments directionnels et de la méthode de Prony, nous
pouvons donc retrouver les sommets projetés suivant cette direction. A noter que comme dans
[43, 83], nous préférons la variante numériquement plus stable de la méthode de Prony, qui
exprime les objets recherchés comme les valeurs propres généralisées d’une paire de matrices.
Pour retrouver un sommet a n coordonnées, nous avons besoin d’au moins n sommets projetés
correspondant au méme sommet. Cependant, comme nous récupérons les sommets projetés dans
les listes de valeurs propres généralisées, il est impossible a priori de décider si une projection est
associée a un sommet ou a un autre. Un procédé permettant d’effectuer cette correspondance de
maniere robuste numériquement est nécessaire : nous avons choisi I'interpolation par intervalles

[96].

Un second probléeme vient du fait qu’en général le nombre de sommets est inconnu. Il s’agit
alors d’estimer au mieux ce nombre. Nous proposons ici de construire une matrice suffisamment
grande a partir des moments directionnels du polytope et d’en trouver le rang numérique. Ce
dernier peut se calculer a I’aide d’une décomposition en valeurs singulieres (SVD) de la matrice.

Notre algorithme, qui reprend les grandes lignes de celui dans [47], est constitué principalement
de trois étapes :

1. Estimation du nombre de sommets r a partir d’'un majorant R et des moments jusqu’a
Pordre 2R 4+ 1 — n dans différentes directions.

2. Calcul des projections des sommets suivant au moins n + 1 directions situées relativement
proches les unes des autres grace a une méthode similaire a la méthode de Prony.

3. Correspondance des sommets & partir des projections grace a l'interpolation par inter-
valles.

Le premier chapitre de cette these se conclut avec des exemples pour les cas n = 2 et n = 3.
Un défi pour nous a été la reconstruction d’une coupe de diamant. En effet, le conditionnement
des problemes de valeurs propres généralisées augmente de maniere exponentielle en fonction
du nombre de sommets [9, 10]. Ceci nous a conduits a effectué les calculs en grande précision
au lieu de la double précision utilisée pour les autres exemples plus petits.

Interpolation creuse

Un probleme d’interpolation polynomiale, comme 1’interpolation creuse, consiste a retrouver
un polynéme a partir de sa valeur en certains points. Le terme creuse fait référence au faible
nombre de coefficients non nuls de ce polynéme par rapport a son degré, qui est inconnu. Ce
terme s’oppose a l'interpolation dense pour laquelle ces deux entiers sont proches. C’est le cas
par exemple de l'interpolation lagrangienne pour un polynéme univarié.



La reformulation du probleme d’interpolation creuse sous la forme de la reconstruction d’une
forme linéaire sur 'anneau des polynémes s’inspire de ’algorithme de Ben-Or & Tiwari [11, 63].
Soit f un polynome de K[z] défini par

fla) = aa®
j=1

avec ai,...,a, € K\ {0} et ai,...,a, € N". Choisissons un point p = (p1,...,pn), dont les
coordonnées p; sont des nombres premiers distinct deux a deux et un majorant 7 du nombre
de termes r. En évaluant le polyndéme f aux puissances de p suivantes p°,p',...,p>" !
p* = (p¥,...,p%), on obtient

avec

' T
FOM) = ap* = ajl e b).
=1 =1

Ainsi, en posant &; = p® pour tout j =1,...,r, on a
T
A(a®) = Zaj]lp% (z") = f*) Vk=0,....2r + 1.
j=1
Cette reformulation reste valable également si on remplace les nombres premiers p1, ..., p, par

des racines p—iemes de I'unité avec p premier comme dans ’algorithme numérique proposé dans
[42].

Interpolation exponentielle

Dans le méme esprit, il est également possible de considérer une somme d’exponentielles, dont
on souhaite estimer les parametres comme dans [13, 87, 88]. L’objectif de 1'interpolation expo-
nentielle, comme pour 'interpolation polynomiale, est de retrouver ces parametres a partir de
sa valeur en certains points.

La reformulation du probléeme d’interpolation exponentielle sous la forme de la reconstruction
d’une forme linéaire sur 'anneau des polynémes peut se faire de la maniere suivante [88]. Soit
f une fonction a valeurs réelles pouvant s’écrire sous la forme d’une somme d’exponentielles

T
R >Rz~ Zajewjx
Jj=1
avec ai,...,a, € C\ {0} et wy,...,w, € [, w[™.
Prenons une grille de R™ : il existe alors des vecteurs unitaires § indiquant différentes directions

de R™. En évaluant la fonction f aux vecteurs ké avec k =0,1,..., N et N un majorant de r,
on obtient

f(kd) = Zajeiwjak = Zajff Vk=0,...,N.
j=1 j=1

La derniere égalité est obtenue en posant §; = e™id pour tout j = 1,...,r. Nous retrouvons
alors

F(k6) =) ajle (a*) = A(z*) VE=0,...,N.
Jj=1

Comme pour les méthodes de projection de [18, 47], il suffit ensuite de considérer plusieurs
directions pour retrouver les fréquences wy, . .., w.



Des problemes multivariés avec une résolution multivariée

La résolution multivariée, c’est-a-dire sans utiliser de méthodes intermédiaires univariées, pré-
sentée dans cette these a pour point de départ I’étude des opérateurs de Hankel et de la notion
d’extension plate. Cette notion est utilisée dans le contexte des matrices de moments dans
[24, 25, 71, 72, 73, 74]. Nous montrons que les opérateurs de Hankel permettent de généraliser
I’approche par les matrices de moments. Nous pouvons alors travailler avec d’autres bases plus
adaptées a nos besoins que des bases monomiales.

Dans la littérature, les opérateurs de Hankel ont été utilisés de manieére similaire pour la
décomposition de tenseurs [12, 15]. Nous rappelons ici la reformulation du probléeme initial
sous sa forme duale. Dans le deuxieéme chapitre de cette these, nous développons un algorithme
pour la recherche de cubatures symétriques a ’aide de cette généralisation des matrices de mo-
ments. Notre apport majeur réside dans 'utilisation de la symétrie combinée aux opérateurs
de Hankel. Celle-ci permet de diminuer la complexité de I'algorithme. Différentes cubatures
symétriques sont données explicitement.

Une approche par les matrices de moments pour les cubatures symétriques

Le second chapitre de cette these est consacré a la recherche de cubatures symétriques. Une
cubature est I’analogue multidimensionnel d’une quadrature, ¢’est-a-dire une forme linéaire sur
R[x] définie par (0.1) qui satisfait

/p dp=A(p) Vp € Rlr]<q

pour une mesure g donnée et un degré d donné. Nous supposons les mesures positives de
Borel sur R™ a support compact telles que les fonctions charactéristiques d’un simplex, d’un
hypercube, d’une boule ou d’un hexagone. Nous nous concentrons sur les cubatures intérieures
a poids positifs, c’est-a-dire celles dont les poids a1, ..., a, sont strictement positifs et dont les
noeuds &, ...,& sont sur le support de la mesure. Bien que l'existence de telles mesures ait
été démontré (théoreme de Tchakaloff [7, 89]), certaines questions comme le nombre minimum
de noeuds pour un degré fixé et pour une mesure donnée n’ont actuellement pas de réponse. Il
existe seulement des bornes sur ce nombre [7, 30, 89]

dimR[m]qu <r < dimR[z]<aq.
d <

Un point de départ pour la recherche de cubatures est I'article de Radon [92] : lauteur obtient
les 7 noeuds d’une cubature de degré 5 pour les fonctions charactéristiques du triangle, du disque
et du carré comme les zéros de trois polynémes orthogonaux de degré 3. L’idée d’obtenir les
noeuds de cubatures comme zéros de polyndémes orthogonaux s’est poursuivie dans les travaux
qui ont suivi (cf. des reviews sur le sujet [19, 20, 101]). L’approche que nous avons suivie est
celle par les matrices de moments débutée dans [35]. Elle est complétée par I'utilisation de la
symétrie pour réduire la taille des matrices et le nombre de parametres inconnus. L’algorithme
que nous proposons détermine en arithmétique exacte ’existence de formules de cubatures et
résout ensuite les problemes de valeurs propres généralisées, dont les solutions nous informent
sur les noeuds des cubatures. Un nombre suffisant d’informations permet alors de calculer les
noeuds et les poids de la cubature.



La symétrie apparait naturellement dans la recherche de cubatures de qualité. Les domaines
standard d’intégration (simplex, parallélépipede, boule) peuvent étre normalisés par trans-
formation affine. Ils présentent alors une symétrie relative & des groupes. La théorie des
représentations linéaires pour les groupes finis nous permet d’introduire les bases orthogonales
adaptées a la symétrie a partir des idées de [22, 39, 94]. Ces bases permettent de travailler avec
des matrices d’opérateurs de Hankel diagonales par blocs.

La symétrie nous apporte d’autres informations. En effet, le rang de chaque bloc dans la
diagonale est 1ié a l'organisation des noeuds en types d’orbites. Cette relation est rendue
explicite grace au nouveau concept de matrice de multiplicités associée a un groupe fini. Ce
concept nous donne des criteres préliminaires pour éliminer des organisations de noeuds en
types d’orbites et par extension des possibles nombres de noeuds r de la cubature.

Une contribution supplémentaire est un algorithme sans fraction et sans pivotement pour di-
agonaliser des matrices symétriques a coefficients polynomiaux en trouvant le lieu ou celles-ci
sont semidéfinies positives. Cet algorithme en arithmétique exacte est utilisé pour déterminer
Iexistence de toutes les cubatures d’'un certain degré.

Les algorithmes décrits dans le second chapitre sont implémentés en Maple. Ils sont appliqués
pour retrouver certaines cubatures connues. De nouvelles cubatures sont également apparues
grace a notre approche, qui permet de trouver toutes les cubatures symétriques d’un certain
degré.

Décomposition de tenseurs

Une telle reformulation pour la décomposition de tenseurs existe dans [12, 15]. Nous donnons ici
une courte description du cas des tenseurs symmétriques a partir de [15]. Soit (Rjo...jn Jo<jo . . <d
un tenseur symétrique d’ordre d et de dimension n. Il est associé & un polynéme homogene de
degré d a n + 1 variables

f(l') = Z hjo...jnxéo . [13%"
Le but de la décomposition de tenseurs (symétriques) est de trouver une réécriture de f sous la
forme

Fl@) = a; (ki(x))? avec kj(x) = kjoxo + - + kjnwn. (0.2)
j=1

avec un nombre minimum de termes r. Les inconnues sont donc ici le rang du tenseur r, les
coefficients aq, . . ., a, et ceux des polynoémes ki, ..., k., c’est-a-dire k1g, ..., kin, - - -, Koy - -+ 5 Krn.
Cette décomposition (0.2) admet une écriture duale

T
= Zaj]lgj avec k; € K"+,
j=1
Celle-ci n’est cependant définie que sur les polynomes homogenes de degré d a n + 1 variables.

En supposant kjo = 1 pour tout j = 1,...,n, cette écriture duale est associée a la forme linéaire
sur K[z]

A= Zaj]lgj avec § = (kj1,. .., kjn).
j=1



A noter que A n’est a priori connue que sur R[z|<q, 'espace des polyndmes a n variables et de
degré au plus d.

Cette these est divisée en deux chapitres qui présentent tous deux un exemple de reconstruction
de formes linéaires sur I’anneau des polynémes multivariés : soit avec une résolution univariée
pour le premier chapitre concernant la reconstruction de polytopes a partir de leurs moments,
soit avec une résolution multivariée pour le second chapitre concernant la recherche de cubatures
symétriques.
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Chapter 1

Numerical Reconstruction of Convex
Polytopes from Directional Moments

Abstract

We reconstruct an n-dimensional convex polytope from the knowledge of its directional
moments. The directional moments are related to the projection of the polytope vertices on
a particular direction. To extract the vertex coordinates from the moment information we
combine established numerical algorithms such as generalized eigenvalue computation and
linear interval interpolation. Numerical illustrations are given for the reconstruction of 2-d
and 3-d convex polytopes.

Published Online in: Advances in Computational Mathematics

Coauthors: A. Cuyt, E. Hubert, W.-s. Lee and O. Salazar Celis
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1 Introduction

The reconstruction of the boundary of a shape from its moments is a problem that has only
partially been solved. For instance, when the shape is a polygon [43, 83|, or when it defines
a quadrature domain in the complex plane [50], it has been proved that its boundary can
be reconstructed exactly from the knowledge of its moments. Both results admit no obvious
extension to higher dimensions. The technique in [27] is applicable in higher dimensions, but
the authors reconstruct a shape’s characteristic function, or more generally, a square-integrable
function defined on a compact domain. The reconstruction algorithm for polygons is based
on Davis’ exact integration formula [28] of a function in the complex plane. For polynomial
functions, Davis’ formula can be seen as a low dimensional case of identities attributed to Brion
[8]. Based on the latter, the authors in [47] proposed the reconstruction of an n-dimensional
convex polytope in exact arithmetic.

Brion’s integration formula over a polytope does not relate moment information directly to
the vertices of the convex polytope, but rather to the projections of these vertices onto some
1-dimensional subspace. To recover the projections, we recognize an inverse problem that arises
in several areas [42, 55, 59, 64, 86| and can be solved numerically as a generalized eigenvalue
problem.

After recovering the projections of the vertices on various one-dimensional subspaces, there
remains the problem of matching different projections (in different directions) of the same
vertex, with that vertex. In this paper we describe how to solve this issue, without resorting
to exact arithmetic. The problem cannot be solved with ordinary interpolation or least squares
approximation. But using an interval interpolation technique [96], we understand why we need
n + 1 projections (or more) to solve the matching.

Our method is the result of combining techniques from quite different mathematical disciplines:
integer lattices, computer algebra, numerical linear algebra, interval methods, inverse problems.
The complete algorithm, the outline of which draws on [47], consists of the following steps:

1. The exact number of vertices r is computed from an upper bound R and moments up to
order 2R 4+ 1 — n, in a sample of directions.

2. For n 4 1 (or more) directions, the projections of the vertices are obtained as the gener-
alized eigenvalues of a structured pair of matrices whose entries are determined from the
directional moments up to order 2r —n — 1.

3. Each of these projections is then matched to the corresponding vertex and its coordinates
are computed as the coefficients of an n-dimensional interval interpolant.

We demonstrate the results obtained in dimension 2 and 3 in Section 6 and report on a challenge
in Section 7. The different steps in our algorithm involve Hankel matrices, in the singular value
decomposition for the computation of r, as well as in the generalized eigenvalue problem deliv-
ering the vertex projections. Structured matrices with real elements have condition numbers
that grow exponentially with their size [9, 10], and the size of our matrices is determined by
the number of vertices of the polytope. In Section 6 double precision allows us to reconstruct
polytopes up to 12 vertices. In Section 7 we are required to use high precision floating-point
arithmetic for the polyhedron with 57 vertices that represents a brilliant diamond cut.

12



The paper is organized as follows. In Section 2 we introduce directional moments together with
Brion’s formulae. In Section 3 we review Prony’s method and the related eigenvalue problem to
determine the projections of the vertices from the directional moments. In Section 4 we discuss
the determination of the number of vertices. In Section 5 we present an algorithm to solve the
matching problem. Numerical illustrations are given in Sections 6 and 7 where we reconstruct
2-d and 3-d convex polytopes.

2 Geometric and directional moments

In this section we present identities attributed to Brion. These identities are central in [3] to
establish the complexity of the computation of the moments of a polytope. Brion’s identities are
also at the core of the solution of the inverse problem proposed in [47]. They can actually be seen
as a generalisation of Davis’ integration formula that was used to solve the shape-from-moment
problem in 2-d [43, 83].

We consider a convex polytope in R™ determined by the set of its r vertices V. Abusing the
notation, V also denotes the polytope itself.

The geometric moments are

ma:/xadx:/.../xcfl...xf{"d:cl...dacn, a=(a1,...,a,) €N,
% v

The order of the geometric moment m,, is || = a1 +. ..+ a;,. These moments can be expressed
as a multivariate polynomial in the coordinates of the vertices [99]. A complexity analysis for
the computation based on Brion’s identities is offered in [3] for exact arithmetic.

The moment in the direction 6 € R™ of order k is
mg(9) = /(m,&)kdx, keN,
%

where (-, -) denotes the usual scalar product in R™.

One can obtain any directional moment of order £ from the geometric moments of order k£ with

the multinomial formula )
mg(0) = Z (a) M 0.

|a|=k

Conversely, geometric moments of order k& can be obtained from the directional moments of
order k in ("H]z*l) distinct directions by solving a linear system of equations.

In the context of polygon retrieval (n = 2) from tomographic data [83, 43], geometric moments
and then complex moments are computed from directional moments. Complex moments can
be understood as moments in the direction § = (1,1). At the core of this shape-from-moments
problem is Davis’ integration formula for an analytic function f on the polygon V in the complex

plane [28]
/ /v e+ i) dedy =Y ay f(0),

veY
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where the vertices v € V are here interpreted as complex numbers. Assuming that ¥ and ¢ are
the vertices adjacent to v, the coefficients in Davis’ formula are

Vo
(v—0)(v—12)’

where V,, is the oriented area of the parallelogram defined by the vectors with vertices ¥ — v and

Ay —

D — .

This formula bears a generalisation to any dimension, known as Brion’s identities. The formula
relates the directional moments to the projections of the vertices. This allows us to work directly
with directional moments, which are data that can be deduced from tomographic measurements.

Theorem 2.1. [}7] Provided that the orthogonal projections of the r wvertices of the convex
polytope V on the direction § are distinct, we have the following equalities

Ul (8) = % au(d) (v, 6)™E, k>0,
veyY
and (2.1)
0 = 3 ay(d) (v, 0" % 1<k<n,
vey

where the a,(d) depend on 6 and the adjacent vertices of v in a triangulation of V.

Moreover

ay(9) #0, ve. (2.2)

The formula for the coefficients a,(J) is given in [8, Section 10.3] when V is a simple convex
polytope. That is, each vertex in the polytope has exactly n adjacent vertices. Let V, be the
set of n adjacent vertices of v. The volume V,, of the parallepiped determined by V), is obtained
through the determinant of the edge vectors of V,,. Then

ay(9) = L (2.3)
H (v —u,0)
UEV'U
In particular, for a simplex A with vertices vg, v1,..., vy,
k+n)! i 0
( +'”> / (z,0)% dz = VZ (v =V Y (w08 .. (v, 8)* (2.4)
w H Vi — v, 0 ko+..+kn=k
JF
where V =V,, = ... =V,,. Notice that this is actually a polynomial in § though we shall use

its more compact rational expression.

For a more general convex polytope, one has to consider a partition of the polytope into simplices
that does not introduce any additional vertex [8, Theorem 3.1]. The coefficients a,(d) for the
convex polytope is then a sum of its siblings in the formulae for the simplices. That they do
not vanish is proved in [47].

The directions § € R™ to which the theorem applies are those for which (u,d) # (v,d) for all
distinct u,v € V. Those are the generic directions. We examine what happens when ¢ fails to
be generic in this meaning.
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On one hand, Brion’s identities are correct for any ¢ that does not make the denominators of
a, vanish. However, if § is a direction for which the coefficients a, () are well defined but for
which there are two distinct vertices u,v € V such that (u,d) = (v,d), we can write the formula
with less than r terms. The linear recurrence introduced in Section 3 is then of order less than
r and the associated Hankel matrix is of rank less than r.

In addition, when (vg,d) = ... = (vp, d) for distinct vertices vy,...,v, € V that belong to the
same simplex of any triangulation, there is a formula similar to (2.1) where the p + 1 terms
(v;,0)"*% are replaced by terms (v, )" ™%, (n 4+ k){vg, &)™ 1 ... . (n+k)...(n+k —p+

1)(vg, 8)"T*~P. This can be deduced from the rightmost expression in (2.4). The Hankel matrix
constructed in Section 3 is still of rank r and admits (vg,d) as a generalized eigenvalue of
multiplicity p + 1. See for instance [34, 78].

3 Recovering the projections of the vertices

In this section we address the problem of retrieving the projections V(d) = {(v,d) |v € V} of the
vertices of the convex polytope V from its directional moments my (). We recognize an inverse
problem that has appeared in several areas [42, 43, 47, 55, 64, 83, 86]. While [47] approach the
problem with Prony’s method, we favor a formulation in terms of generalized eigenvalues.

The standing assumption is that the projections of the vertices on the direction ¢ are pairwise
distinct. Thus [V(J)| = |V| = r. Also, we assume in this section that the number of vertices is
known. We discuss in next section how this number can be retrieved from the knowledge of the
moments.

From the directional moments (my(6)), we introduce the sequence (y;(6))ren of modified di-
rectional moments defined by

ur(0) = 0, 0<k<n-1,

:uk(é) = (kfiln)l mk—n(5)7 k> n.

By Theorem 2.1 there exist r non-zero real numbers a,(d) such that this sequence satisfies
ur(0) = Zav(é) (v,0)* k € N. The goal is to retrieve the 7 elements (v,8) of V(§) from

veV
(px(6));, and hence (my(0)),. This is an instance of the following problem.

Inverse problem: Consider a sequence (p)ken such that for some non-zero real (or complex)

numbers aq, . ..,a, and pairwise distinct real (or complex) numbers wy, ... w,,
T
,uk:Zaiwf, Vk € N, (3.1)
i=1

The problem is to find the w; from the knowledge of r and (yux)o<k<or—1. It can be tackled by
Prony’s method or as a generalized eigenvalue problem!.

!The problem can also be addressed through pole estimation or Padé techniques since the generating function
T

Z i tF = Z —%__ s a rational function. This is also observed in [48].
k>0 o 1wt
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In this paper we deal with computed directional moments. In comparison to measured direc-
tional moments, we can work with a selected precision and we do not take care of noise effects
in the data. When working with measured information and having 2R — n moments available
per direction, it is best to replace the square r x r Hankel matrices by rectangular R x r Hankel
matrices and introduce Least Squares or Maximum Likelihood methods to solve this inverse
problem [31, 44, 86].

First one observes that the sequence (ug)g is a solution of a recurrence equation of order r,
namely

Pktr = Pr—1 Pk+r—1 F -« - T D0 Mk, (3.2)
where (—po,...,—pr—1,1) are the coefficients of the polynomial
T
pz)=[Jz—w)=2"—pr12""—... —prz—po.
i=1

Applying (3.2) for £ =0,...,r — 1 leads to the linear system

Ho  p1 .- fr—1 Po or
1 . P Hr+-2
| = : (3.3)
L1 . [hor—9 r—1 H2r—1
a®

From (pu)o<k<2r—1 We can retrieve the characteristic polynomial p of the underlying recurrence
by solving the above linear system?. The sought numbers wi,...,w, are the roots of this
polynomial. Theses two steps (solving the linear system and computing the roots of the entailed
polynomial) are known as Prony’s method. It was introduced in [93] and is used in the context
of the shape-from-moments problem in [47, 83]. The authors of [43, 59] introduce a solution in

terms of the generalized eigenvalues of a pencil of matrices. It is based on the following facts.

We can recast (3.3) into the matrix equality:

Bo  p1o--- o —1 0 ... ... 0 po 1o p2 .. Hr
11 1 Co; 2
. . . A (34)
0
Hr—1 e 2 r—2 0 0 1 pra Hor e H2r—1
H P g

The last column of the matrix on the right hand side comes from Equation (3.3), while the
other columns are simply shifts of the columns in the matrix on the left hand side.

2 A Hankel system can be changed to a Toeplitz system. Here, the Toeplitz system is the one that arises when
looking for the denominator 1 — p,_1t — ... — pot™ of the generating function of (ux)ken-
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Let us introduce the following notations from [55, Section 7.5] for the matrices arising in the
above equality. The r x » Hankel matrix with first row given by ( Bd oo frgd—1 ) is denoted
by Hr(d). The companion matrix of the characteristic polynomial of the recurrence (3.2) is
denoted by P. The matrix equality (3.4) becomes Hﬁo) P = Hﬁl), and more generally we have
HY P = 1" for d > 0.

Since wy, ..., w, are the roots of p(z) = 2" —p,_1 2”1 — ... — p1 2 — po, we have
1w - wi? 0 ... 0 po wq 0 1w - wi?
1 —
: 0 pr2 :
1w, - wit 0 ... 1 pr—q 0 Wy 1w, - wit
Wy P D W

Let D and W, be respectively the diagonal and the Vandermonde matrices defined by wy, ..., w,
and appearing in the above equality. The latter can thus be written W, P = DW,.. The w;
being pairwise distinct, W, is invertible and PW,”! = W, "' D. That is, wy,...,w, are the
eigenvalues of P and W,~! is a matrix of eigenvectors for P. From 7Y = g9 pin (3.4) we
can deduce

H7£1) Wr_l = HT(O) Wr_l Dv

and more generally, Hﬁdﬂ) Wl = Hr(d) W, D, for d € N. Thus wy, ..., w, are the generalized
eigenvalues of the matrix pencils (Hﬁdﬂ), Hr(d)> and W,~! is a matrix of associated generalized

eigenvectors.

Computing generalized eigenvalues is a classical problem in numerical linear algebra [29, 45,
57]. The structured problem we consider here is unfortunately known to be potentially ill-
conditioned. Following [10] we can give an upper bound for the conditioning of the generalized
eigenvalue problem as a constant multiplied by the square of the condition number of the
Vandermonde matrix W,.

To come back to our initial problem of retrieving V(6) from (u(0)), we introduce the pencil
of Hankel matrices (Hqgl)(é), Hﬁo)(5)>. Its generalized eigenvalues are the elements of V().
From those we can construct a matrix of generalized eigenvectors, given by the inverse of the
Vandermonde matrix W, (d). The condition number of W;(§) is denoted x(J). To reduce
the conditioning of the generalized eigenvalue problem, which is of order x(§)?, we consider
polytopes lying in the unit ball.

4 Estimating the number of vertices

So far, the number r of vertices has been assumed to be given. But r can also be an unknown
of the problem. In this section, we discuss how to numerically retrieve this number from the
Hankel matrices H ,go)(cS) formed from the sequence of modified directional moments (u(J))x in

a generic direction 9.

One first observes that H, 7E?r)g(é) is at most of rank r for any ¢ > 0. Indeed the sequence (11(0))ken
satisfies a recurrence equation (3.1) of order r. For any ¢ > 0, each of the last ¢ columns of
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7O

(6) is thus a linear combination of the previous r columns. Now, noting wi,...,w, the

r+4
elements of V(J), we examine the Vandermonde factorisation of the Hankel matrix:
1 1 1 a(d) 0 - 0 1w, - wllc—l
. . k—1
w1 w9 ‘e Wy 0 5 .. : 1 wy - W
0 az 2
) (5) = | @) .
: : : ) . 0 :
wlf—l wl2cfl e wf_l 0 o 0 an(0) 1 w, --- wf*1
‘Wi (9) A(5) Wi (9)
(4.1)

For a generic direction ¢, the r elements of V(§) are pairwise distinct and therefore det H,go)(é) #
0. It follows that H 5925(5) is exactly of rank r, for all £ > 0.

Based on this observation, if a strict upper bound R for the number of vertices r is given, then

(

r can be determined as the rank of H B? )(5). A caveat is that this matrix may be ill-conditioned.

The condition number of Hﬁo)(é) is determined by the condition number of W;.(§) and A(d) in
(4.1). For this we also refer to the discussion in [42] and [65] that examine the situation in
the context of sparse interpolation. The condition number of the Vandermonde matrix W,.(9)
depends on the distribution of the numbers in V(6), the set of the projections of the vertices in
the direction d [40]. As for the matrix A(J), having one of the a;(J) too small can also lead to
an incorrect (numerical) rank for HI(_-?). Since we can (even randomly) select multiple directions
for the projections, we can retain only those directions for which not both W,.(§) and A(J) are
too ill-conditioned. Alternatively we could apply the rank estimates for Hankel matrices of [17].

Therefore, if we have an overestimation R of the number of vertices we can recover the exact

number from the analysis of the numerical rank of Hg)(é). In practice we analyze the singular

values of H](%O)(é) computed by a Singular Value Decomposition [45, 29]. This is discussed on
specific cases in Section 6 and 7.

5 Reconstruction of the vertices from their projections

In this section we show how to retrieve the set of vertices V from their projections onto several
directions 6. A difficulty to overcome is that the sets of projections we start from are not
ordered; we have to match elements of different sets as projection of the same vertex. This rules
out classical interpolation or least square approximation. Our approach is based on the interval
interpolation scheme presented in [96]. To simplify our line of arguments on the relative error
we assume that the polytope is already contained in the unit ball, a situation to which we shall
reduce in practice.

Let A be a set of s > n vectors § in the unit sphere S,,. The assumption is that for each § € A
we have a set of approximations V() for the values of V(§) = {(v,68) |v € V}, the projections
of the vertices on the direction §. The result should be a set V of r vectors in R™ that consists
of approximations for the set of vertices V of the polytope. Note that with our assumptions, all
the elements of V(J) are in the interval [—1, 1].

As discussed in Section 3, the approximations in 9(6) are obtained from the modified directional
moments (f15(6))y<p<a,_1- They are computed as generalized eigenvalues and the conditioning
of this problem is given by the square of the condition number £(J) of the Vandermonde matrix
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W,(6) made of these generalized eigenvalues. Therefore, an element w of V(8) is actually
understood as the center of an interval [w™,w™] of size 2¢(§) where €(d) should be taken as

(8) = O (5(6)% e (9)) (5.1)

where £,(0) is the bound on the relative error for the input modified directional moments
(1 (6))o<k<ar—1-

For an element in 17(5), we do not know which projection is an approximation of which vertex.
So we need to find the correct labelling of the projections concurrently with the computation
of the vertex coordinates. An algorithm for the reconstruction of the vertex coordinates can be
based on the computation of r linear interval interpolants in n variables, of the form

Gu: Sn — [-1,1] withu="(uy,...,u,) € R", (5.2)
by = (u,0)

where S, is the unit sphere. The set V of n-tuples of coefficients v used to define those r
interpolants are the approximations to the set V of the polytope vertices. The interpolation
condition has to reflect the fact that the r functions ¢, interpolate exactly one w-value per 9(5)
but s of those values across the sets V(8). Formally, this can be written as

Vu eV, Ve A, 3w e V() s.t. ¢,(0) € [w™,wt]. (5.3)

We remark at this point that any set of n projections can be interpolated by a function of the
form ¢,(9), even if the width of the intervals is zero. At the same time any combination of s
projections can be approximated in the least squares sense by a function of the form ¢,(d). So
none of these classical approaches is very useful in figuring out which projections belong to the
same vertex v € V. But an interval interpolant through at least n + 1 disjoint intervals does the
job: the nonzero interval width compensates for overdetermining the linear interpolant by at
least one interpolation condition. The interval interpolant is stringing the intervals, containing
the projections, like beads on the graph of the interpolating function. Any interval, meaning
any projection, through which it passes, is marked as belonging to the same vertex.

An interval interpolation problem does not need a priori to have a unique solution: sufficiently
small perturbations of the coefficients in the linear form may not violate the interval inter-
polation conditions. However, [96] provides a method to compute the most robust interval
interpolant of the form (5.2). By this we mean the interpolant that stays away as far as possible
from violating the interpolation conditions imposed by the interval bounds. This is based on the
following line of thoughts: The interpolation conditions given by intervals define a polyhedral
cone. Our robust interval interpolant is given by the Chebychev direction of this polyhedral
cone. This latter is a one-dimensional subspace which contains the centers of the inscribed balls
with maximal radius (maximal for a certain distance given explicitly in [96]). Computing a
Chebychev direction is then reduced to a convex optimization problem.

Because of the labelling problem of the approximate projections, the interval interpolation
algorithm becomes a 2-step procedure. In a first step we take the subset A of the n best

conditioned directions in A. Consider the n-tuples in the Cartesian product [[;.x V(6) and
select those for which the unique (non-interval) interpolant intersects one interval of V(d) for
each of the s — n remaining directions § € A\ A. They reflect a correct labelling of the
projections. These better conditioned directions A are usually near to one another and that
drastically cuts down the combinatorial aspect of the procedure by a continuity argument.
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Since in this first step the coordinates of the vertices are computed from only n of the s available
directions, the obtained values are not maximally accurate. This leads us to the following second
step. After ordering the s sets 1)(6) of r values according to the vertex they are a projection
of, the coordinates of each vertex can be computed to maximal accuracy from the total of
its s projections. To this end the interval interpolation method can be continued with the
computation of the most robust interval interpolants satisfying (5.3) following [96].

6 Simulations

We now illustrate the proposed approach for the reconstruction of polytopes from their direc-
tional moments. For our simulations we consider centered and scaled polytopes: The origin
is the center of gravity of the polytope and the vertices lie in the unit ball. This geometric
normalisation corresponds to a transformation on the moments as described in [43].

The vertices of the polytope are to be reconstructed from directional moments. The proposed
reconstruction of a convex polytope in dimension n requires directional moments in at least
n + 1 generic directions. The order of the moments required in each direction then depends on
the number r of vertices: we need directional moments up to order 2r —n — 1. In dimension
2 this can be compared to [83], where the complex moments up to order 2r — 3 are obtained
from directional moments up to the same order in 2r — 2 directions by inverting a matrix with
binomial coefficients. One should note though that this approach removes the necessity of
matching the projections. [48] suggests a generalisation of this approach to higher dimensions.

For a given direction ¢, the directional moments my(J) are computed in double precision and
used to form the entries of the pair of Hankel matrices (Hﬁl)(é), Hﬁo)(5)> described in Section 3.

The algorithm consists of 3 main steps:

1. Determine the number r of vertices by analyzing the singular values of the Hankel matrix
Hg))(é) for R > r big enough and a few number of random directions ¢, as described in
Section 4.

2. Compute the generalized eigenvalues for the pair of matrices (H ( ) in at least

n + 1 nearby directions § as in Section 3. Determine the condition number k(6) of Wy(6),
the Vandermonde matrix formed with these generalized eigenvalues.

3. Recover the vertices V from their approximate projections V() using the interval inter-
polation technique described in Section 5 with the error estimate based on x(J).

The first two steps are performed using standard numerical linear algebra routines from the NAG
library through the Maple interface. In particular, Step 1 makes use of the implementation of
the Singular Value Decomposition and Step 2 the QZ-algorithm [105]. Step 3 is implemented
in Matlab. All computations in this Section are performed in double precision.

In step 2, we sample a number of directions and retain those for which the condition number
of the Vandermonde matrix W,.(J) is the smallest. The condition number indeed depends on
the direction : k(0) depends on the distribution of the projected vertices [40]. In particular it
increases when the projections of two vertices get closer to one another.
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Furthermore, to cut down on the combinatorial complexity of the interpolation scheme in the
last step, it makes sense to select directions reasonably close to one another. Selecting a generic
reference direction 6 with a reasonable condition number x(9) and other directions in the neigh-
borhood. Note that here non disjoint intervals for the approximations of the projections on a
direction 0 would induce a poor condition number £(§) of the Vandermonde matrix W,.(9).

6.1 Reconstruction of polygons

We begin our simulations with the reconstruction of 2-dimensional polygons. A direction é =
(cos®,sinf) is represented by an angle 6 €] — 7, 7]. The projection of vertex with coordinates
(v1,v2) is given by vy cosf 4+ vysinf. Then the interval interpolation problem formulated in
terms of 0 is

vy cosf 4+ vy sin € [w,w'], for a single w € V(6).

where w™ = w — €(d) and wT = w + €(§) as in Section 5.

6.1.1 Reconstruction of a regular hexagon

The regular hexagon (r = 6) is presented in Figure 1(a) with its symmetry axes and their
bisectors. The symmetry axes correspond to the non generic directions. The condition number
k(9) increases drastically when 0 approaches these directions.

The number 7 of vertices is retrieved as the rank of Hg))(é), for R large enough and arbitrary
directions 0. Here R = 7 is sufficient to reliably analyse the rank from the singular values.
These are plotted in Figure 1(c) for three directions picked at random.

In Figure 1(b) the condition number x(J) is plotted for 300 equidistant generic directions. A
minimal value is reached for directions bisecting two consecutive axes of symmetry. This leads
us to choose the reference direction § with angle 6 = —%. It corresponds to one of the bisectors.
We then take 4 nearby directions 6 +0.05,0 + 0.10. For each of the 5 directions we construct

the pair of Hankel matrices (Hél)(é), Héo)((S)) and compute their generalized eigenvalues. For

these directions x(§) is around 300. We therefore take interval of size 2 x 10710 according to
(5.1).

We compute the interval interpolants from the 5 sets of projections V(é +k0.05),k =-2, —1,
0, 1, 2. The relative error on the computed projections is bounded overall by 4.9 x 10712 for
the 5 chosen directions. The coordinates of the 6 different vertices of the regular hexagon are
recovered as the coefficients of the interpolants graphed in Figure 1(d). The relative error on
each computed coordinate compared to its true value is bounded overall by 3.1 x 10712,

6.1.2 Reconstruction of a polygon with 12 vertices

In this second simulation, we consider a centered and scaled 12-gon. It is drawn in Figure 2(a).

As in the case of the hexagon above, the number of vertices is retrieved by computing the
singular values of Hfg)(é) in 3 directions §. From Figure 2(b) we deduce that the numerical
rank is r = 12.
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Figure 1: Regular hexagon

After inspecting some directions, we choose the reference direction § with § = 0.379521 (arrow
in Figure 2(a)) and 4 other nearby directions 6 4 0.01, 0 + 0.02. The projections of the vertices
on these directions are obtained as the generalized eigenvalues of the pairs of Hankel matrices

(H g)(é ), H 1@((5)) whose entries are obtained from the respective modified directional moments

(1%(9))o<k<21- The condition number x(J) of the matrix of generalized eigenvectors Wiz (9) is
around 7 x 10° for all 5 directions. The relative error on the computed projections compared
to their true values is bounded by 5.0 x 1076.

From these 5 sets V(0 — 0.02), V(6 — 0.01), V(6), V(0 + 0.01), V(0 + 0.02), we compute the 12
linear interval interpolants. According to (5.1) we take intervals of size 2¢ = 10~%. The relative
error in each coordinate is bounded by 5.3 x 1075,

Note that even the two very close vertices in the top right corner in Figure 2(a) are recovered
with the accuracy mentioned above. The distance between them is only of the order of 1072
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6.2 Reconstruction of polyhedra

We now consider the reconstruction of convex polyhedra in dimension 3. The dimension does
not introduce new difficulties in our method. A direction ¢ is represented by a unit vector
(cos(0) cos(¢), cos(0) sin(¢), sin(f)) with (0, ¢) lying in | — 5, §]x] — §, §]. The projection of the
vertex v = (v1,v2,v3) on d = (0, ¢) equals v cos() cos(¢) + v sin(f) cos(¢) + v3 sin(¢). The
tuples of coordinates (v1, ve, v3), for v € V, are the unknowns in the linear interval interpolation
problem ¢,(8) € [w™,w™] for a single w € V(6), as described in Section 5.

6.2.1 Reconstruction of a polyhedron with well-distributed vertices

We first consider the polyhedron with 10 vertices represented in Figure 3(a).

We retrieve the number of vertices of the polyhedron by computing the numerical rank of the
Hankel matrix H 1((1))(5) in 3 different directions d. The singular values of H. 1(?)(5) are plotted in
Figure 3(b) for three random directions.

~

After inspecting several directions, we select (6, é) = (—1.256637,0.261799) for the reference
direction § and 4 other nearby directions where the condition number x(d) is of order 10%. §
is indicated by an arrow and a dotted line in Figure 3(a). We take the nearby directions as
(O+¢e,0), (0,0+¢), (0—e,p—e) and (§+¢,p— ) with e = 0.01. For each direction §, the pair

of matrices (H {(1))(5 ), H }8)(5 )) is built with directional moments up to order 16. The generalized

eigenvalues of the pairs (H f(l))(é), H 1(8)(6)> provide the projections of the vertices with a relative
error bounded by 8.2 x 1078,

We compute the 10 linear interval interpolants using intervals of width 2 x 10~7 for the projec-
tions. In Figure 3(c) we show one of those surfaces. The cross denotes the approximate locus
of the 5 projections obtained as generalized eigenvalues. The coordinates of the 10 vertices of
the polyhedron are obtained as the coefficients of the interpolants. The relative error on this
final result is bounded by 5.1 x 1075,

6.2.2 Reconstruction of a polyhedron with close vertices

Here we examine a polyhedron with 10 vertices and a triangular face of relatively small size (see
the top of Figure 4(a)).

In Figure 4(b) we plot the singular values of H g)(é ) for 3 random directions 0. The gap between

the tenth and the eleventh singular value appears for at least one of the directions.

We choose the reference direction (6,¢) = (—0.994838, —0.994838) for which the condition
number () is 4.2 x 10%. Tt is indicated in Figure 4(a) by an arrow and a dotted line. We
additionally pick the nearby directions (6 +¢,¢), (0,¢+¢), (0 —¢,¢—¢) and (6 + ¢, p —¢) with
e = 0.01. For each direction the pair of matrices <H£(1))(5), H{g)(é)) is built with directional
moments up to order 16. The projections )}(5) of the vertices on those directions are retrieved
as the generalized eigenvalues of (H f(l))(é), H §8)((5)) with a relative error bounded by 5.1 x 1077,
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(a) Centered and scaled polyhedron with reference direction
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Figure 3: First polyhedron with 10 vertices

We determine the 10 interpolants for our sets of projections using intervals of width 2 x 1076,
The coordinates of the 10 vertices appear as the coeflicients of the interpolants. The relative

10

error on these is bounded by 6.2 x 1076,
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Figure 4: Second polyhedron with 10 vertices
7 Diamond

As a challenge we choose an actual brilliant cut of a diamond. It is given as a convex polyhe-
dron with 57 vertices and represented in Figure 5. The stone girdle consists of pairs of vertices
very close to one another. The number of vertices and the small distance between the pro-
jections of the vertices severely impact the condition number () of the Vandermonde matrix
Ws7(9): double precision is no longer enough to retrieve sufficiently accurate values for the
projections. We rely on the software floats of Maple to provide the needed number of digits for
the computations.

girdle

a) Side view and reference direction dg

(a)
(b) Top view (¢) In perspective

Figure 5: Diamond
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To reliably retrieve the number of vertices, we use a precision of 70 digits. Figure 6 tracks the
singular values of Hég)(é) for 8 random directions ¢ and in different computational precisions.

1007 ] 100! q
10_20 | | 10—20 - -
¢ ¢
5 510740 | |
B10710 1 2 &
E E
5 10=57
—52
10 10-62 RORN
1060 |- |
| | | | | | af 10780 L | | | | | |
10 20 30 40 50 54 60 10 20 30 40 50 56 60
number of singular value number of singular value
(a) 50 digits (b) 60 digits
10° B 10° =
10-20 | | L= )
ég § 10-40 |
£10740 |- 8 g
R7) 7 1064
AN AN
1077 % e 10793
1070 | | | | | % 107100 | L L L ! L M
10 20 30 40 50 58 65 10 20 30 40 50 58 65
number of singular value number of singular value
(c) 70 digits (d) 80 digits

Figure 6: Singular Values of Hég)(é) for several computational precision

After sampling a rather large number of directions, we select the reference direction (é, gﬁ) =
(0.261799,1.047198) shown in Figure 5(a). The condition number «(8) for this direction is
1.67 x 1033, We choose 4 nearby directions with a similar condition number (é +e, gZ;), (é, b+ e),
(0—e,p—¢) and (O+e,p—¢e) where e = 0.0001. Computing with 70 digits we expect to retrieve

the projections of the vertices with a relative accuracy of at least 1073,

For each of the 5 selected directions §, the pair of matrices (Hé;)(é), H ég) (5)) is built with

the directional moments up to order 110. The projections of the vertices are obtained as the
generalized eigenvalues. The relative error is actually bounded by 8.1 x 1078,

27



We compute the 57 interpolants in double precision using intervals of width 5 x 1076,

The

coordinates of the vertices are the coefficients in those interpolants. The relative error is bounded
by 7.8 x 107°. We plot the error for all the vertices in Figure 7.

1074

107

10-6

T HH‘* LU B L B B R AL B AL B R AL B oL B B AL IR

1077

1078

107

relative error

10710

101

—12
10 e

10 20 30 40

number of generalized eigenvalue

Figure 7: Error observed when operating with 70 digits

In Figure 8 we report on the error using various computational precisions. For computations
with less than 65 digits we do not recover all the projections while the complete set of coordinates
of the vertices can be retrieved only if we use at least 70 digits.

relative error

10°

7.76 x 10754 e
1029 | 1075 |- i
1074} ) 1070} 1
—6 | i ] 107 1 E
10 E
8.1x 1078 2 »
108 . = ==y i
8
1077 1
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10—12 . -
10—11 . |
10714 Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
65 66 67 68 69 70 71 72 73 T4 75 76 77 70 71 72 73 74 75 76 177 78

number of digits

(a) Error on the retrieved projections

number of digits

Figure 8: Error for different computational precisions
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Chapter II

A Moment Matrix Approach to computing
Symmetric Cubatures

Abstract

A quadrature is an approximation of the definite integral of a univariate function by a
weighted sum of function values at specified points, or nodes, within the domain of inte-
gration. Gaussian quadratures are constructed to yield exact results for any polynomial of
degree 2r —1 or less by a suitable choice of  nodes and weights. Cubature is a generalization
of quadrature in higher dimension. Constructing a cubature amounts to find a linear form

T

ARzl = Rpe > a;p(;)
j=1
from the knowledge of its restriction to R[z]<4. The unknowns are the number of nodes r,
the weights aq,...,a, and the nodes &3, ...,&,.

An approach based on moment matrices was proposed in [35]. We give a basis-free
version in terms of the Hankel operator H associated to A. The existence of a cubature of
degree d with r nodes boils down to conditions of ranks and positive semidefiniteness on H.
We then recognize the nodes as the solutions of a generalized eigenvalue problem and the
weights as the solutions of a Vandermonde-like linear system.

Standard domains of integration are symmetric under the action of a finite group. It is
natural to look for cubatures that respect this symmetry [19, 37, 38]. Introducing adapted
bases obtained from representation theory, the symmetry constraint allows to block diago-
nalize the matrix of the Hankel operator. We then deal with smaller-sized matrices both for
securing the existence of the cubature and computing the nodes and the weights. The size
of the blocks is furthermore explicitly related to the orbit types of the nodes with the new
concept of the matrix of multiplicities of a finite group. This provides preliminary criteria
for the existence of a cubature.

The Maple implementation of the presented algorithms allows to determine, with moder-
ate computational efforts, all the symmetric cubatures of a given degree for a given domain.
We present new relevant cubatures.

Available Online on: https://hal.inria.fr/hal-01188290

Coauthor: E. Hubert
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1 Introduction

Interpolatory quadratures offer a mean to approximate the integral of a function on an interval
by the weighted sum of evaluations at a finite set of modes in the interval. A criterion for
the quality of the approximation is the degree of the polynomial functions such that the so
obtained value is the exact value of the integral. Gaussian quadratures achieve a degree 2r — 1
using r well-chosen nodes. They are known to be the roots of the orthogonal polynomial
of degree r associated with the considered integral operator. It does not enjoy as clear-cut
an answer in higher dimension. Relevant integration schemes are still being investigated for
standard domains like the simplex and the square. Those are necessary for the discretization of
partial differential equations, whether in high degree for isogeometric analysis [62, 80] or in high
dimensions [16, 77]. A simple product of Gaussian quadratures is cursed by dimensionality.
Our original motivation resides in the use of integration in the geometric modeling of shapes
based on a skeleton [60, 61, 106, 107].

The present paper offers a methodology to determine cubatures, that is compute its nodes
and weights, in an intrinsically multivariate way. Started by Radon [92] the subject has been
overviewed in [19, 20, 101]. We take on the moment matrix approach already described in [35].
The emergence of moment methods in polynomial optimization [68, 75] and their application
to computational algebraic geometry [71, 72] have brought out effective techniques to compute
cubatures in floating point arithmetic [1]. Our contribution bears on the use of symmetry
to reduce the size of the matrices and the number of parameters. We can determine, in exact
arithmetic, the existence of high degree cubatures and set up the generalized eigenvalue problems
the solutions of which are the nodes of the cubature.

Symmetry occurs naturally in the search for quality cubatures. The standard domains of inte-
gration (simplex, parallelepiped, sphere) can be normalized to their unit, and highly symmetric,
counterpart by an affine transformation. The degree of the cubature is unchanged by such a
transformation. The symmetric cubatures we compute furthermore retain invariance properties
of the integral operator being approximated. The key to bring out the structure implied by the
symmetry is to stir away from the usual monomial bases of polynomial vector spaces. Building
on the ideas in [22, 39, 94], we introduce the orthogonal symmetry adapted bases. They allow
to block diagonalize the matrix of the Hankel operator, a.k.a. the moment matrix. Further
diagonalization of the blocks would provide a basis of (multivariate) orthogonal polynomials.

The rank of the Hankel operator that is central in our approach is equal to the number of
nodes of the cubature. In the presence of symmetry we can make further analyses: the rank
of the diagonal blocks is related to the organization of the nodes in orbit types. The relation
is made explicit thanks to the new concept of the matriz of multiplicities associated with the
symmetry group. Besides introducing the notion we provide the matrices of multiplicities for
the cyclic and dihedral groups. This allows to ascertain that the relation between the ranks and
the organization of the nodes in orbit types is one-to-one. Importantly, this concept provides
us with preliminary criteria to dismiss certain organizations of nodes in orbit types to build a
cubature on.

An additional contribution in the paper is the fraction-free and pivoting free diagonalization of
symmetric matrices over their locus of positivity. This is the exact arithmetic algorithm we use
to discuss all the symmetric cubatures of a given degree.

The algorithms described in the paper are implemented in Maple. They have been applied to

30



recover several known cubatures. New cubatures have arisen from the possibility offered in our
approach to investigate, with moderate computational efforts, all the symmetric cubatures of a
given degree.

The paper is organized as follows. Section 2 is of an introductory nature, reviewing the subject
of cubatures and providing an overview of the techniques developed in this paper. Section 3
reviews Hankel operators and their properties. Section 4 describes the fraction and pivoting free
algorithm to diagonalize symmetric matrices over their locus of positivity. Section 5 makes pre-
cise how the tools exposed so far apply to compute cubatures with a moment matrix approach.
The sections afterwards all concern the symmetric case. Section 6 details the construction of
orthogonal symmetric bases while Section 7 introduces orbit types and the matrix of multiplic-
ities. This latter section also provides the matrices of multiplicities for the cyclic and dihedral
groups. Section 8 details the block diagonal structure of the Hankel operator in the presence of
symmetry. In particular we relate the size of the blocks to the organization of the nodes in orbit
types. Section 9 provides the detail of the algorithmic content of our approach. The description
there introduces how the code has been organized and is used. The following sections offer
relevant cubatures for which our approach gave new insight.
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2 Cubatures

Finding quadratures is a classical problem. The minimal number of nodes to maximize its degree
and the construction of Gaussian quadratures thanks to univariate orthogonal polynomials are
well-established (see e.g. [100, 101] and references herein). The same issues for their multivariate
analogues, called cubatures, are still open problems in the general case.

To introduce the moment matrix approach, we first present a one-dimensional version of it.
We recall then some results on cubatures based on reviews on the subject [19, 20, 101]: exis-
tence of cubatures and bounds on the minimal number of nodes (Tchakaloff’s and Mysovkikh’s
theorems), classical approaches that use either product of Gaussian quadratures, or the theory
of multivariate orthogonal polynomials. The symmetry of the involved measure appears as a
natural ally in order to reduce the complexity of these approaches. We present then a recent
approach based on moment matrices [35] and describe our main contribution: how symmetry
is taken advantage of in the moment matrix approach to cubatures.

In the following, K denotes a field of characteristic zero: the complex numbers C, the real
numbers R or the rational numbers Q. K[z] denotes the ring of polynomials in the variables
x = (21,...,zy,) with coefficients in K, K[z|<s; the K—vector space of polynomials of degree
at most ¢ and K|z]s the K—vector space that contains all homogeneous polynomials of degree
eiactly 8 and the zero polynomial. For k = (ky,...,k,) € N”, 2F denotes the monomial
o ke,

2.1 Gaussian quadratures

In this section, the classical quadrature problem is introduced (see e.g. [100, Chapter 3| or
[101, Chapter 1.3] and references herein) and methods to determine Gaussian quadratures are
presented. While a classical approach uses the theory of orthogonal polynomials (see e.g. [30,
Chapter 1]), we give here an alternative approach: the one that we extend to the multidimen-
sional case in the next sections. Here, R[x] denotes the R—vector space of all polynomials with
one variable and coefficients in R.

Consider the linear form Q on R[z] defined by

b
Q:Rlz] > R,p— / p(x)w(z)dr,

where [a,b] C R is an interval (finite or infinite) and w is a nonnegative weight function defined
on this interval, that is a function that satisfies the following requirements:

e w is measurable on the interval [a,b] and w(xz) > 0 for all x € [a, b].

b
e The moments my, = / 2*w(z)dz exist and are finite for all k € N,

e For any polynomial p € R[z] that is nonnegative on [a, ],

b
/ p(@)w(z)de =0 = p(x)=0.
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A measure p is associated with €. It is defined by
dp = 1 yw(r)dz,
where 1, is the characteristic function of the interval [a, 0]

1 ifx€a,b

Lap 1 R = 0,1} 2 { 0 otherwise

A linear form A on R[z| defined by

A:R[z] > R,p— Zajp(fj)a
j=1

with 7 > 0, a; € R\ {0} and ; € R pairwise distinct, is called a quadrature of degree d for the
measure p if it satisfies

b T
/ pa)w(@)de =3 a;p(e;) Vp € Rlz)<d
a j=1

and if this equality does not hold for at least one polynomial p of degree d + 1. The points &;
are the nodes and the coefficients a; are the weights of the quadrature. Such a quadrature is
called inside if the nodes §; lie on the interval [a,b] and minimal if the number of nodes r is
minimal for a fixed degree d.

In this univariate case, minimal inside quadratures with positive weights are known and called
Gaussian quadratures (see e.g. [100, Chapter 3.6] for more details). A Gaussian quadrature
with r nodes is of degree 2r — 1.

Several methods are known for the determination of the nodes of a quadrature. Its weights are
generally obtained afterwards by solving the Vandermonde linear system

1 1 NN 1 al mo
& &L ... & as my
= (2.1)
1{_1 g—l . . 77:_1 Qp_1 My_1
obtained from the equations
T
mp =Aa") = a;ef VE=0,...,r-1. (2.2)
j=1

Moment matrix approach to computing the nodes of a Gaussian quadrature

Assume that a Gaussian quadrature of degree 2r — 1 exists for y, that is there exists a linear
form

A:R[z] > R,p— Zajp(ﬁj)
j=1
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with a; > 0 and &; € [a, b] pairwise distinct such that my = A(z*) for all k& < 2r — 1.

Consider the monic polynomial 7, of degree  whose roots are the nodes &1, ...,¢&,
m(x) = H(a: — &) =a"—m2" =~
j=1
Since m,(§;) =0 for all j =1,...,7, we have A(m,) = 0 and even
A(pm,) =0 Vp e Rlz]. (2.3)

Taking p(z) = x* for k =0,...,7, we deduce by linearity of A that

r—1
Z Az — ATy =0 Vk=0,...,7
=0

Thus, the vector (7‘0 e T —1)t is in the kernel of the Hankel matrix
A1) A(z) ... Az")

B0 i A(x) :
A"y ... .0 A

The latter is the matrix of the symmetric bilinear form
¢ : Rlz] x Rlz] = R, (p,q) = Alpq)

restricted to R[z]<, in the monomial basis B(") = {1,z,...,2"}.

Alternatively, we observe that

HPVMBTY = gBOY (2.4)
. (r—1) I (r—1) I (r—1) .
with H' 0 = (A7), o, HZ = (A7), o, and where MJ" s the
companion matrix of the polynomial 7,
0 ... ... 0 T0
1 . T1
Br_1 _
M '=1p
: . -0
0 ... 0 1 7y

)

Since the eigenvalues of the companion matrix M7 =Y are the roots of the polynomial 7., the

generalized eigenvalues of the pair of Hankel matrices (Hf(r_l) ,HB (T_l)) are the sought nodes

517""57”’

The entries of those Hankel matrices are known since A is a cubature of degree 2r — 1. Indeed,
r—1 r— .

HIB( ) (resp. HF 1)) corresponds to the matrix (mit;j—2),<; ;<, (resp. (Mitj-1),<; ;<) of

the symmetric bilinear form S -

b
®: Rla] x Rla] > R, (p0) > [ plo)a(e)u(z)ds

b
(resp. @, : R[z] x Rlz] = R, (p,q) — / xp(x)q(x)w(z)de )
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restricted to R[z]<,_; in the monomial basis B =Y. The matrix HlB“fl> is therefore called a
moment matrix.

A classical approach using orthogonal polynomials

We remark here on the link between quadratures and orthogonal polynomials with respect to
the symmetric bilinear form ®. The latter defines actually an inner product on the R—vector
space R[z] and the polynomial 7, constructed above is the monic orthogonal polynomial of
degree r. Indeed, since A is a cubature of degree 2r — 1 and with the help of (2.3), we get

O(p,m) = A(pm,) =0 ¥p € Rla]<r_1. (2.5)

Moreover, since one can construct exactly one monic orthogonal polynomial 7, per degree, the
polynomials 7, form a basis II of R[z]. The ’infinite’ matrix of ® in the basis II is therefore a
diagonal matrix, whose diagonal elements are ®(7,, 7, ), and the ’infinite’ matrix of ®, in the
basis 1I is tridiagonal since

S, (T, Try) = Py, xmpy) =0 if rg <7 — 2,
S, (7, 7ry) = Plamyp,,mpy) =0if 1 <7p — 2.

Taking now the basis II defined by the orthonormal polynomials 7, obtained by normalizing
the monic orthogonal polynomials 7,., we have that:

e The ’infinite’ matrix of ® in the basis II is the identity.

e The ’infinite’ tridiagonal matrix of ®, in the basis Il is the Jacobi matriz

apg by O
b(] al bl

J - )
0 b

where (a,)ren and (by),cny are sequences of real numbers that reflect the recurrence
equation of order 2 satisfied by the orthonormal polynomials 7, (see e.g. [30, Corol-
lary 1.3.10],[2, Chapter 1]):

{ 27 (x) = bppy1(2) + apmp(2) + bp1 e () Vr>1
SL‘%Q(.’E) = bom (l‘) + ao%(](x)

e Applying a change of basis in (2.4), the eigenvalues of the r x r leading principal submatrix
of the Jacobi matrix J are the roots of the orthonormal polynomial 7., or equivalently
the nodes &1, ...,& . See [100, Theorem 3.6.20] for the classical link between eigenvalues
of tridiagonal matrices and roots of orthogonal polynomials.
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2.2 Cubatures and minimal number of nodes

Cubatures are the multidimensional analogues of quadratures. However, as stated in [101, Chap-
ter 1.3], there is a gap between the construction of minimal quadratures and the construction
of minimal cubatures. In particular, the number of minimal nodes is only known in some cases.
R[x] denotes now the R—vector space of the polynomials with n variables and coefficients in R
with n > 2.

Let 1 be a positive Borel measure on R™ and let supp p be the closed support of the measure p,
that is the complement of the biggest open set & C R™ with p(U) = 0. As in [89, Theorem 1],
we assume that supp p is compact. Given any k € N”, the moment my

my = / a*du(x)
therefore exists and is finite. More generally, let  be the linear form defined from p by

Q:Rlz] > R,p— . p(z)dp(z).

A linear form A defined on R[z| by

A:Rz] = Rpe > ap(é))
j=1

with 7 > 0, a; € R\ {0} and &; € R" pairwise distinct is called a cubature of degree d for p if it
satisfies

[ pa)duta) =S (&) Vo € izl (2.6
j=1

and if this last equality does not hold for at least one polynomial p € R[z]441. The points &;
are the nodes and the numbers a; are the weights of the cubature. Such a cubature is called
inside if the nodes ; lie on supp 1 and minimal if the number of nodes r is minimal.

In our examples, the measure p is the characteristic function of a compact in R™: 1 on supp
and 0 otherwise. Thus, we often abuse the definition: a cubature for the characteristic function
of a compact K is simply called a cubature for K.

Given a positive Borel measure with compact support in R™, we are interested in finding inside
cubatures with positive weights. Cubatures with these properties are generally numerically
more stable than cubatures for which one or both of these properties is lacking [101, Chap-
ter 1]. Their existence is guaranteed with an upper bound on the minimal number of nodes by
Tchakaloff’s theorem [89, Theorems 1,2],[7, Theorem 2]. Contrary to the one-dimensional case,
minimal cubatures are generally not known. A lower bound is provided by [30, Theorem 3.7.1].
Combining those general results, we get

Theorem 2.1. Let d be a positive integer and let p be a positive Borel measure with compact
support in R™. Then there exists an inside cubature of degree d with positive weights the number
of modes r of which satisfies

dimR[az]q%J <r < dimR[z]<4.
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Notice that Tchakaloff’s theorem was originally proved for compact regions in the plane R? as
reported in [101, Theorem 3.3-6]. The authors in [7, 89] proved more sophisticated versions of
Tchakaloff’s theorem with lighter hypotheses on the measure u.

To conclude this section, we shortly discuss the differences between quadratures and cubatures
and, as a consequence, the challenge to find minimal cubatures. In [101, Chapter 1.3], the
author relates it to two main issues. The first one is a geometric issue, whereas the second one
is related to the theory of orthogonal polynomials.

The geometric issue is related to the following property: compact sets being equivalent under
an affine transformation have minimal cubatures with the same number of nodes [101, Theorem
1.4-1]. There is essentially one compact set in the one-dimensional case, whereas there are
infinitely many distinct compact sets in the multidimensional case. For instance, cubatures for
the triangle, the square or the disk are different from each other.

In the multidimensional case, the theory of orthogonal polynomials states that a lower bound
on the number of nodes of a cubature of degree d = 2k — 1 is given by dimR[z]<x_; [30,
Theorem 3.7.1]. As an analogy, a cubature that attains this bound is called a Gaussian cubature.
However its existence is not guaranteed. Mysovskikh’s theorem [30, Theorem 3.7.4] states that
a Gaussian cubature of degree 2k — 1 exists if and only if the set of orthogonal polynomials of
degree k has exactly dimR[z]<;_; common zeros. The author in [69] provides an alternative
criterion based on moment matrices for the existence of a Gaussian cubature, which reduces
to checking whether a certain overdetermined linear system has a solution. Notice that, if a
Gaussian cubature exists, the weights are positive [30, Corollary 3.7.5] and the nodes belong to
the interior of the convex hull of supp u [20, Theorem 7.

Gaussian cubatures are rare as stated in [79, 97], where the authors give an example of such a
minimal cubature for every degree.

2.3 Construction of cubatures and lower bounds on the number of nodes

As presented in reviews on the topic [19, 101], cubatures have been constructed using several
techniques like ones based on product of Gaussian quadratures, on solutions of multivariate
nonlinear systems or on zeros of multivariate orthogonal polynomials. More recently, the authors
in [35] based their construction on moment matrices. This last approach is the one we choose
and a first presentation is given in Section 2.4.

Techniques based on product of Gaussian quadratures

The techniques based on product of Gaussian quadratures are called either product formulas
[101, Chapter 2] or repeated quadratures [19, Section 4.1]. Consider the compact set [a1,b1] x
o X [an, by] with aq,...,ap,b1,...,b, € R. For each interval [a;, b;], a Gaussian quadrature A;
is chosen

AitR[z] = Rp—= > aj, pl&,).
Ji=1
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The Gaussian quadratures A; may be the same or distinct ones (of distinct degrees d; for
instance). The whole cubature A for [a;,b1] X -+ X [an, by] is then

ARl = Rpe > Y g ag, p(&r ) (2.7)

a=l  jn=l
The degree d of such a cubature is between min{dy, ...,d,} and max{dy,...,d,}.

Cubatures for other compact sets are then obtained from (2.7) by performing a suitable change
of variables as mentioned in [19, Section 4.2].

The main advantage is that cubatures of every odd degree can be constructed. However, the
required number of nodes is then larger than the one of known cubatures obtained in a different
way. For instance, there are inside cubatures with positive weights of degree 9, 11, 13, 15 for
the square with respectively 17, 24, 33, 44 nodes [21]; whereas cubatures based on product
of Gaussian quadratures of the same degree have respectively 25, 36, 49, 64 nodes. Another
advantage is that Gaussian quadratures are well-known so that those cubatures remain popular
(see e.g. [81, 82]).

Nonlinear systems and simplification using symmetry

The second approach starts by noticing that equalities (2.6) are satisfied for all polynomials of
R[z]<q with d the degree of the cubature if and only if they are satisfied for all polynomials in
any basis B@ = {by,... ,br,} of Rlx]<4. Thus, taking p = b; for all i = 1,...,rq in (2.6), we
get the multivariate nonlinear system

j; ajbi(ﬁj) = /Rn bl(x)d,u(ar) Vi = 1, ooy Td, (28)

where we assume that the values of the right-hand side can be computed. This is the case for
instance for moments of the characteristic function of polytopes [3, 99]. However, since the
size of the polynomial system (2.8) increases with the degree d of the sought cubature and the
number of variables n, a direct resolution is limited to low degrees and small dimensions.

In view of the shape of standard regions of cubatures (n—dimensional hypercube, simplex
or ball), a natural simplification in the resolution of the nonlinear system (2.8) comes from
transformations that leave those regions invariant: the symmetries.

To give an idea, consider cubatures for the square or the disk that respect the symmetry of the
square [91, Tables 1,2]. They satisfy: if {; = (21, 22;) is a node and a; is the corresponding
weight, then (+x1 j, £22 ;) and (£xg j, £21 ;) are also nodes associated with the same weight
a;j. The set of nodes is then generated by nodes of the form: (0,0), (a,0), (b,b), (c,d), where
a,b,c,d are in R. Thus, the nonlinear system (2.8) can be simplified as presented in [91]: some
moments of order bigger than the degree of the cubature are zero and smaller subsystems are
extracted.

More generally, in any dimension, cubatures for the hypercube or the ball that respect the
symmetry of the hypercube are listed in [54, Tables 1,2]. In this case, they satisfy: if £ =
(71,4,...,%ny ) is a node and a; is the corresponding weight, then (£z5(1) ;.. ., TT(n) ;) are
also nodes associated with the same weight a;, where o is a permutation of the symmetric group
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on n elements. A similar argument as the one given above leads to similar simplifications in the
nonlinear system (2.8) as presented in [54].

A more general approach consists in relating the symmetry to the action of a group G on R".
Cubatures that respect this symmetry are called G—invariant [19, 37, 38] (a precise definition
is given in 8.1). They satisfy the following properties:

e The set of nodes &; is a union of orbits of this group action.
e The weights a; associated with nodes on a same orbit are identical.

e The cubature is of degree d if it is exact for all G—invariant polynomials of degree at
most d and if it is not exact for at least one polynomial of degree d + 1 [19, Corollary 5.1
(Sobolev’s theorem)].

While the last requirement reduces the number of equations in (2.8), the two first points reduce
the number of unknowns as in [54, 91].

Tables 2 and 4 in [37] list G—invariant cubatures for the square and the triangle with several
groups G: cyclic groups Cy, or dihedral groups D,, (see Sections 7.3 and 7.4 for a presentation
of these groups). Dg—invariant cubatures for the regular hexagon have been found following
this approach in [51].

Orthogonal polynomials and lower bounds

Radon’s work [92] marked a starting point in the search for cubatures thanks to orthogonal poly-
nomials. As stated in [20], the theory developed following this way tries to generalize Radon’s
approach for higher degrees and dimensions. However, if multivariate orthogonal polynomials
provide some results, they do not answer all the questions as in the one-dimensional case.

As in our presentation of the quadrature problem, we start with the computation of the weights
ai,...,a, once the nodes &1, ...,&, are known. Let p1,...,p, be polynomials of degree less than
or equal to the degree d of the cubature A. The following equations are then satisfied

/pidﬂ =Api) =D ajpi(§) Vi=1,...r
j=1

The latter generalizes (2.2) for which (p1,p2,...,pr) = (1,z,...,x . A linear system like

(2.1) is thus deduced

pi(&1) pi(&) - pi&)\ (@ A(p1)

p2(&1) p2(&2) - paA&) | | a2 A(p2)
. . . = (2.9)

p(&) p(&@) - m&)) \ar)  \A@y)

The latter is called Vandermonde-like since the involved matrix can be seen as a multivariate
generalization of a Vandermonde matrix [85]. Choosing the polynomials pi,...,p, such that
the matrix in this Vandermonde-like linear system is invertible guarantees that the weights
ai,-..,a, are determined uniquely.
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Cubatures whose weights are obtained uniquely from the nodes are called interpolatory. We
focus on these since a subset of the nodes of a non-interpolatory cubature can be used as the
set of nodes of an interpolatory one [19, Section 6.1].

Similarly to Section 2.1, a symmetric bilinear form ® on the polynomial space R[z]

® : R[z] x R[z] — R, (p,q) — /pq du

is associated with the measure . It defines an inner product on R[z]. There are thus orthogonal
polynomials 7, (0 € N") with respect to ® that satisfy the multivariate analogue of (2.5)

®(p,my) = Apmy) =0 Vp € Rlz]<)p—1-

Notice that there exist dim R[x]s unique orthogonal polynomials of degree ¢ of the form x¢ + ¢
with |o| = ¢ and ¢ € R[z]<s_1 (see (6.3) in [19]). We refer to [30] for explicit expressions of
multivariate orthogonal polynomials with respect to different measures and also for theoretical
results on multivariate orthogonal polynomials.

The particular case of Gaussian cubatures was already discussed in Section 2.2. Their nodes
are characterized as the common zeros of all orthogonal polynomials of degree LgJ, where d is
the odd degree of the Gaussian cubature (Mysovskikh’s theorem). A more general approach
involving multivariate orthogonal polynomials (see [19, Section 6], [20, Section 6] and references
therein) keeps the idea from algebraic geometry that a set of points in R™ corresponds to the
variety (set of common zeros) of an ideal generated by an appropriate basis. Methods for the
computation of this basis have been developed (see [19, Section 9] and references herein). For
instance, as in Radon’s work, the common zeros of a selection of three orthogonal polynomials
of the same degree have been identified with the nodes of cubatures in the plane in [52, 53].
Notice that symmetry can again simplify the computations [19, Section 9.2].

This theory provides also lower bounds on the minimal number of nodes for a cubature of a
fixed degree d [19, Sections 7,8],[20, Section 5]. Sharp lower bounds are important because they
are the starting point of the search for cubatures in several methods. We mention here only
two general lower bounds that link directly d and the number of nodes 7:

e The first one is the one in Theorem 2.1

e The second one works for centrally symmetric measures, which means that m, = 0 when-
ever || is odd, or equivalently that the measure is invariant under the symmetry = — —x.
When n = 2, this bound can be written as

k+1
r > dim R[z]<; + L;LJ with d = 2k + 1. (2.10)

It is then known as Méller’s lower bound [104]. For the general case, we refer to [19,
Theorem 8.3],[20, Theorem 13].

There exist thus no Gaussian cubatures of odd degree for centrally symmetric measures when
n = 2.
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2.4 A moment matrix approach to cubatures

The approach to cubatures we have, devised in [35], incorporates the results overviewed in [74]
and additional influences like [70]. The details are given in Sections 3 and 4. In particular we
do not restrict ourselves to monomial bases. The presentation we make here prepares for the
use of symmetry, where our main contribution resides.

Main ingredients

The moment matrix approach to cubatures is based on two main ingredients: the charac-
terization of cubatures in terms of positive semidefinite matrices with a prescribed rank (see
Sections 3.2 and 3.3) and a flat extension theorem to reconstruct the expected linear form on
R[z] when working on a restriction to a finite dimensional space (see Section 3.4). We introduce
here these ingredients in terms of matrices.

The characterization, the first ingredient, starts with the association of a linear form A on R[x]
with the symmetric bilinear form

¢ Rlz] x R[z] = R, (p,q) = Alpq),

or equivalently, with the Hankel operator # : R[z] — R[a]* given by H(p)(¢) = A(pq) for all
p,q € Rlz]. Fix a basis B = (bg),cy of R[z] such that it is possible to extract a basis BO® of
R[x]<s for every degree § € N. Let HP be the ’infinite’ matrix of the symmetric bilinear form
© in the basis B

HY = (ADib)) ;jyene -

When B is a monomial basis, the matrix H{? is referred to as a moment matriz. The linear
form A is then given by
,
A= Z aj ]lgj,
j=1

with 7 > 0, a; > 0 and §; € R" pairwise distinct, if and only if the ’infinite’ matrix HP has
finite rank r and is positive semidefinite. The set of nodes {&1,...,&.} is then the variety of the
ideal Ip: the kernel of the Hankel operator .

This variety can be recovered by considering submatrices H IB((S) of HP. They are the matrices

of the restriction of ¢ to R[z]<s in a basis B (), Take a matrix H{? “ Such that its submatrix
HP ““Y has the same rank r as the whole matrix. The variety of the kernel of HP (6>, which is

a zero-dimensional and radical ideal, is then the set of nodes.

The flat extension theorem, the second ingredient, determines in finite terms when the matrix
HP has finite rank. Assume that a linear form A is known on R[z]<2s and that the matrix
HP ) associated with the bilinear form on R[x]<s has the same rank as the matrix HY 7Y of
its restriction to R[z]<s_1. Then there is a unique linear form A on the whole polynomial space
R[z] such that

A(p) = A (p) Vp € Rlz]<os and rank HP =r.
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Methodology

With the help of the two main ingredients presented above, a first procedure is proposed in
Section 5 to determine the existence for the measure p of a cubature A of a given degree d. We
give here a short description of it:

e Choose a degree § € N such that L%J <d—-1<d.
e Take a monomial basis B®) = {by,...,b.,} of Rlz]<s.

Construct the moment matrix H{ @ = (A(biby)) whose entries are:

1<i,j<rs

— either moments [ b;bjdp of the measure p if deg(b;b;) < d,

— or parameters Ry 41, ..., hy,; that stand for the unknown quantities A(byz41),. ..,
A(bry;)-
e Based on the two main ingredients presented above, determine values for hys41,. .., Ryys

such that H IB<5) and H 13(67” are positive semidefinite of rank r (as small as possible).

e Determine the nodes &1, ..., &, of the cubature by solving:

— either the polynomial system given by the kernel of H 1B @it corresponds to the ideal
generated by orthogonal polynomials in Section 2.3;

— or generalized eigenvalue problems of pairs (H; ,HY ) for p € Rlz]<; that separates
the nodes, that is such that p(&;),...,p(& ) are pairwise distinct. The matrix H7 is

an invertible r x r submatrix of H =Y which is rewritten as (A(bib;)) with

! ! 4 1<i,j<r
{b1,...,b,} € BO=D_ The matrix Hj is then the matrix (A(pbibj))lging.

e Determine the weights a1,...,a, o_f the cubature by solving the Vandermonde-like linear
system (2.9) with {p1,...,pr} ={b1,...,b.}.

This procedure can be split in two main parts:

1. The first four points determine the existence for u of a cubature A of degree d with positive
weights.

2. The last two points compute the weights and the nodes once the existence is secured.

Theorem 2.1 guarantees the existence of a degree J as in the first point of the procedure, and then
values for the unknowns h,;41, ..., hyys. Their determination is a problem of low rank completion
of structured matrices of the same kind as the one that appears in tensor decomposition [15]. To
deal with it, we propose an algorithm based on fraction-free LU-decompositions (see Section 4).
This algorithm is applicable to matrices of small size, as the ones we shall obtain when symmetry
is taken into account. When the size of the matrices increases, a new exact algorithm has been
proposed in [56] to find at least a solution to this issue. They also refer to numerical SemiDefinite
Programming solvers for higher dimensions.

There is an optional step between the two main parts, which consists in creating localizing
matrices and verifying their positive semidefiniteness. It guarantees that the nodes lie on
supp p before their computation.
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2.5 Contributions

The methodology described above is based on a synthesis of results on moment matrices and
truncated moment problems [24, 35, 73, 74]. Our motivation was to tie in symmetry. Related
symmetric problems are treated in [22, 39, 94].

Symmetry appears as a natural property to preserve. Many cubatures for standard regions in
the plane R? (triangle, square, hexagon, disk) or in the space R™ (simplex, hypercube, ball)
were computed by imposing a symmetry of the measure to the cubature: in the nonlinear
system [37, 51, 54, 91] or in the orthogonal polynomials [52, 53]. As a consequence, constraints
are added to the unknowns used in those techniques. The determination of cubatures is thus
simplified. This is also the case in the moment matrix approach:

e The matrix HP © we shall deal with has less parameters hy than in the procedure presented
above (Step 6 in Algorithm 9.6 [Existence of a G—invariant cubature]).

e This matrix is furthermore block diagonal, when the basis B() is well-chosen. Thus, the
determination of the conditions on the unknown parameters hy is done on matrices of
smaller size (Step 7 in Algorithm 9.6 [Existence of a G—invariant cubature]).

e The computation of the nodes as generalized eigenvalues and the computation of the
weights as solutions of a Vandermonde-like linear system are also performed on smaller-
sized matrices (see Algorithm 9.7 [Weights & Nodes]).

To establish a methodological approach we developed several novel results:

e A basis-free version of the moment matrix approach to cubatures (Sections 3.2, 3.3
and 3.4). It allows us to use another kind of bases than the monomial bases used in
[35].

e The introduction of appropriate bases, namely orthogonal symmetry adapted bases, such
that the matrices H 1B ® are block diagonal: the size of the blocks and the number of iden-
tical blocks are deduced from the computation of those bases (Sections 6.4, 6.5 and 8.1).
Previous use of symmetry adapted bases appeared in [39, 94]. However, the induced rep-
resentations were required to be orthogonal and representations of symmetric groups, that
permute the variables, were mostly used. This is not sufficient in our application.

e The introduction of the matrix of multiplicities I' of a finite group G (Section 7). It is
the key to preliminary criteria of existence of symmetric cubatures. Its computation is
done for cyclic groups C}, and dihedral groups D,, with m > 2.

e The equivalence between the representation on the quotient space R[z]/I)y and the per-
mutation representation on the invariant set of nodes (Section 8.2).

— The size of the blocks of H¥ is related to the organization of the nodes in orbit types
and the matrix of multiplicities of the group of symmetry.

— The distribution of the distinct generalized eigenvalues of the different blocks is
known with respect to the organization of the nodes in orbit types.

Possible number of nodes r for a G—invariant cubature of fixed degree d are deduced.
They are quantified by the inequalities (9.9) and (9.10) that play the same role as the
consistency conditions in [91].
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An algorithm for computing G—invariant cubatures is presented (Section 9) and applied to
recover known cubatures (see e.g. Section 9.4) and exhibit new cubatures (see e.g. Section 10):
Dg—invariant cubatures of degree 13 with 37 nodes for the regular hexagon Hj.

2.6 Related problems

The techniques presented in this paper have other applications than cubatures. Indeed, a
number of classical problems can be formulated as we did for quadratures, in the univariate
case, and cubatures, in the multivariate case.

In the univariate case, one seeks to retrieve pairs {(a1,&1),...,(ar,& )} from the moments
(k) ken or (pg)o<k<r With R an upper bound of r under the assumption that

)
=)0 &5
j=1

In the case of quadratures, p, € R and we expect a; and §; to be in R. In general though s,
a; and & are in C. Furthermore, the number of terms r might be an additional unknown of
the problem. As demonstrated above the problem can be solved (uniquely) when R = 2r — 1
moments are available.

In the multivariate case, the input is indexed by k = (k1,...,k,) € N and each ¢; belongs to
C™. The relationships are given by

-
k kn
=D ai €
Jj=1
An additional problem in the multivariate case, even when r is known, is to find an appropriate

K-vector space basis of the quotient algebra Kx1,...,z,]/I¢, where I¢ is the ideal the variety
of which is {&,...,&.} C C™.

Prony’s method for exponential interpolation [93].

One wants to retrieve f : C — C as
s
F) = agen
j=1

from the knowledge of u; = f(k) with £ € N. One retrieves the above problem by considering
§ = eMi.

In its multivariate version f : C" — C and

where z = (x1,...,2,), A\j; € C" and (y,z) = y1z1+.. .+ ypxy. With &1 = ML, Ein = eMin

the problem is then recast into

fl@)=>"a;e.
j=1
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Under some natural assumptions, solutions have been proposed for the univariate case [87], for
the multivariate case with a univariate resolution (projection method) [88] and with a multi-
variate approach [66].

Sparse interpolation [11].

Assuming a (multivariate) polynomial f has a small support

T
_ ey
x) = g a;x,
Jj=1

one wishes to retrieve the exponents a; € N" from evaluations of the polynomial at chosen

points. For k € N, one chooses uy, = f(ph, ..., pn) where p; are distinct prime numbers. From
a; Qin

Mo, - - - s i2r—1 One can retrieve § = p* = p;”" ...p,’" so that the exponent can be found by

factorization [11, 63, 64]. Replacing the prime numbers by roots of unity, the authors in [42]

proposed a symbolic-numeric solution.

For latest development in Prony’s method and sparse interpolation, one can consult the material
attached to the 2015 Dagstuhl seminar Sparse modelling and multi-exponential analysis (http:
//www.dagstuhl.de/15251).

Pole estimation, Padé approximant [55].

The input data are the coeficients of the Taylor expansion at z = 0 of a function f: C — C
and one wishes to find the poles of the function.

r

f(x)_zl—fj = et

7=1 keN

The multivariate version that can be approached is

flz) = Z gw

In the univariate case all polynomials can be factored over C into degree 1 polynomials. There-
fore the problem covers all rational functions with distinct poles. The restriction to denomina-
tors that can be factored into linear form is more restrictive in the multivariate case.

Zukﬂc

keNn

Shape-from-moment problem [47, 83].

The problem consists in recovering the vertices of a convex n—dimensional polytope V from its
moments. Projection methods have been developped in [18, 47] based on moments in a direction
0 € R™ and Brion’s identities

T
(k;g!")!/<x,5>kda;— Zaj<vj,5>"+k k>0
T
0= Zaj<vj,5>"*k 1<k <n.

J=1
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The coefficients a; are nonzero real numbers and < vj,6 > are the projections of the vertices
v; on the direction §. Taking §; =< v;,0 >, the formula can be recast into

me= ) ai€f keEN,
j=1

where py is related to the left hand side of the system of equations above. The set of projected
vertices can thus be recovered. Different projections are then required and matching processes
are presented in [18, 47]. The case n = 2 treated with complex moments in [31, 43, 83] is linked
to this general case in [18].

A multidimensional treatment of the shape-from-moment problem is however impossible due to
the lack, up to our knowledge, of an equivalent formula for the moments fv zFdz with k € N

Symmetric tensor decomposition [15].

The general (multivariate) problem is to find, for a homogeneous polynomial
1) =S (9
k; )
|k|=d

the minimal rank r such that there exist (a1,&1), ..., (ar,&) € C x C" such that f can be
written as a linear combination of linear forms to the d* power:

T
F(2) = ai (&, =)
i=1
Dehomogenizing the binary case (n = 2), we obtain an equivalent univariate problem
f(2)=paz®+ ... + d e 24 :iw(l—f»z)d
d . i k . 0 i i

i=1

initially solved by Sylvester [103].

Orthogonal polynomials

As seen in the previous section, quadrature is intimately linked with orthogonal polynomials.
The nodes of the quadrature of degree 2d — 1 are the d roots of the orthogonal polynomial of
degree d.

One can see that, for a measure i on R”, there is a Gaussian cubature of degree 2d — 1 if and
only if all the orthogonal polynomials of degree d admit dim R[z|<4—; common zeros.

Orthogonal polynomials are obtained, for instance, by diagonalizing the moment matrix, or more
generally the Gram matrix for other polynomial bases than monomial bases. In our approach to
symmetric cubature, we show that if the linear form A is G-invariant the orthogonal symmetry
adapted bases provides a block diagonal Gram matrix. By further refining this diagonalization,
we obtain a symmetry adapted basis of orthogonal polynomials.
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3 Hankel operators and flat extension of moment matrices

We review in this section two major ingredients for a constructive approach to cubatures.

To a linear form A on K[z] (K = R or C) we associate a Hankel operator K[z] — K[z]*.
The Hankel operator allows to study the properties of the linear form A. When K = R, the
linear form corresponds to a linear combination of evaluations at some points if and only if the
associated Hankel operator is of finite rank and positive semidefinite. The kernel of the operator
is furthermore the vanishing ideal of those points. It is thus possible to use classical methods
from algebraic geometry to obtain information on its variety [23, 32].

Given a linear form A®) on R[x]<2s for a certain degree J, the flat extension criterion provides a
sufficient condition for the existence of a unique extension A of A to R[z]. Its Hankel operator
is of finite rank. It is furthermore positive semidefinite if the one associated with A(®) is positive
semidefinite.

The concept of flat extension was introduced by Curto and Fialkow in the context of moment
matrices [24, 25]. Those can be understood as the matrices of the Hankel operators in monomial
bases. We recast the results in a basis-free version so that arbitrary bases can be used.

Flat extension were introduced as a mean to answer the classical truncated moment problem
[24, 25]. The problem has applications in global optimization through the relaxation techniques
introduced by Lasserre [67, 68]. The successful line of developments in this area were surveyed by
Laurent [74]. This book chapter presents the foundational results with simplified and algebraic
proofs; it served us as reference.

Several other problems can be approached with flat extension techniques, as for instance tensor
decomposition [12, 15] and computation of real radicals [70, 71, 72]. The link between cubatures
and flat extensions was first expanded on in [35] and leads to new lower bounds on the number
of nodes of a minimal cubature. In [69] the flat extension formalism is applied to give a new
criterion for the existence of a Gaussian cubature.

3.1 Zero-dimensional ideals

A set of points in K" can be characterized as the variety of a certain zero-dimensional and
radical ideal I in K[z]. We recall in this section results that link ideals and varieties. The
multiplication operator in the quotient space K[x|/I is of particular interest. Its eigenvalues
and left eigenvectors are in one-to-one correspondance with the points of the variety of I.

Given an ideal I in K]z], its variety is understood in C" and is denoted by Vc(I).

Theorem 3.1 ([23, Finiteness Theorem]). Let I C K[z] be an ideal. Then the following condi-
tions are equivalent:

e The algebra A = K[z]/I is finite-dimensional as a K—vector space.

e The variety Ve (I) C C" is a finite set.

An ideal I satisfying any of the above conditions is said to be zero-dimensional. In this case,
Theorem 3.2 relates the dimension of the algebra K|[z]/I to the cardinal of the variety Vi(I).
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Theorem 3.2 ([23, Theorem 2.10]). Let I be a zero-dimensional ideal in K[z] and let A =
K[z]/I. Then dimg(A) is greater than or equal to the number of points in Ve (I). Equality
occurs if and only if I is a radical ideal.

Assume that the algebra K[z]/I is a finite-dimensional K—vector space. The class of any
polynomial f € K[z] modulo I is denoted by [f]. Given a polynomial p € K[z], the map

My : Kla] /T = K] /1, [f] = [fP]

is a linear map called multiplication by p. The following result relates the eigenvalues of the
multiplication operators in K[z]/I to the variety Vi (I). This result underlies the eigenvalue
method for solving polynomial equations.

Theorem 3.3 ([23, Theorem 4.5]). Let I be a zero-dimensional ideal in K|z] and let p € K|x].
Then, for A € C, the following are equivalent:

e )\ is an eigenvalue of the multiplication operator M,,.

e )\ is a value of the function p on Vg (I).

Given a basis B of K[z]/I, the matrix of the multiplication operator M, in the basis B is denoted
by Mf . There is a strong connection between the points of Vi(I) and the left eigenvectors of
the matrix Mf relative to a basis B of K[z]/I. Assume now that [ is radical. Theorem 3.2
implies that K[z]/I has dimension r, where r is the number of distinct points in V(I).

Theorem 3.4. Let I be a zero-dimensional and radical ideal in K|x], let &1, ..., &, be the points
of Ve(I) € K™ and let by,...,b, be polynomials in K[x]. Then the following conditions are
equivalent:

o The set B = {[b1],...,[br]} is a basis of K[x]/I.

o The matriv W = (b;(&)),<; j<, i invertible.

Assume that any of the above conditions is satisfied. Let p be a polynomial in K[z], let Mf be
the matriz of the multiplication operator M,, in the basis B and let D be the diagonal matriz
whose diagonal elements are p(&1),...,p(&). Then

WM, = DW.

In other words, a left eigenvector associated to the eigenvalue p(&;) is given by the row vector

(bi(&) ... be(&)).

Proof. Let a = (aq,...,a,) € K" such that ayb; + -+ + a,b, = 0 mod I. Since Vp(I) =
{&1,...,& }, we have
albl(gi) +--+ arbr(fi) =0 WVi= 1,...,7

With the help of the matrix W = (b, (fi))lgi,jgr’ this equality can be rewritten as Wa = 0.
Thus, the matrix W is invertible if and only if (aq,...,a,) = (0,...,0). This means that W is
invertible if and only if by, . . ., b, are linearly independent modulo I. Since Card B = dim K[z]/I,
we have that W is invertible if and only if B is a basis of K[z]/I.
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Assume now that B is a basis of K[x]/I. Let Mf = (Mij)1<; j<, be the matrix in the basis
B of the multiplication operator M,, from K[z]/I to itself. By definition of the multiplication
operator M,,, we have

.
pb; = kajbk mod I Vj=1,...,r
k=1

Since ¢&; is a point of the variety Vi (I), evaluating this equality at a point &; brings

P (&) = > mugbu(&) Vi=1.....r,
k=1

which can be rewritten as

p(&) (b1(&) o br(&) = ((&) - be(&)) My
Since this equality holds for every &; € Vi (I), we have then
WM, = DW.

O]

With the help of the matrix W defined in Theorem 3.4, the next result introduces polynomials
fi,..., fr that satisfy f;(&) = 6;; for all§; € Ve(I). The polynomials f1,. .., f, (resp. the matrix
W) can be considered as a generalization of the Lagrange polynomials (resp. the Vandermonde
matrix) used in polynomial interpolation when n = 1. Notice that polynomials fi, ..., f, which
satisfy f;(&;) = 0i; are generally not unique.

Corollary 3.5. Let I be a zero-dimensional and radical ideal in K[z], let &1, ..., & be the points
of Ve(I), let by, ..., by be polynomials in Klx| such that the set B = {[b1],...,[b;]} is a basis of
Klz]/I and let W be the matrizc W = (b;(&))

1<i,j<r’

Assume that Vo (I) C K™. Then there exist v polynomials f1,..., fr in Klz] determined by

fi by
whtl | =1
fr br
and satisfying f;(§;) = d;j. Moreover, the set {[fi],...,[fr]} is a basis of K[x]/I.

Proof. By Theorem 3.4, since B is a basis of K[z]/I, the matrix W is invertible so that the

polynomials fi,..., f, in K[z] are determined uniquely by
i b1
=W ] (3.1)
fr br

Let e; be the j vector of the canonical basis of K”. By definition of the matrix W, we have

b1(§5)
Whe; = ; Vi=1,...,m



From the definition of the polynomials fi,..., f., we deduce that they satisfy f;(&;) = d;;.
Let ay,...,a, € K such that
arfi+--+afr=0 modI.

Take fB1,...,53r € Ksuch that (81 ... B;) = (o1 ... o) W~" Using the definition of the
polynomials fi, ..., f., we have then

Bib1 + -+ 5, =0 mod 1.

Since B is a basis of K[z]/I, we have 31 = --- = (3, = 0, or equivalently a; = --- = a;, = 0. The
polynomials fi,..., f, are then linearly independent modulo I. Finally, since dim K[x]/I = r,
the set {[f1],...,[fr]} is a basis of K[z]/I. O

3.2 Hankel operators of finite rank

After a short description of the dual space of the polynomial space K[z|, we associate a Hankel
operator to any of its elements. The Hankel operator is our main theoretical object to study the
properties of its linear form. The kernel of the Hankel operator is fundamental in characterizing
the linear form. The linear operator obtained from the Hankel operator and defined on the
quotient of the space K[z| by this kernel is of particular interest.

Linear forms

The set of K—linear forms from K|z] to K is denoted by K[z]* and called the dual space of K][z].
Typical examples of linear forms on K[z]| are the evaluations 1¢ at a point £ of K". They are
defined by

Ie : K[z] = K, p — p(§).

Other examples of linear forms on K[z]| are given by linear combinations of evaluations

A:Kz] = K,p+— Zajllgj(p),
j=1

with a; € K\ {0} and §; € K", or, when K = R, by the integration over a domain D C R"

Q:Rlz] > R,p— /Dp(a;)dx.

Notice that a linear combination of evaluations corresponds to a discrete domain of integration.

Construction of Hankel operators

For any linear form A € Kz]*, the associated Hankel operator H is the linear operator

H:Klz] = Klz]*,p— p* A,
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where px A : K[z] = K, ¢ — A(pqg). The kernel of H
In = {p € Ke] | px A =0}

is an ideal of K[z] and its image is included in the subspace (Iy)* = {Q € K[z]* | Q(p) =0 Vp €
IA} C K[l’]*

Let 7 be the natural morphism from K[x] onto the quotient space K|x|/I5, which associates to
any polynomial p € K]z] its class [p] modulo I

7 Klz] = Kz]/In,p — [p].

The linear operator H factors through the morphism H : Klz]/Ix — K[z]* defined by H = Ho.
Since H is an isomorphism from Klz]/Iy to H(K[z]), the ideal Ix is zero-dimensional if and
only if the rank of the Hankel operator # is finite, in which case dimK|z]/I) = rank #.

Assume now that the rank of the Hankel operator is finite. The morphism 7 induces the
morphism
T (Klz]/Ip)* — (In)", Q2 Qo

which is an isomorphism [32, Proposition 7.9]. There exists then a linear operator H from the
quotient space K[z]/I to its dual space (K[z]/I5)" defined by

H: Kla]/In — (Klz]/In)", [p] = (m) ™ 0w o H([p]),

where 1 is the natural inclusion from H(K[z]) to (Iy)™.

1 n (”*)71

L AR — (L) — (K[z)/In)"

Klz]
7T o
H

H

Klz]/Ia

Figure 9: Commutative diagram representing the construction of the linear operator H.

The commutative diagram in Figure 9 helps to check that the linear operator H is one-to-one by
construction. Since dim K[z]/Iy = dim (K[z]/Ip)", H is furthermore an isomorphism. Notice
that this implies that H(K[z]) = (Ix)*.

Matrices of Hankel operators

Given a set B = {b1,...,b,} C K[z] and a polynomial p € K[z], we introduce the matrix
HP = (A(bibjp)1<ijar

We relate now the matrix Hf , starting with the case p = 1, to the linear operator H obtained

from the Hankel operator H following the commutative diagram in Figure 9. For ease of
notation, we also denote by B the set {[b1],...,[br]} of classes modulo I, .
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Theorem 3.6. Assume that rankH = r < oo and let B = {b,...,b,} C K[z]. Then B is a
basis of K[x]/Ix if and only if the matriz HP is invertible, in which case the matriz HY is the
matriz of the linear operator H in the basis B and its dual basis B* in (K[x]/Ix)".

Proof. Let o = (a1, ...,,) € K" such that ayby + - -+ a,.b, =0 mod I,. Using the definition
of I, we get

a1 A(b1b;) + -+ arA(byb) =0 Yi=1,...,r
With the help of the matrix HP = (A(bibj))1<; j<rs
0. Assuming that the matrix HP is invertible leads to (a1,...,a,) = (0,...,0). Thus, the

polynomials by, ..., b, are linearly independent modulo 5. Since Card B = dimK][z]|/I, the
set B ={[bi1],...,[br]} is a basis of K[z]/I4.

this equality can be rewritten as Hf o =

Conversely, assume that B is a basis of K[z]/Ix. The K—vector space K[z] is then the direct
sum of the span of B and the vector space I so that #(K[z]) = #(Span B). For each b; € B,
let b} be the linear form in the dual space (Span B)" such that bf(b;) = d;x. We have

Hbj) = A(bjb)b; Wb € B (3.2)
=1

since

H(b;)(be) = A(bjby) = (ZA (b;bi) b*) bs) Vb € B,

Equation (3.2) shows that #(Span B) C Span (b3,...,bF). Since rank 2 = 7, the set {b7,...,b}
is a basis of H(K[x]), that is a basis of (Ix ). Thanks to the isomorphism 7, the set {b7,...,b5}
is identified to the dual basis B* in (K[z]/Ix)" of the basis B in K[z]/I5. Thus, the matrix of
the linear operator H in the basis B and its dual basis B* is the matrix HZ. Since H is an
isomorphism, the matrix H{ is invertible. O

Assume that the polynomials by, ..., b, are chosen such that B is a basis of K[x]/Ix. Consider
a polynomial p € K[z]. The matrix Hf = (A(bibjp)),<; j<, is similarly related to the linear
operator

H,=HoM,.

Theorem 3.7. Assume that rankH = r < oo and that B is a basis of K[z]/Ix. Then, for any
polynomial p € K[x], the matrix Hf is the matrixz of the linear operator H o M, in the basis B

and its dual basis B* and
B — gBMB

where Mf is the matriz of the multiplication operator M, in the basis B.

Proof. Let p € K[z]. By definition of the multiplication operator M, we have
Ho My([bs]) =H(bjpl) Vi=1,...,r

As in the proof of Theorem 3.6, we introduce the linear forms b7, ...,b; on Span B. Equation
(3.2) leads to the following equality

Hbjp) = > Abibp)b; Vj=1,..... (3.3)
1=1
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Since H([b;p]) = ﬁ(bjp) for all b; € B and thanks to the isomorphism 7., we deduce from
(3.3) that the matrix HIBMI])B of the operator H o M, in the basis B and its dual basis B* is
(A(bibjp)),<; j<,- The latter is by definition the matrix Hf. O

The next result shows the change of basis relation for the matrices of the linear operators H,.

Corollary 3.8. Let by,..., b, be polynomials in K[z] such that B = {[b1],...,[b.]} is basis of
K[z]/In and let by, ..., b, be polynomials in K[z]| given by

by b1

S| =@ ;

b by
where @ = (4ij)1<; j<, i an invertible matriz. Then B ={[b],....[b]} is a basis of K|z]/Ix

and, given a polynomial p € K|x], the matriz Hpg satisfies

B _ Bt
H =QH;Q"

.

Proof. On one hand, for every ¢ = 1,...,r, we have by definition b; = Z%‘kbk- Applying this
k=1

to the entries of the matrix Hf brings

A(bibip) = qieA(bibip) = Y qirgjeM(bebep) V1 <i,j <.
k=1 1<k 0<r

Thus, we have

HP = Z 4ikqjeA(brbep)

1<k,t<r 1<i,j<r

On the other hand, we have
QHJQ" = (4ij)1<j<r (MbibjD)) 1<y i<y ()12 <

T
<ql'j)1§i,jgr que/\(bibgp)
=1 1<i j<r

= > qiwaeh(bibep)

1<kt<r 1<i,j<r

Comparing the two matrices leads to the expected result

B _ Bt
HP = QHPQ".

O]

For any polynomial p € K|z], we can deduce from Theorem 3.6 and Theorem 3.7 a way to
compute the values of the polynomial p on the variety Vi(Ip). Indeed, since B is a basis
of K[x]/Ix, Theorem 3.6 says that the matrix HP is invertible and Theorem 3.7 says that
Hf = HP Mf . Thus, the eigenvalue problem of the matrix Mf is equivalent to the generalized
eigenvalue problem of the pair of matrices (Hf , HP). Theorem 3.3 leads then to the following
result:

93



Corollary 3.9. Assume that rankH = r < co. Let B be a basis of K[z]/Ia, let p € K[z] and
let HIB and Hf be the matrices as defined above. Then the generalized eigenvalues of the pair
(HPB,HlB) are the values of p on Vi (Iy).

The eigenvalue method for solving polynomial equations uses the eigenvalues of the multiplica-
tion operators M, for appropriate polynomials p € K[z]. Similarly, Corollary 3.9 relates the
generalized eigenvalues of (#,,H) to the variety V¢ (Ia).

Another characterization of the zero-dimensional ideal I, is given in the next result. Its proof
is based on the one of Theorem 5.19 in [74].

Proposition 3.10. Let A be a linear form on Kz] with rankH = r < co. Let by,..., by
be polynomials in K[x] such that B = {[b1],...,[br]} is a basis of K[z|/In. Assume that the
polynomials by, ..., b, are in Klx]<s_1. Then the ideal generated by the kernel of the restriction
HO) of H to Klz]|<s is the ideal I, that is

Iy = (kerH(5)) .

Proof. Since H9) is a restriction of the Hankel operator ﬁ, we have ker #(®) C I, implying
(ker 7—[(6)> C 1.

To show the reverse inclusion, we first show using induction on || that, for all 8 € N,
2P € Span(by, ..., b,) + (ker 7—[(5)) . (3.4)

Since by, ..., b, are polynomials in K[z]<s_; such that {[b1], ..., [b,]} is a basis of K[z]/I,, those
polynomials form a basis of the supplementary of ker (%) in K[z]<5. Thus, if |8] < 4, (3.4)
holds. Assume |3] > ¢ 4+ 1. Then

2P = 227 with |y| = |8] — 1 and j € {1,...,n}.

By the induction assumption,

28 = xj (i Aib; + q) = i Aixjb; + x4q

i=1 i=1
with ¢ € (ker 7—[(5)). Since x;b; € K[z]<s and zjq € (ker ’H(é)), we have

2’ e Span(by,...,b,) + (ker?—[(‘s)) )
Thus, (3.4) holds for all 5 € N™.

Take p € I5. In view of (3.4), we can write p = u + v with v € Span(by,...,b,) and v €
(kerH(5)) C Ip. Hence, p — v € Span(by,...,b,) N Ix, which implies p — v = 0. Therefore,
pE (ker 7-[(6)), which concludes the proof for equality In = (ker ’H(‘S)). O

Proposition 3.10 prepares for the Flat extension theorem inASection 3.4: it says that the in-
formation concerning I, the kernel of the Hankel operator H on the whole polynomial space
K|[z], is contained in the kernel of H(®), the restriction of H to R[z]<s for a well-chosen degree
0. In other words, if one can choose a degree § as in Proposition 3.10, then the study of Ix can
be done thanks to the matrix HlB((S) = (A(bibj))lgz‘,jgr,;’ where B®) = {by,...,b,;} is a basis of
R[.’IJ]S(;.
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3.3 Kernels of Hankel operators and radical ideals

We show here how to recover a linear form from its Hankel operator, when this latter is of finite
rank. We assume now that the zero-dimensional ideal I is radical.

Thanks to the structure theorem [32, Theorem 7.34], when the ideal I is zero-dimensional, the
space (I)" is the direct sum of subspaces (of dimension > 1) and each subspace depends on
a point of Vo(Iy). Assume that the ideal is furthermore radical. Since the spaces (Iy)" and
K[x]/Ip are isomorphic,

dim (Ip)* = dimK[2]/I = 7.
Thus, each subspace is of dimension 1 and is spanned by the evaluation 1¢; at a point &; of

Ve(Ip). The linear form A, which belongs to (I A)L, can then be expressed in a simple way as
described in the following result:

Theorem 3.11. Assume that rankH = r < co. Then the following conditions are equivalent:

o The ideal Ip is radical.

,
o A= Z ajle; with a; € C\ {0} and & € C" pairwise distinct.
j=1

If any of the above conditions is satisfied, then Vo(Ipn) = {&1,...,&}-

T
Proof. Assume that A = Zaj]lﬁj with a; € C\ {0} and & € C" pairwise distinct. Let
j=1
I(&1,...,&) be the ideal of polynomials vanishing at the points &;,...,&.. By the Strong
Nullstellensatz [23, Chapter 1.4], the ideal I(1,...,&,) is radical. Let f € I(&1,...,&), then

A(f) =) a;f(&) =0.
j=1

Thus, I(&1,...,&) C Ix. Assume that there exists ¢ € Iy such that ¢ ¢ I(&1,...,&,), which
means that there exists £; such that ¢(&;) # 0. Since the ideal I(1, ..., &) is zero-dimensional
and radical, Corollary 3.5 implies that there exist polynomials fi,..., f, satisfying fi(&;) = di;.
Then we have A(qf;) = aiq(&;) # 0, which leads to a contradiction. Thus, In = I(&1,...,&)
and the ideal I, is radical. O

The polynomials introduced in Corollary 3.5 give particular bases of the quotient space K[z]/Ix.

Corollary 3.12. Assume that the ideal Iy is zero-dimensional and radical and that Vi (Ip) =
{&,...,&} C K" Let f1,..., fr be polynomials as in Corollary 3.5 and denote by C the basis

{lfls -, [fr]} of K[z]/Ip. Then, for any polynomial p € K|x],
ape) 0 ... 0
= 0o =| L
0 .. 0 arp(zﬁr)
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The assumption Ve(Zp) C K™ in this last result leads to a; € K\ {0} since A(f;) = a; for all
j=1,...,r.

In the case K = R, a sufficient condition for Vc(/y) C R™ is given in [74, Lemma 5.2] by the
positive semidefiniteness of the Hankel operator H (see also [24, 73, 84]). Combining this result
with Theorem 3.11, we get:

Proposition 3.13. Let A be a linear form on Rx]. If the Hankel operator H is positive
semidefinite and rank H = r < oo, then the ideal I is radical and Vi (In) C R™. Thus,

.
A= Z a;jle
j=1
with aj > 0 and & € R" pairwise distinct.

The fact that the coefficients ay,...,a, are positive in Proposition 3.13 is a consequence of
Corollary 3.12: taking p = 1, since the Hankel operator H is positive semidefinite, we get
aj >0forall j=1,...,r.

Conversely, if the coefficients aq,...,a, are positive, then the Hankel operator H is positive
semidefinite as well as the linear operators H and H,, for every p € R[z| such that p(;) > 0 for
allj=1,...r.

3.4 Flat extension

Our approach to cubatures is based on the extension of a linear form on R[z]<95 to R[z]. The
existence of such an appropriate extension is secured by Tchakaloff’s theorem (Theorem 2.1).
We present here the criteria that will be used to actually determine them.

Let A be a linear form on R[z]<gs. Similarly to Section 3.2, we associate with A(9) the Hankel
operator
HO) : Rlz]<s — Rlz]s,p = p* A,

Its matrix in any basis B®) = {by,... b, } of Rlz]<s and its dual basis is

(8)
HlB = (A(bibj)>1§i,j§r5 :

A linear form A+ on R[z]<25+2, is an extension of a given linear form A©® on R[z]<gs if its
restriction to R[z]<gs is A, that is if

AT (p) = A (p)  Vp € Rla]<as.

A linear form At%) on R[z]<2s12x is a flat extension of a given linear form A®) if furthermore

the rank of its associated Hankel operator H(®t#%) is the rank of the Hankel operator H (%)
associated with the linear form A(©®). In this case, H(®+*) is positive semidefinite if and only if
H®) is positive semidefinite.

The flat extension theorem below was proved in terms of moment matrices, that is matrices
HIB((S> for a monomial basis B = {2 | |a| < 6} (see [24, 25, 73, 74]) or in terms of submatrices
of those [75].
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Theorem 3.14 (Flat extension theorem). Let A®) be a linear form on R[z]<as. Assume that
AO) is a flat extension of its restriction to R[z]<25—2. Then there ezists a unique flat extension
of A©) to Rz]<254+2k for all k > 1.

Assume furthermore the positive semidefiniteness of the Hankel operator H(®) associated with
the linear form A©) of the Flat extension theorem. The Hankel operator H associated with the
unique flat extension A on R[z] of A®) is also positive semidefinite. By Proposition 3.13, this
linear form A takes a particular form. Proposition 3.10 implies that Vi (Ix) = Ve (ker H(9).

Corollary 3.15. Let A©®) be a linear form on Rz]<2s5. Assume that A®) s a flat extension of
its restriction to R[x]<as_2 and that its associated Hankel operator HO) s positive semidefinite.
Then the linear form A on R[z] defined by

T
A= Z ajle;,
j=1

with r = rank 1), a; >0 and {&1,...,&} = Ve(ker HO)) C R™, is the unique flat extension of
A®) to R[z].

In our application, we are interested in linear forms on R[z] of the form

T
A=) ol
j=1
with 7 > 0, a; > 0 and §; € R" pairwise distinct. In addition, we expect that the points &; lie
in a prescribed semialgebraic set K (e.g. a triangle, a square or a disk) defined by
K={zcR" | gi(x) > 0,...,q,(x) > 0},
where g1, ..., gs are polynomials in Rz].

As described in the next result, this last property can be checked thanks to the positive semidef-
initeness of the linear operators Héi) : Rlz]<s — Rlz]ts,p > (grp) * A® for all k = 1,...,s.
This result was proved in terms of localizing matrices, that is the matrices of the linear operators
’Hgi) in a monomial basis B of R[z]<s [74, Theorem 5.23],[25].

Proposition 3.16. Consider the semialgebraic set
K={zeR" | gi(z) 20,...,95(z) > 0}.

Let k € N be such that k > 1 and 2k > deg gy, for allk =1,...,s. Let A be a linear form on
R[z]<95 and let AO+R) R[z]<25+25 — R be a flat extension of A Assume that H®) and ’Héi)
are positive semidefinite for all k =1,...,s. Then the linear form A on R[z] defined by

A= Z aj]]_gj,
j=1

with r = rank 1), a; >0 and {&1,...,&} = Ve(ker HO) C R”, is the unique flat extension of
AR 1o Rlz] and is such that & € K.
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4 Fraction-free diagonalization of positive semidefinite matrices

A symmetric matrix whose entries are polynomials in some parameters hy,...,h; over a field
extension of QQ is considered. Based on a characterization of positive semidefinite matrices
in terms of their principal minors, the goal is to diagonalize the matrix on its locus of semi-
positivity. We show that Bareiss’ fraction-free elimination scheme can run without pivoting to
produce the expected diagonalization. The present approach is for exact arithmetic.

In this section, we present different algorithms that lead step by step to the central computa-
tional ingredient for the moment matrix approach to cubature. Starting with a characterization
of positive semidefinite matrices in terms of principal minors, we deduce a first recursive proce-
dure to check the positive semidefiniteness of symmetric matrices with real coefficients based on
an analysis of the sign of the pivot at each step of a LU-decomposition. Since we are interested
in matrices with polynomial entries, a fraction-free LU-decomposition is preferable. We show
that Bareiss’ scheme for the triangularization of a given matrix [4, 5, 41], and more specifically
its revisited version for the diagonalization of a given symmetric matrix [58, 95|, is compatible
with our first procedure. This leads to a second procedure for symmetric matrices with entries
in an integral domain of R. In the case of polynomial entries over a field extension of Q, we
introduce a distinction between the different possible cases in the characterization in terms of
principal minors. This leads to a third procedure whose output is a set of triplets: each triplet
represents conditions under which the matrix in input is positive semidefinite. The number of
triplets grows exponentially with the size of the matrix. When the matrix comes from the search
for cubatures, this number is reduced by the problem itself. This leads to the last procedure of
the section: Algorithm 4.7 [Diagonalization & Positivity with Rank Constraints].

An alternative approach, based on [6, Chapter 8.2.4], to describe the locus of semi-positivity of
a ¢ X ¢ symmetric matrix A with entries in R[h] = R[hq, ..., h¢] is to express it as a semialgebraic
set. Let xa be the characteristic polynomial of A

xa=X— 1 X 4 (D)X TR+ (1) Y,

where the coefficients i are therefore in R[h| for all k = 1,...,c. Then the set of points 4 in
R? such that A is positive semidefinite is the semialgebraic set

{heR" [ x1(h) > 0,...,xc(h) > 0}.
If the rank r is furthermore known, then this semialgebraic set becomes
{h € Rt | Xl(h) > 07 s 7chr71(h) > Ochfr(h) > 0, chrJrl(h) = ... = Xc(h) = 0}

Finding the points in such a semialgebraic set is a central question in computational real al-
gebraic geometry [6]. When one is interested in finding a point in this semialgebraic set, a
numerical solution is provided by SemiDefinite Programming solvers. They can handle sym-
metric matrices with a high number of variables. Recently in [56], an exact algorithm has been
proposed that decides whether this semialgebraic set is empty or not and, in the negative case,
exhibits an algebraic representation of a point in this semialgebraic set. We refer also to [56,
Chapter 1.2] for a state-of-the-art on this topic. In comparison, Algorithm 4.7 [Diagonalization
& Positivity with Rank Constraints] provides the whole set of points and a change of basis such
that the symmetric matrix becomes diagonal. However, this approach is suitable when the size
of the symmetric matrix is small or reduced by block diagonalization: this is the case in the
proposed search for symmetric cubatures.
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4.1 Positive semidefinite matrices

A symmetric matrix A = (a;;), <ij<c I8 called positive semidefinite if
X'AX >0 VX eR"

It is called positive definite if it satisfies furthermore
X'AX =0& X =0.

Given any matrix A = (ai;) the determinant of its submatrix A; = (aij)( Jes2 With

1<i,j<c’ i,j

J C{l,...,c} is called a prinzi]ial minor. If the subset J satisfies furthermore J :J{l, ok}
with 1 < k < ¢, then this determinant is called leading principal minor. A characterization of a
positive definite (resp. semidefinite) matrix A is given in terms of its leading principal minors
(resp. principal minors) as follows.

Theorem 4.1 ([108, Theorem 7.2]). Let A be a symmetric matriz. Then

o A is positive definite if and only if every leading principal minor of A is positive.

o A is positive semidefinite if and only if every principal minor of A is nonnegative.

With the help of Theorem 4.1, a recursive procedure based on Gaussian elimination that checks
whether a symmetric matrix is positive semidefinite or not is given by the following result.

Corollary 4.2. Let A = (aij),; ;. be a symmetric matriz.

1. If Ais a1 x 1 matriz, then A is positive semidefinite if and only if a;1 > 0.
2. Otherwise:

(a) If a11 < 0, then A is not positive semidefinite.

(b) If a11 = 0, then A is positive semidefinite if and only if a1; = 0 for every j =1,...,c
and the submatriz obtained by deleting the first row and the first column is positive
semidefinite.

(¢) If a;1 > 0, then for each i > 1 subtract %L times row 1 from row i and delete the first

ail
row and the first column. Then A is positive semidefinite if and only if the resulting

maltriz is positive semidefinite.

Proof. Since the coefficient aq1 is a principal minor, a;; > 0 is a necessary condition for the
positive semidefiniteness of the matrix A. In the particular case of a 1 x 1 matrix A, this is also
a sufficient condition by Theorem 4.1. It remains now to study the cases 2.(b) and 2.(c).

Assuming that a1; = 0, then we distinguish two cases:
o If a;; = 0 for all j = 1,...,¢, then every principal minor det A; with 1 € J is zero

since the coefficients of a row of the matrix A are zero. As a consequence, A is positive

semidefinite if and only if the matrix (a;;),., i< is positive semidefinite.
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e If there is a nonzero coefficient in the first row of A, that is if there exists j such that

. . . allr aiyg . . .
a1; # 0, then the principal minor det < J > is negative since
a1 ajj
a1l aij
det 7 = a11ajj; — a1a1 = —a%j < 0.
a1 ajj

Then A is not positive semidefinite.

Assuming that a1 > 0, the row operations describe the matrix equality A = LU, that is

1 0 ... ... 0 a1 ary . ... Gl
ail A1c % 1 . 0 as ... ... QG
: =10
Qcl Gec .

a1 o .. 0 1 0 Qe ... ... Qe

a1l

with a;; = aj; — g2 ay; for all (4, 7) € N? such that 2 <i,j < c.

Since we have a a
~ il 1i - .
Qij = Qi — ——ai; = a5 — —a; = a5 V2<1i,j <,
ar al

the matrix A = (aij)y<; ;<. is a symmetric matrix.

For every J C {1,...,c} with 1 € J, we also have
det Ay =detL; detUjy and det Ly =1
so that the principal minor det Ay of A is the principal minor det Uy of U.
We have furthermore that
det Uy = a1 det UJ\{l}.

Since aq1 is positive, the principal minors of U are nonnegative if and only if the ones of the
matrix U without the first row and the first column are nonnegative. O

A direct consequence is a recursive procedure based on Gaussian elimination that checks whether
a symmetric matrix A = (a;;), <ij<c 18 positive definite or not is given by:

1. If Ais a1l x 1 matrix, then A is positive definite if and only if a;; > 0.
2. Otherwise:

(a) If a11 <0, then A is not positive definite.

(b) If @11 > 0, then for each i > 1 subtract 7 times row 1 from row ¢ and delete the
first row and the first column. Then A is positive definite if and only if the resulting
matrix is positive definite.

When the matrix A depends polynomially on some parameters, one can add a case distinction at
each step to provide the conditions on the parameters for the matrix to be positive semidefinite
and compute the rank. However the recursive procedure in Corollary 4.2 runs then with rational
functions whose numerators and denominators grow fast in degree. We therefore introduce a
fraction-free variant in the next section.
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4.2 Fraction-free triangularization and diagonalization

The fraction-free approach of Bareiss [4, 5, 41] to Gaussian elimination allows a better control
of the growth of the entries, whether integers or polynomials, by dividing a known extraneous
factor. The intermediate results obtained at each step of elimination can actually be expressed
in terms of minors of the original matrix. This gives a clear idea on the growth and the
specialization property of the results. The scheme was revisited in [58, 95] for the diagonalization
of symmetric matrices. For symmetric positive definite matrices, the algorithm runs without
any pivoting. Based on their characterization in terms of non-negativity of the principal minors,
we show that for positive semidefinite matrices we can similarly avoid any pivoting. This section
was written with the help of G. Labahn.

We deal with A = (aij)1<z‘j<c a ¢ X ¢ matrix with entries in an integral domain R. The
description of Bareiss’ algorithm requires us to introduce the following matrices and minors.

By convention, we write A©) = A and aél)l) = 1. Let £ be an integer such that 1 </ <c¢—1
and let

0) (0 (0)

i s

0 ay, a3.c

a0 | S

) @)

0 Qo141 7 pgipe

¢ ¢

0 0 a9, e d)
a1l vt Glg G1

with ag?:det : : : forall £ < i,j <c.

’ ag1 - Qg Gy
a1 Qi Qi

Theorem 4.3. Let £ be an integer such that 1 < £ < c¢—1.

Lo Ifa 2} #0 forallk=1,....0, then AO = L,... LA with

1 0 ... B {
0
L — 0 1
—le+1
; 0
; 0
0 0 —lc 0 0 I
k—1) (k—1
. B a;(g, _ Yk : -
with I, = ) and l; ) forg=k+1,...,¢c
Op_1,k-1 k—1,k—1
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2. If A is furthermore symmetric, then the matrix AW = L(Z)AL(Z)t, with LW = L,... Ly,
is also symmetric. This matriz AY is given by

&52) 0o ... . o0
0 .
~ ~(£—1)
A®) = 0.0 (,Z)O o (,g : (4.1)
0 dz+1,£+1 e a€+1,c
0 o al,, - al

() _ o (B) (b—1)

with a; ;= a; ;g
3. If R C R and A is furthermore positive semidefinite, then
° a,(f,;l) #0 forallk=1,...,¢ implies al(fklzl) >0 forallk=1,...,0¢.

° aéﬁzl’“l 18 either positive or zero. In this last case, aﬁl,fﬂ' =0foralll <j<c—V.

Proof. 1. The first observation is the basis of Bareiss’s algorithm [4, 5, 41].
2. The second observation was presented in [58, 95].

3. Let Ay be the (£+2) x (£+2) leading principal submatrix of A. If we apply the adequately
truncated L) to Ay, we obtain the (£ + 2) x (£ + 2) leading principal submatrix of A,
We have then

-1 ¢
—1)\ 2 k—1 k—1 ¢ ¢ ¢ 2
<“§,e )) (H al(c,k )) det(A;) = (Hal(ck )> <“§421,e+1a2422,z+2 - (“§+)1,6+2) >

k=1 fm1

If a,(clz_l) >0forall<Egk</{ and a%}l ¢+1 = 0 while aﬁ_ﬁgw # 0 then det Ay < 0.

According to Theorem 4.1 this contradicts A being positive semidefinite.
Notice that we used the fact that

(k=1) \ “7F 1
g, i ¢ (e—1)\ ¢ (k—1)
det Ly = | —g— so that det LY = (au ) ap
Op—1,k—1 k=1

and replaced ¢ by ¢ + 2 to reflect the truncation.

The same argument, changing A; to be another principal matrix, shows that for A to be

positive semidefinite when aﬁ?l ¢+1 = 0, it is required that aé?l 045 =0 forall2 < j < c¢—V.

O]

If we consider a symmetric ¢ X ¢ matrix A with entries in R C R that is positive definite then,

according to Theorem 4.1, ayg_ U< 0 for all 1 < ¢ < ¢. We can thus proceed with elimination

steps without any pivoting. After ¢ — 1 such steps we have

a(();)l)ag?{ 0 e 0
e _ 0 aﬁ?aéf%
: . 0
0 o0 al S el
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In general though one might encounter a,(f,; U that is zero. One then has to introduce a pivoting

strategy. This one differs wether one is interested in the triagularization or the diagonalization.
See [5, 41] and [58] respectively.

We are here more concerned with positive semidefinite matrices. The third observation in
Theorem 4.3 allows us to proceed without pivoting. This result can be restated as follows for
an algorithmic point view.

Proposition 4.4. Let A be a symmetric ¢ X ¢ matriz with entries in an integral domain R C R.
Assume that aékk_l) >0 forl<k</{ If aéég_l) =0 then

A is positive semidefinite of rank v > ¢ — 1 if and only if a%_jj) =0 foralll <j<c—/{ and
the principal submatriz A; obtained from A by removing the £-th row and column is positive

semidefinite of rank r.

Notice that for k < ¢ we have (A(;) - (A(k))l;. So we can start the triangularization process
and when we encounter a pivot that is zero, we remove (ignore) that row and column and
continue on. The entries of the successive matrices we encounter are thus determinants of a
principal submatrix of A, whose size is the rank of A.

We give a recursive presentation of the algorithm that will be completed with a branching
process in the next section. The algorithm is initially called with A, P = [1] and E = []. For
the algorithmic description we will use the following notation. For a matrix A = (a;j)1<i j<c
with entries in R and p € R, we define the first elimination matrix with the last non-zero pivot
p as

1 0 ... ... 0
G231 a1
L(A,p) = 0
: 0
_ el 0 0 1,1
p p

Algorithm 4.5. Fraction-free diagonalization

Input : > A a symmetric ¢ X ¢ matrix with entries in R C R that is positive semidefinite.
> P a list of positive elements of R - P stands for pivots or positive.
> F a list of elimination matrices with entries in the quotient field of R.
Output: > P a list of positive elements of R with Card(P) =rank A + 1.
> F a list of elimination matrices with entries in the quotient field of R
such that the product L of the elements in F
satisfies L A L! is a diagonal matrix whose non-zero entries
are the product of two consecutive elements of P.

If ¢ =0 then return P, E; Otherwise:
if a11 > 0 then

e Let p be the last element of P.
e Append ay; to P.
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e Append L(A,p) to E.

e Let A be now the submatrix of L(A,p) A obtained by removing the first row and
first column.

elif a1 =0 (and therefore a1 ; = 0 for any 2 < j < c¢) then
e Let A be now the submatrix of A obtained by removing the first row and first column.

Make a recursive call with A, P and E as obtained above.

4.3 Diagonalization over the locus of semi-positivity

Consider now the integral domain R as the polynomial ring K[h] = K[h1, ..., k], where K C R
is a field extension of Q. With the criterion presented in previous section, we can write a
fraction-free and pivoting free algorithm that provides a diagonalization of A over its locus of
positivity.

Let us introduce the specialization ¢ : K[h] — R, which is a K-morphism. A typical example is
given by

with i = (hy,...,h) a point in R'. Given a matrix A = (aij)1<; j<. With ai; € K[h], we denote
by ¢(A) the matrix obtained by applying ¢ to the coefficients of A, that is

P(A) = (¢(aij))1gi,jgc = (aij>1§i7jgc'

Likewise
ail - Qi Qrj
Ezgf):det 7: 7: 7: :gb(ag)) Vi<i<c—-1,W<i,j<c
Qg1 o Gpe Qg
a1 v Qg Qg

We give a recursive description of the algorithm. It is initialized with the full symmetric matrix
A, P=[1],Z=0and E = []. We will use the following notation. For a matrix A = (a;j)1<i j<c
with entries in R and p € R, we define the first elimination matrix with the last non-zero pivot
p as

1 0 e e 0
C a1 a1
L(A,p) = 0
: 0
_Gel o A1
b p

Algorithm 4.6. Diagonalization & Positivity
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Input : > A = (aij),; j<. & ¢ X ¢ symmetric matrix with entries in K[h].
> P a list of polynomials in K[h] - P stands for pivots or positive.
> Z a set of polynomials in K[h] - Z stands for zero.
> I a list of elimination matrices.

Output: > A set S of triplets [P, Z, E], where

e P is a list of polynomials in K[A],
e 7 is a set of polynomials in KI[A],
e I is a list of elimination matrices in K(h)
whose denominators are power products of elements in P.

The set S satisfies the following property: For a specialization ¢ : K[h] — R, ¢(A) is positive
semidefinite if and only if there is a triplet [P, Z, E] in S such that

é(p) >0Vpe Pand ¢(q) =0Vq e Z.

In this case Card(P) — 1 is the rank of ¢(A) and, letting L be the product of the elements of
E, ¢(LAL!) is a diagonal matrix whose non zero entries are the product of two consecutive

elements in ¢(P) = {¢(p),p € P}.

If ¢ =0 then return [P, Z, E]; Otherwise:
S; and S, initialized to 0.
If a11 ¢ K or aj; > 0 then

e Let p be the last element of P.

Let A; be the submatrix of L(A,p) A obtained by removing the first row and first
column.

Append aq1 to P to give P;.
Append L(A,p) to E to give Ej.
e S; := Diagonalization & Positivity ( Ay, Pi, Z, Fy ).

If a11 ¢ K or a1 = 0 then

o Zy:={a1;]1<j<n}uUZ
e A is obtained from A by removing the first row and first column.

e S, := Diagonalization & Positivity ( Ag, P, Zs, E ).

return S := S U Ss.

The elements in P and Z are principal minors of A of size up to order Card(P) — 1. This
determines their degrees in terms of the degrees of the entries of A. Furthermore, the output
set S can have as many as 2¢ triplets. One can lower this number if we can dismiss certain
branches by checking if the semialgebraic set defined by a pair (P, Z) is consistent. Though this
is algorithmic [6], it is no light task. One cannot expect Algorithm 4.6 to run easily on large
matrices A with polynomial entries.
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4.4 Diagonalization for determining the existence of cubatures

Taking into account the specificity of the cubature problem, we revisit the procedure in the
previous section. There are less cases to be distinguished so that the size of the output is
smaller.

Let A be a ¢ X ¢ symmetric matrix whose entries are polynomials of degree at most 1 in the
parameters hy, ..., h;. The cubature problem comes with additional input indices ¢ < r < ¢’ <
c. Let A’ (resp. A”) be the ¢ x ¢ (resp. ¢ x ¢’) leading principal submatrix of A. They satisfy:

e The submatrix A’ has entries in K C R a field extension of Q and is positive definite.

e The submatrix A”, under the conditions on hi,...,h; we are looking for, is positive
semidefinite and has the same rank r as the matrix A.

To determine those conditions, Algorithm 4.6 can be applied. The size of its output is reduced
thanks to the information on A, and Aj,: we get less than 2¢ triplets.

e Since A’ is positive definite, the algorithm runs without splitting as long as the matrix is
of size bigger than ¢ — ¢/. The first ¢’ pivots are added to P.

e Since A” is required to have the same rank as A, the algorithm is stopped when the matrix
is of size ¢ — ¢”. All its entries are added to Z.

e Not all the branches created by the algorithm are interesting: only the ones such that
Card P = r + 1 (as we included 1 as first pivot in P). There are then (CT__CC,) interesting
branches to be studied.

Algorithm 4.7. Diagonalization & Positivity with Rank Constraints

Input : > Integers ¢ <r < <ec.
> A ¢ X ¢ symmetric matrix A with entries in K[h]<1,
whose ¢ x ¢ leading principal submatrix is positive definite with entries in K.
> P a list of polynomials in K[h].
> Z a set of polynomials in KJA].
> E a list of elimination matrices.
Output: © A set S of (C;I:CC,,) triplets [P, Z, E], where
e P is a list of polynomials in K[h] with Card P = r + 1,
e 7 is a set of polynomials in K[A],
e I/ is a list of elimination matrices in K(h)
whose denominators are power products of elements in P.

The set S satisfies the following property: For a specialization ¢ : K[h] — R, ¢(A) is positive
semidefinite if and only if there is a triplet [P, Z, E] such that

¢(p) >0 Vpe Pand ¢(q) =0 VgeZ.

In this case, the rank of ¢(A) is r and, letting L be the product of the elements of E, ¢(LAL?)
is a diagonal matrix whose non zero entries are the product of two consecutive elements in

o(P) ={¢(p),p € P}.
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Remark 4.8. If the symmetric matrix A is the matrix of a symmetric bilinear form in a
certain basis B as in the case of the search for cubatures, then the product L of all elements
of E provides the appropriate change of basis described in Theorem 4.3.2 with £ = ¢ — 1 that
diagonalizes A.

In addition, under the conditions on hq,...,h; given by P and Z, this diagonal matrix has
exactly r non zero entries. They correspond to evaluations of the symmetric bilinear form at
squares of r elements of the basis B. The construction of a basis such that the matrix of the
symmetric bilinear form is invertible can then be done without F. It is sufficient to select the
appropriate r elements in the elements of B.
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5 Moment matrix approach to computing cubatures

The algorithms in this section provide the computational solution we propose for the moment
matrix approach to cubature. While the authors in [35] lay the foundations of this approach with
theoretical results and examples, this section completes them with an algorithmic treatment,
which is later enriched for symmetric cubatures.

The proposed solution is divided in three parts. With the help of the last algorithm in the
previous section, we first provide a way to determine the existence for a given measure of
cubatures of a given degree with positive weights. This issue indeed boils down to find the
values of parameters such that a structured symmetric matrix is positive semidefinite of rank r,
the number of nodes. We then show how to guarantee that the nodes lie on the support of the
measure. We introduce there an algorithm that extends to any polynomial space a linear form
that respects the flat extension and positive semidefiniteness assumptions. Once the existence
of a cubature is secured, the third algorithm computes the weights and the coordinates of the
nodes by solving generalized eigenvalue problems. Only this last stage resorts to floating point
arithmetic.

As an example, we choose the known cubature of degree 5 with 7 nodes for the regular hexagon
H, in [101]. Tt can be solved with the present approach, but shows some limitations in the direct
application of this algorithm. This computationally intensive example turns rather gentle when
taking advantage of symmetry in Section 9.4.

The moment matrix approach to cubature we present is based on Curto-Fialkow’s Flat Exten-
sion theorem as in [35] and on Hankel operators as in [1]. The search for minimal cubatures is
reformulated in a (numerical) SemiDefinite Programming problem in [1]. It consists in minimiz-
ing the nuclear norm of Hankel operators associated with possible extensions of the linear form
obtained from the known moments. While a SDP solver provides a solution, we are interested
in finding all cubatures that satisfy certain assumptions. In addition, in some cases, we are able
to provide the exact coordinates of the nodes and the exact weights.

Curto-Fialkow’s Flat Extension theorem has also been used in the context of Gaussian cu-
batures [69]. Their existence is determined by an overdetermined linear system. This is an
alternative criterion to the ones known from the theory of multivariate orthogonal polynomials
[30, Chapter 3.6] that consist in checking either if the n multiplication operators M, ,..., M,
by z1,...,x, in R[z]/Ix have exactly dim R[x] <14] joint eigenvalues, or if they commute pair-
wise. Notice that the matrices of the multiplication operators in an orthonormal basis are the
(multivariate) Jacobi matrices constructed thanks to the three term relation [30, Chapter 3.2].
This link is mentioned in [90], where the author studied cubatures using an operator theory
approach.

5.1 Existence conditions for a cubature

Let p be a positive Borel measure with compact support in R™. Given a degree d, we want to
determine if there exists a cubature A of degree d with positive weights. The moments of order
less than or equal to d are thus part of the input. They can be computed exactly following
[3, 99] when p is the characteristic function of a polytope. The expected number of nodes r is
here fixed. If it is not known, a starting point is given by lower bounds (see Section 2).
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Algorithm 5.1. Existence of a cubature

Input : > The degree d of the expected cubature A.
> The moments of order less than or equal to d for the measure p.
> A number of nodes r bigger than the lower bound dim R[z] <14
—L2
Output : > A system of equations and inequations that determines the existence for
of a cubature A of degree d with positive weights.

1. Choose a degree ¢ such that dimR[z]<5_1 > .

2. Take the monomial basis B() = {b;,...,b.} of R[z]<s following the graded reverse lexi-
cographic order.

3. Construct the moment matrix HlB(é) = (A(bibj))1<ij<c'

This is the matriz of the Hankel operator H®) associated with the restriction A of A
to Rlx]<as5. Every coefficient A(b;bj) is:

e cither the value of the moment [ b;j(x)b;(z)du(z) € K C R if deg(b;b;) < d,

e or an unknown, denoted by hy, if the monomial b;b; has degree bigger than d.

There is one distinct parameter hy per monomial of degree between d + 1 and 25. The
number t of distinct parameters is then

t = dimR[z]<s — dim R[z]|<4. (5.1)

The ¢ x c leading principal submatriz of HIB@, with ¢ = dim R[x]qu has thus entries
2

i K and is positive definite.

4. Find conditions on the parameters hq,...,h;, using Algorithm 4.7 [Diagonalization &
Positivity with Rank Constraints] on the matrix H{ ) such that the linear form A is a
flat extension of the linear form A®~1) and such that the Hankel operator (%) is positive

semidefinite with rank 7.

Following Corollary 3.15, those properties are sufficient to prove the existence for the
measure p of a cubature of degree d with r nodes and with positive weights.

The matrix HIB((S), under the conditions on the parameters hi,..., h:, satisfies then:
o Its " x " leading principal submatriz, with ¢’ = dimR[z|<5_1, has the same rank r
as the whole matrix Hf3<5).
° HIB<5) is positive semidefinite.
Thus, Algorithm 4.7 can be used to determine those conditions: each triplet [P, Z, E]

provides a system of equations (from Z) and inequations (from P) that determines the
existence of a cubature.

Algorithm 5.1 gives thus a system of equations and inequations that determines the existence
for p of a cubature of degree d with positive weights. There is then no guarantee that the nodes
lie on the support of u. This property is examined in the next section.

Since this requires generally the determination of additional parameters h,, we suggest to skip
it in practice. The fact that the cubature is inside is then checked after the computation of the
nodes.
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5.2 Existence of an inside cubature

In the following, we assume that the existence of a cubature A has been shown, that is we know
conditions on parameters hi,...,h; such that the assumptions of Corollary 3.15 are satisfied:
flat extension and positive semidefiniteness.

To guarantee that the nodes of the sought cubature A lie on supp p, we shall assume that supp p
is semialgebraic
supp o = {z € R" | g1(2) > 0,..., gs(x) > 0}

with gx € R[z] for all k = 1,...,s. According to Proposition 3.16, it is then sufficient to show
that the Hankel operators Hg, are positive semidefinite for all k =1,...,s.

Let k € N be such that x > 1 and 2x > deggy for all K = 1,...,s. Consider the matrices
Hﬁwﬂ) = (A(9kbibj))1<; j<r,_,» Where BO™Y = {by, ... b, .} is a basis of R[z]<s_;. Its coef-
ficients are numbers in K, or polynomials in the parameters hq, ..., h;, or unknowns 3. Those
unknown coefficients are uniquely determined by the flat extension assumption. Theorem 3.14
implies indeed that the linear form A®+t5=1) on R[x]<26+25—2 is uniquely determined by the con-
ditions on hy,. .., h, or equivalently by a triplet [P, Z, E] using the notations of Algorithm 4.7.

Algorithm 5.2. Unique Extension

Input : > Integers d, 0 and k such that:
e The values A(p) are known if degp < d.
e The coefficients of the matrix H{? ) of the Hankel operator
associated with A in a basis B©®) of R[x]<; are

either numbers in K, or polynomials in hq, ..., hy.
e A basis BOtr=1) of R[z]<s4r—1 is taken such that B ¢ pot+s=1),
> A system of equations and inequations in the parameters hq,..., h;

such that the assumptions of Corollary 3.15 are satisfied.

Output : > The matrix HP @+ whose entries are
either numbers in K, or polynomials in parameters hq, ..., A, ety .-, Pry
where hyi1,...,h, are additional parameters defined by hy = A(py)
with 20 < degpy < 26 + 2k — 2.
> A system of equations and inequations on hq,...,h,
such that ACT#=1) is the unique flat extension of A().

The main ingredient to determine the system in output of Algorithm 5.2 is Algorithm 4.7.
There is however only one triplet [P, Z, E]. The choice of the unique branch is determined by
the system of equations and inequations in the parameters hq,...,h;. Indeed, the principal
submatrix of HlB(éﬂ_l) that corresponds to HlB(é) has the same rank as H{H'ﬂfl). Once this
submatrix is treated, the remaining entries are then added to Z.

The entries of the matrices H, 5@(571) are then either numbers in K, or polynomials in hq,..., h;.

It remains to find conditions on hq, ..., h, such that those matrices are positive semidefinite.
This can be done with the help of Algorithm 4.6 or the characteristic polynomial of the matrices
H ﬁ((s—l) as presented in the introduction of Section 4.

3This last case appears if and only if there exists k € {1,..., s} such that deg gr > 2.
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5.3

Computation of the weights and the coordinates of the nodes

Assume now that the existence of a cubature has been secured with a solution (%, ..., H)
of the polynomial system of equations and inequations output by Algorithm 5.1. To simplify

the

notations, we do not consider here the additional step in Section 5.2. Algorithm 5.3 then

computes the weights and the coordinates of the nodes of the associated cubature.

Algorithm 5.3. Weights and Nodes

Input : > Input of Algorithm 5.1.

. . 5
> The parameterized matrix H{? @,

> A value Ay, ..., ~ for each parameter hq,..., h; introduced in Algorithm 5.1.

Output : > The coordinates of the nodes &1, ..., &,.

[

> The weights a1, ..., a,.

. Take polynomials by, ...,b, such that B = {[b1],...,[b.]} is a basis of R[z]/I,.

Following Remark 4.8 and Theorem 8.6, the use of Algorithm 4.7 (Step 4 in Algo-
rithm 5.1) gives a way to determine a basis B of Rlz]/In by selecting the appropriate
polynomials in the monomial basis BY) of Rz]<s.

. Compute the invertible matrix H{ of the linear operator H associated with the sought
cubature A in the basis B of R[z]/I5. Using the values hy, ..., s, this matrix has entries
in K.

Since the basis B of R[z]/Ix is obtained from polynomials in B, the matriz HE is a
principal submatriz of HlB(S) introduced in Step 8 of Algorithm 5.1.

The entries are either numbers in K or parameters hy,..., he. It is then sufficient to
replace the parameters hy,...,h; by the values hy,. .., hy;.
. Take a polynomial p € R[z]<; that separates the generalized eigenvalues of (Hf, HP).

This means that the generalized eigenvalues, which are the values p(&1), ..., p(&) following
Corollary 3.9, are distinct.

. Compute the matrix HIJ,B .

Since degp < 2, the entries of H;)B are completely determined by the moments of order
less than or equal to d and the values hq, ..., s of the parameters h1, ..., hs.

. Compute the left eigenvectors of the matrix Mf = (HP )_1 HP and deduce the coordi-

P
nates of the nodes.
Following Theorem 3.4, each left eigenvector of Mf contains the evaluations of the ele-
ments of B at a node &1,...,& (up to a scalar). Assuming that [1],[z1],...,[x,] belong
to B, the coordinates of the nodes &1, . ..,& can be read in the matriz W = (b;(&;))

1<i,j<r
of left eigenvectors (up to a normalization thanks to the presence of [1] in B).

. Solve the Vandermonde-like linear system (2.9) with (p1,...,p;) = (b1,...,b;), that is

al A(bl)
whtl - | = :
a A(by)
The weights ay, ..., a, are its unique solutions.
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5.4 H,; 5—1 (Stroud, 1971): a first resolution

We are looking for a cubature of degree 5 with 7 nodes for the regular hexagon Hs in the plane
R2. Tt is described in [101] under the name Hy : 5 — 1.

Let H> be the regular hexagon whose vertices are given by (+1,0), (£3, :l:g) (see Figure 10(a)).

Its moments of order less than or equal to 5 are

/ ldx = —3\/5, / :c%da: = / m%dw = —5\/5
Hy 2 /3 Hy Hy /3 16
21v3 V3
4 4 2 2
dx = dr = —— de = ——
/2x1:v /2552:13 160 /255135216 160

and zero otherwise.

(_; ﬁ) (; ﬁ)
22 2z (_ 14 \/E>
10 > 10
°
14
10 (- E.0)
(1,0)
[ ]
14 42
(-3.-¢) (3.-%) (-3 - 9%)
(a) Vertices (b) Locus of the nodes according to [101]

Figure 10: Regular hexagon Hs

Existence

Using Algorithm 5.1, we prove the existence of such a cubature. Due to the difficulty of the
computation, we do not attempt to find all such cubatures.

1. Take 6 = 4.

2. The monomial basis B of R[z]<4 following the graded reverse lexicographic order is

4 2 2 3 .2 2 3 4 3 2 2 3 4
BW — {1, 21, o, 27, 129, TS, T], L] T2, T1X5, T5, T], T]XT2, T1T5, T1T5, Ty ).

3. The parameterized moment matrix HlB(4), with h;; = A(xllx%), is
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16 160 160
0 0 % 0 0 0 0 & g BB g 0 0 0 0
EE 0 2B g DB g 0 0 0 | heo hsi ha hss  hu
0 0 0 0 T8 0 0 0 0 | hst ha hszs ha his
51\? 0 0 717‘/5 0 2116\/05 0 0 0 0 haz  hzs haa his  hos
0 21le\é§ 0 0 0 0 heo  hs1  haz  hss hro  he1 hs2  haz  hsa
0 0 %{g 0 0 0 hs1  haz  hss  hos he1  hsa  haz  has  hos
0 71T\/0§ 0 0 0 0 haz  hss  h2a  his hs2 hazs  haa  has  hie
0 0 211(;{)3 0 0 hss  haa  his  hos haz  haa  has  hie  hor
243 0 0 heo  hs1  ha hzo  her  hs2  has hso  hri he2  hss  has
0 0 0 hs1 haz  hss he1  hsa  haz  hsa hr1 he2  hss  has  hss
717\(5’ 0 0 haz  haz  ho hsa  has  hsa  has he2  hss  haa  has  hos
0 0 0 hzz  has  his haz  hsa has  his hss  has  has  hae  hir
211(5\é§ 0 0 h24 h15 hog h34 h25 h16 h07 h44 h35 h26 h17 hOS

There are ¢t = dimR[z]<g — dimR[z]<4 = 24 parameters. The 6 x 6 leading principal
submatrix has entries in Q[v/3] and is positive definite.

4. We look for conditions on those 24 parameters such that the assumptions of Corollary 3.15
are satisfied. We have here ¢ = 6, r = 7, ¢ = 10 and ¢ = 15 with the notations of
Algorithm 4.7. There are then (111) = 4 triplets [P, Z, E]. We focus here on the one such
that the 7 x 7 leading principal submatrix is positive definite.

The number of parameters is here too big for a reasonable use of Algorithm 4.7 on the
whole matrix. We first use it for the ¢’ x ¢’ leading principal submatrix. Solving the
polynomial system obtained from Z and respecting the constraints from P, we get unique
values for the involved parameters

5393 49v/3 1473

4413
3000 " 5L 0, ha 3000 38 0, hayg 8000

his = 0, hog = 3000

Using Algorithm 4.7 on the whole ¢ x ¢ matrix with those values, we get the unique values
for the remaining parameters

14749v/3 . 343v3 . 1029v3 . 3087v3 |, 92613
400000 *'"%% ™ 400000° " T 400000 %%~ 400000 % ~ 400000’

h7o = he1 = hsz = hy3 = h3y = hos = h1g = ho7 = h71 = hs3 = h3s = h17 = 0.

hgo =

Thus, we know that there exists for Hs a cubature of degree 5 with 7 nodes and with positive
weights. The fact that the nodes lie on Hs is checked a posteriori. Following Remark 4.8, we
also have that B = {[1], [z1], [x2], [z3], [v122], [23], [x}]} is a basis of R[z]/I4.

Let us emphasize that there could be other cubatures of degree 5 with 7 nodes. Indeed, not all
the triplets from the output of Algorithm 4.7 were examined.

Weights and nodes

With the values of the 24 parameters, we can compute the defining elements of the cubature
with Algorithm 5.3.
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1. Since the 7 x 7 leading principal submatrix of H ) was chosen, a basis B of R[z]/1x is

obtained from the polynomials 1, z1, zo, :c%, T1x2, x%, a:“;’

2. With the values of the 24 parameters,

3v3
2

w
aoo

,_.
=N
|
o O O Oa‘éo

o ’*‘m o
EE

213
160

ot
5= e

—
=]

o O o O

e (N

0 0 0 2

o 0 0 0
B0 o

0 I8 9 0
oo R oo

0 0 0 539

3. Taking p = x1 + 5x9, the generalized eigenvalues of (Hf, HP) are all distinct.

4. With the values of the 24 parameters,

0 53 25v3 0 0 23
16 16 160
5V3 0 0 21vV3  7V3  TV3 0
16 160 32 160
25v/3 0 0 7V3 V3 213 0
5 16 - 32 160 32 s303
Hx1+5$2 = 0 71\6/@3 737\35 0 0 0 fg?/%
o h oAk o o o B
0 T 3 0 0 0 o0
213 0 0 539v/3  49v3 493 0
160 8000 1600 8000
5. The matrix W of left eigenvectors of the matrix Mf = (HlB)f1 Hfl+5z2 is
1 0 0 0 0 0 0
V14 14 14/14
lm o |2 o o im
14 1
Ly =%5 0 25 0 0 -5
w=| 1|_vi4 va |7 _viaT 21 _7/4
= 10 10 50 50 50 500
1] via  _va2 | 7 VAT 21 7/14
10 10 | 50 50 50 500
1] ¥4 va2 | 7 VAT 21 7V/14
10 10 50 50 50 500
1] _vi4 _v4z | 7 VAT 21 _7V14
10 10 | 50 50 50 500

Since [z1] and [z2] are the second and third classes of polynomials in B, the second and
third columns of W are the coordinates of the nodes

) e (5)

S (070)7 §o = (
() () ()
4= == =" | 6=

y Q7T —

V4 V42
10710 )

5
10 7 10 10 7 10 107 10
6. Solving the Vandermonde-like linear system (2.9), we get the weights

43+/3 1253 125v/3 125v/3 125v/3 1253
1127 672 7 672 7 672 7 672 ' 672

125J§> |

(a17a27a37a47a57a67a7) - ( 672

We get thus the cubature in [101].
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6 Symmetry adapted bases

The existence of symmetry in a problem leads to seek a way to reduce the computation by a
factor depending on the size of the group describing the symmetry. In the context of the linear
action of a finite group G on a C—vector space, representation theory provides the tools to
compute a basis of the vector space in which the matrices of a Hermitian form invariant under
the group action is block diagonal. Such a basis is called unitary symmetry adapted basis. This
terminology refers to the fact that the representing matrices in this basis are unitary.

The block diagonalization is obtained thanks to two ingredients: the orthogonality relations
for irreducible representations of a finite group and the possibility of using unitary irreducible
representations.

In the case of a linear action on a R—vector space, we detail how to construct an orthogonal
symmetry adapted basis from unitary ones. The representing matrices in this basis are orthog-
onal. The most important property is that the matrices of a symmetric bilinear form invariant
under the group action are block diagonal in an orthogonal symmetry adapted basis.

In both cases, there is an additional structure on the blocks. The number of distinct blocks is
bounded by the number of distinct irreducible inequivalent representations of the finite group.
The size of each distinct block is the multiplicity of the irreducible inequivalent representation.
The number of identical blocks per irreducible inequivalent representation is the dimension of
the irreducible inequivalent representation.

The basic material on representation of finite groups is taken from [33, 98]. Symmetry adapted
bases of C—vector spaces are expanded on in [33]. They are used there to block diagonalize linear
operators that commutes with a representation [33, The Fundamental Theorem]|, a consequence
of Schur’s lemma.

Symmetry adapted bases of R—vector spaces were introduced in the context of optimization in
[39] and then reused in [94]. In both cases, the authors are interested in the block diagonalization
of quadratic forms. For a direct application of [33, The Fundamental Theorem], they restrict
their approach to symmetries given by orthogonal representations. Their main applications
indeed require mostly permutation representations. This is a strong restriction that needs to be
avoided for the present purpose. The symmetries we consider are given by those of polygons,
or more generally polytopes. As such they are isometries and therefore given by orthogonal
matrices. But the action we need to consider is the one induced on the polynomial ring. The
matrices of this induced representation in a monomial basis are not orthogonal.

6.1 Linear representations and characters

Let G be a group, let V' be a K—vector space and let GL(V') be the group of isomorphisms from
V to itself. A linear representation of the group G on the space V is a group morphism from
G to GL(V). In other words, a linear representation ) assigns to each element g of the group
G an isomorphism V(g) of the group GL(V') such that

V(g1)V(92) = V(9192) V1,92 € G.

If V has finite dimension n, then upon introducing a basis B in V' the isomorphism V(g) can
be described by a non-singular n x n matrix. This representing matriz is denoted by VE(g). V
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is called the representation space and n is the dimension (or the degree) of the representation
V. Unless otherwise stated, we always deal with representations V of finite dimension.

A linear representation V of a group G on a space V is said to be irreducible provided there is no
proper subspace W of V' with the property that, for every g € G, the isomorphism V(g) maps
every vector of W into W. In this case, its representation space V is also called irreducible.
A linear representation )V of a group G on a space V is said to be completely reducible if its
representation space V is irreducible or if it decomposes into a finite number of irreducible
subspaces Wy, ..., Wy such that V =W; @ --- @ Wyy.

Two representations V and W of a group G respectively on the spaces V and W are said to be
equivalent provided there exists a fixed isomorphism 7 : V' — W such that

Wi(g) =TV(9)T ' Vgea.

Let V be a completely reducible representation of a group G on a K—vector space V. Let
Vi (j = 1,...,N) be the irreducible inequivalent n;—dimensional representations of G' that
appear in V with multiplicities ¢; > 1. The complete reduction of the representation V is
denoted by

V:Cﬂ}l@"'@CﬂVM.

Accordingly, its representation space V' decomposes into
V=Vie---&Vn.

Each invariant subspace Vj is the direct sum of ¢; irreducible subspaces and the restriction of V
to each one is equivalent to V;. The (cjn;)—dimensional subspaces V; of V' are called isotypic
components. The decomposition of V into irreducible components is not unique, whereas its
decomposition into a direct sum of isotypic components is unique [36, Proposition 1.8] and is
called the isotypic decomposition of V.

We recall now important results concerning representations of a finite group on a C—vector
space. Results over R can then be deduced from the ones over C thanks to the constructions
done in Section 6.4. The first one is given in [33, Chapter 1.11].

Theorem 6.1. 1. Every representation of a finite group is completely reducible.

2. For every representation of a finite group, there is a basis such that the representing
matrices in this basis are unitary.

The second one can be deduced from the orthogonality relations for irreducible representations
(see [33, Chapter 5.1] for the details of the computation).
Theorem 6.2. A finite group G possesses a finite number of irreducible inequivalent represen-

tations.

The representation space of any representation of a finite group G admits thus an isotypic
decomposition. The latter can be determined in two steps:

1. Determination of all irreducible inequivalent representations Vi,...,Vy of the group G.
They are known for some finite groups (see [33, Chapter 1.9] or [98, Chapter 5] for in-
stance).
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2. Computation of the multiplicities ¢y, ..., cy, that is the number of times each irreducible
inequivalent representation V; occurs in the representation V.

This second task can be performed thanks to Theorem 6.3. Let V be a representation of an
arbitrary group G on a C—vector space V. The complex-valued function

X : G — C,g— Trace(V(g))

is called the character of the representation V.

Theorem 6.3 ([33, Algorithm for computing multiplicities]). Let V (with character x) be a
representation of a finite group G of order |G|. Then, for every j = 1,..., N, the irreducible
representation V; (with character x;) occurs in V exactly c; times, where

¢ :|C1;’ij(g)x(g) ¢; €{0,1,2,...}. (6.1)
geG

Notice that c¢; can take here the value 0. This means that the irreducible inequivalent represen-
tation V; of the group G does not occur in the representation V. A consequence of Theorem 6.3
is given by the next result. The latter underlines the importance of the character and shows
how this function characterizes a representation.

Theorem 6.4 ([33, Theorem 5.11]). Two representations of a finite group G are equivalent to
each other if and only if their characters are identical.

The character gives furthermore an irreducibility criterion:

Theorem 6.5 ([33, Theorem 5.10]). A representation V of a finite group G of order |G| is
irreducible if and only if the corresponding character x satisfies

|(1;| > x(g)x(g) =1.

geG

With the help of these results on the representations of a finite group on a C—vector space, we
can construct bases of their representation spaces that are of special interest.

6.2 Unitary symmetry adapted bases

Let V be a representation of a finite group G on a C—vector space V. Based on [98, Chapters
2.6 & 2.7], we present a way for computing a unitary symmetry adapted basis of every isotypic
component V; of the representation space V. This notion corresponds to the one of symmetry
adapted basis given in [39] with the additional property that the matrices of the irreducible
representations V; used for its computation are required to be unitary. In this section, we
describe also the particular form of the matrices of the representation V restricted to an isotypic
component in a unitary symmetry adapted basis.

For every inequivalent irreducible n;—dimensional representation V; (j = 1,..., N) of the group
G with character x;, let p; be the map defined on the representation space V' by

pj = % gezéXj(g)V(g)-
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The latter is the projection of V' onto the isotypic component V; associated with the isotypic
decomposition of V' [98, Theorem 8|. Thus, the isotypic decomposition of V' can be determined
thanks to the projections p1,...,pn.

Consider now representing matrices (7‘ ajﬁ (g)) L<ope for all irreducible n; —dimensional repre-
SO,PRT

sentations V; of G. For every (o, 3) € N? such that 1 < a, 8 < nj, let Pjag - V — V be the
linear map defined by

n; ; _
Pj.aB = = Zrﬁja(g 1)V(g).
|G| 4=

Proposition 6.6 ([98, Proposition 8]). The linear maps p; s satisfy the following properties:

(1) For every 1 < a < nj, the map pjaa s a projection ; it is zero on the isotypic components
Vi, k # j. Its image Vj o is contained in the isotypic component V; and V; is the direct
sum of the subspaces Vo for 1 < a < nj, ie.

Vi=Vian @ & Vjn,. (6.2)

n;
We have p; = ij,aa-
a=1

(2) For every (o, ) € N? such that 1 < o, < n;, the linear map pjap 1S zero on the
isotypic components Vi, k # j, as well as on the subspaces V;~ for v # B ; it defines an
isomorphism from V; g to Vj .

(8) Let ¢i be a nonzero element of V1 and let (o = pja1(C1) € Vi foralla=1,...,n;. For
each g € G, we have

V(9)(Ca) =Y rah(9)¢s Ya=1,...,n;.
p=1

With those properties of the linear maps pj.g, a symmetry adapted basis of every isotypic
component V; can be computed, that is a basis of V; compatible with the decomposition (6.2).

If we consider unitary representing matrices (7‘ ajﬂ(g)) sn,’ then the same process leads to
1<a,8<n;

unitary symmetry adapted bases. Since the coefficients of the matrices satisfy then r ajﬁ(g) =
rﬁjoé(g_l)7 the linear maps p; g are

n; s
Piag = A Y Tds(9)V(9).
Gl 4=

Let V; be an irreducible n;j—dimensional representation of the group G that appears c; times
(cj > 1) in the representation V. Take {b1,...,b.,} a basis of the subspace Vj 1 defined as the
image of V' by the projection pj11. For every 2 < a < nj, the linear map pj a1 : Vj1 — Vja is
an isomorphism so that the set {p;a1(b1),...,pja1(be;)} is a basis of Vj,. A unitary symmetry
adapted basis of the isotypic component Vj is then given by

Bj = {bi,... y0c;pj21(b1), -, pj21(be;)s -y Djng1(01)s -y Dn1(be;) )
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In addition, we have

g
V(9)(by) = ri(@by+ Y rd(@pis(by)  VgeGYy=1,... ¢,
B=2

n;
V(9)(pja1(by)) = 7(9)by + Zrﬂja(g)pj’m(by) Vge G,Vy=1,...,¢;,Ya=2,...,n;j.
5=2

Thus, for every g € G, the representing matrix of the representation V restricted to the isotypic
component Vj; in the basis B; is

ri@le, 39, - i (9L

( j (g)) ol — 7“2]1(9)ch szz(g)lcj 7“231]- (Q)ch
of 1<a,B<n “ : : : ’

Tnjjl(g)lcj' TanQ(g)ICj e Tn]jnj (g)[cj

where ® denotes the Kronecker product of two matrices and I.; the identity matrix of size
Cj X ¢4.

In this construction, the choice of a basis of the subspace Vj 1 determines completely the bases
Bj of the isotypic component V;.

For all isotypic components V; of the representatlon space V', unitary symmetry adapted bases
B can be thus computed. The basis B that consists of the union of the basis BJ7 is also called
unitary symmetry adapted. In this basis B , the matrix of the representation V is block diagonal:
the matrix of the representation V restricted to an isotypic component V; in the corresponding
basis §j is a block.

Remark 6.7. A basis Bj, which is compatible with a decomposition of the isotypic component
Vj into ¢; irreducible subspaces of dimension n;, is then given by

Bj = {b1,pj21(b1), ..., Pjm;1(b1), .- be;, pj21(be;), - - - s jms1(be, ) }-
The matrix of the representation V restricted to V; in the basis Bj is
J On, . On,
(ris®) o s " "

J
_ On, (Taﬁ (g)) 1<a,B<n;

On; e On; (rojg (9)

where 0y, is the n; x n; zero matrix.

6.3 Invariant Hermitian forms

The bases constructed in Section 6.2 give us appropriate bases for studying a Hermitian form
invariant under a representation of a finite group. We show that its matrix in these particular
bases has a block diagonal structure : each block corresponds to the restriction of the Hermitian
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form to an isotypic component. Using unitary symmetry adapted bases for all isotypic compo-
nents, the corresponding submatrices have an additional block diagonal structure explained in
Proposition 6.8.

Let V be a representation of a finite group G on a n—dimensional C—vector space V. A map
¢:V xV — C is said to be a G—invariant Hermitian form if it satisfies

d(Au+v,w) = Ap(u,w) + ¢(v,w) YA € C,YVu,v,w €V,
d(u, Ao+ w) = Ap(u,v) + ¢p(u,w) VA € C,Vu,v,w eV,
d(u,v) = (v, u) Yu,v eV
and d(u,v) = d(V(g9)(u),V(g)(v)) Vg € G,YVu,v e V.

The matrix ¢ = (¢(b;, b; i) 1<ij<n Of the Hermitian form ¢ in a given basis B = {b1,...,b,} is

Hermitian, that is it satisfies ¢f = QSB

Proposition 6.8. Let V be a representation of a finite group G on a C—wvector space V' and let
¢ VxV = C be a G—invariant Hermitian form. Consider Vi,...,Vn the isotypic components
of V. Then

d(u,v) =0 V(u,v) € V; x V; with i # j.

Hence the matriz ¢§ of & in any basis B= §1 U.. .UEE that respects the isotypic decomposition
of V is block diagonal.

Assume furthermore that for every isotypic component V; associated with an n;—dimensional
irreducible representation V; that occurs c; times in V),
bJ

nglrc njCj}

Bj={b,....b,....b)

18 a unitary symmetry adapted basis. Then the submatrixz of qﬁé relating to the isotypic compo-
nent V; consists of a diagonal of n; identical blocks of size c;. It is given by

In, ® (MS{) with pu] = (b2, by]).

1<s,t<c;

Proof. We take unitary representing matrices (rajﬁ for all irreducible representa-

(g)> 1<, B<n;
tions V;.

Using Remark 6.7, for every s = 1,..., ¢, (vesp. for every t = 1,...,¢), the set {b* ..., bnis}
(resp. the set {by},...,b;}) is a basis of an irreducible subspace contained in the isotypic
component Vi (resp. Vp). We deduce from Proposition 6.6 that

Nk

V(g)(bL) =Y rh(ent VYa=1,....m and V(g)(bg) = Zréﬁ Yos; VB =1,.
~y=1 6=1

Since the map ¢ is a G—invariant Hermitian form, we also have

?bas: i) = 17 > o0 V(9)(bg)) Ya=1,... m.V6=1, .. n.

geG
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This leads to

¢(baks7bﬁ€‘) = Z TZ g d)(b,yks,bai) VO[: 17"'7nk7v/B: 1,...,7’1[
i =

We deduce then from the orthogonality relations for irreducible representations of G [33, Corol-
lary 5.2] that

o(b . bh) = Z¢ bssbst) itk =Cand o= 5

0 otherwise.

The matrix (;5§ of the G—invariant Hermitian form ¢ in the basis B has thus the expected block
diagonal structure. ]

6.4 Orthogonal symmetry adapted bases

In the previous sections, we showed that representation theory can be used to compute a
basis such that the matrix of a G—invariant Hermitian form on a C—vector space has a block
diagonal structure. Similarly, representation theory can be used to compute a basis such that
the matrix of any symmetric bilinear form on a R—vector space, which is invariant under a
linear representation of a finite group, is block diagonal.

Based on [98, 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 ¥ on a R—vector
space V can be considered as a linear representation on the C—vector space V ®p C, that is the
vector space obtained from V' by extending the scalars from the real numbers to the complex
numbers.

We recall the three types of irreducible representations on a C—vector space distinguished in [98,
Chapter 13.2]. Let V; 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. The representation V; can be realized by matrices having coefficients in R, in which case
the character x; is a real-valued function. By restriction of the scalars from the complex
numbers to the real numbers, V; defines an irreducible representation VYU) on a R—vector
space of dimension n; with character x;.

2. The character x; is not real-valued. By restriction of the scalars, V; defines an irreducible
representation V) on a R—vector space of dimension 2n,; with character x; + ;.

3. The character x; is a real-valued function, but the representation V; cannot be realized
by matrices having coefficients in R. By restriction of the scalars, V; defines an irreducible
representation V) on a R—vector space of dimension 2n; with character 2x;.

An irreducible representation V@) on a R—vector space defined thanks to an irreducible rep-
resentation V; of type 1 (resp. of type 2, of type 3) is called absolutely irreducible (resp. of
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complex type, of quaternonian type) [39]. Irreducible representation of quaternonian type are
not considered in this paper as they do not arise in our application.

In the case of a representation of a finite group on a C—vector space, we presented in Section 6.2 a
construction of a unitary symmetry adapted basis for every isotypic component. Similarly, given
a representation V of a finite group G on a R—vector space V, we present now a construction
of an orthogonal symmetry adapted basis for every isotypic component of the R—vector space
V ; that is a basis such that, for every g € G, the matrix of the representation V restricted to
this isotypic component in this basis is

(raﬁ(g))1§a75§n ® I,

where n is the dimension of the irreducible representation associated with this isotypic compo-

nent, ¢ is the number of times it occurs in V and (ras(9)),<, <, 18 an orthogonal matrix.

The construction of an orthogonal symmetry adapted basis is based on the one of a unitary
symmetry adapted basis presented in Section 6.2. It depends on the type of each irreducible
representation that occurs in the representation V on the C—vector space V ®r C. Since in our
applications we never encounter the case of an irreducible representation of quaternonian type,
we do not present here a way of computing a basis in this case.

As in the case of unitary symmetry adapted bases, the union of orthogonal symmetry adapted
bases associated with distinct irreducible representations is an orthogonal symmetry adapted
basis.

We first give some notations. Given a C—vector space V, we denote by V the C—vector space
whose vectors are the complex conjugate of the vectors of V, that is V = {Z | z € V}. Given a
linear representation V of a group G on a n—dimensional C—vector space V, we denote by V
the linear representation of the group G on the n—dimensional C—vector space V defined by

V(9)(Z) =V(9)(z) VgeG,vzeV.

Let B = {v1,...,v,} be a basis of V such that, for every g € G, the representing matrix
VB(g) = (rap(9)), <, s<n is unitary. We denote by B the set {v1,...,v,}. The latter is a basis
of the space V. For every g € G, the representing matrix VB(g) is given by (rag(g)> Lcape
_a7 _n
and is unitary. The characters of the representations V and V are thus complex conjugate.
Assuming that the representation V is irreducible, the representation V is therefore irreducible
too.

Absolutely irreducible representation

Let Vi be an irreducible ni—dimensional representation of type 1 of the group G that appears
¢, times in the representation V on the space V ®r C and let Vi be the isotypic component

of type Vi. Here, for all ¢ € GG, we can choose representing matrices (rakﬁ(g) Lcape of
So,0SNg

the irreducible representation Vy with coefficients in R. Following [33, Chapter 1.11], we can
also choose orthogonal representing matrices. We can thus copy the construction of a unitary

symmetry adapted basis presented in Section 6.2.

For every (a, 3) € N? such that 1 < «, 3 < ny, consider the linear map Prap: VORC = VerC
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defined here by
n
Pk,ap = ‘a Z rakﬂ(g)v g

geG
and a basis {v1,...,v,} of the representation space V. A basis {b1,...,b., } of the subspace
pr11(V ®r C), where by, ..., b, are real vectors, is then obtained by taking ¢ linearly inde-

pendent vectors in {pg11(v1),...,pk11(vn)}. A unitary symmetry adapted basis of the isotypic
component Vj is then given by

k - {b17 . Ckvpk 21(b1) .. apk‘,Ql(bCk)a O 7pk:,nk1(b1)7 e ,pk,nkl(bck)}

The latter has furthermore real vectors. The basis Ek is then an orthogonal symmetry adapted
basis of the space obtained by restricting the scalars of the isotypic component Vi. It is therefore
denoted by By.

Irreducible representation of complex type

Let V; be an irreducible ny—dimensional representation of type 2 of the group G with char-
acter xy. Assume that V), appears ¢; times in the representation V on the space V Qg C. By

Theorem 6.3, we have
1 -
= 1] > xe(9)x(9)
geG

Since the character x of the representation V is a real-valued function, we have

== ’G|ZX£ x(9) \G]ZXZ

geG geG

The representation V, appears then also ¢, times in the representation V so that the isotypic
component V; of type Vy has the same dimension as the isotypic component V; of type V. Since
the characters y, and ¥z are not identical, the representations V,; and V, are inequivalent. The
space V; @ V; is thus of dimension 2cyny.

For every (o, 3) € N2 such that 1 < a, 8 < ny, let Prag:V ®r C— V ®@g C be the linear map
defined by

n .
Plap = ﬁ > rb9)Vvig)

geG
where (r(fﬁ(g)> are unitary representing matrices of V. Let {b1,...,b.,} be a basis of
1<a,B<ny
the subspace p;11(V ®r C), the set
Bé_ {bla”' Cgap€21(b1) °'7p€,21(b05)7"‘7pf,ngl(b1)7"'7p£,ng1(b05)}

is a unitary symmetry adapted basis of the isotypic component V;. In addition, the basis Eg
corresponds to the unitary symmetry adapted basis of the space V; computed with the help of
the linear maps

n
Dtap = |7G€\ Zra%(g)V(g) V1<a,B<ng.
geG
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The complex conjugate bases E@ and Eg form then a basis of the space V; @ V,. In order to
obtain a basis By of the space V; @& V; with real vectors, we can choose the basis

By= {5(b1+b1), ..., 5(be, +be,); 5: (bt = b1), -, 5:(bey — bey), - -
%(pf,nzl(bl) +P€,n51(bl)), ) %1(174 ngl( C[) +P€ ngl( ))
Z(pﬁ,ngl(bl) _pe,’ngl(bl )7 ) Z(pf,ngl(b [) pf,ngl( [))}

Notice that, by Proposition 6.6, we have

1 — by +b

3 e () + PTar(b)) = (s + 9a1) (2572 ) o= Loty = 1o
| _ e

o; Pea1(by) = Prat(by)) = (pra1 + Prat) | —; Va=1,...,n;,Vy=1,...,¢c

The basis By can then be computed as follows:

e Take a basis {b1,...,b,} of the subspace p;11(V ®@r C).

e Let u, = Re(by) and v, = Im(b,) for all v =1,...,¢,. Compute (pga1 + Dra1)(uy) and
(Pe,a1 + Prar)(vy) foralla =2,...,nyand forall y =1,..., ¢

e The basis By is then given by

By= {ui,...,uc,v1,... 0, ..,
(pZ,ngl + pé,ngl)(ul)v sy (pf,ngl + p@,nel)(uq)v
(p(,ngl + pf7ngl)(vl)a ) (pﬁ,ngl + pé,ngl)(vq)}-

For every g € GG, the matrix of the representation V restricted to the space V; @ V; in the basis
Bg is

51‘1 (9) tlli (9) ... Slfu (9) tlfu (9)
_tlli (9) 51% (9) - —tlfw (9) Slélg (9)
VO@ @, =| z 5 e (6:3)
Snegl (g) tn%l (g) te Sn{gne (g) tn%ng (g)
_tnil(g) Sngl(g) s _tnegng (g) Snens (g)

with slfﬁ(g) =3 ( 5(g )+1“a5( )) and tofﬁ(g) =5 (rofg(g) - rofﬁ(g)> for all (o, 3) € N? such
that 1 < a, 8 < ng. The matrices V) (g) correspond to the representing matrices of an irre-
ducible representation of complex type with character ys + 7.

Lemma 6.9. The matrices V9 (g) are orthogonal for all g € G.

Proof. Let g € G. Since the matrix (Ta% g is unitary, we have

( )) 1<a,B8<n,

 \t
¢ ‘ =1I A
<ra'3 (g))lga,ﬂgne (Taﬁ(g)>1§a,6§ne 2ne (6.4)

which is equivalent to the following system of n? equations

e

Zrofv(g)’rﬁ{/(g) = 5aﬂ V1< Oé,ﬂ < ny.
y=1
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The matrix V) (g) is orthogonal if and only if V) (g)V)(g)! = I»,,. This matrix equation is
equivalent to the following system of 4n§ equations:

e

Z(saﬁv(g) sﬁy(g) +tt +(9) tlfv(g)) =0ap V1<a,p<2n and o, f with the same parity

Z(Scf,y(g) tﬁ{y( ) — 857( )tk 4(9) =0 V1<a,B<2n and «,f of different parity.
y=1

For each equation, we use the definition of the coefficients sofﬁ(g) and tofﬁ(g) and expand the
left hand side. Thus, this system is equivalent to

,Z 7“/37 )+ rofv(g)rﬁ‘fy(g)) =0dap V1< B <2nand o, f with the same parity
—Z rﬁv — rﬁg(g)rofv(g)) =0 V1<a,p<2nsand «a,f of different parity.
With the help of (6.4), the system is satisfied so that the matrix V) (g) is orthogonal. O

The basis By is then an orthogonal symmetry adapted basis of the space obtained by restricting
the scalars of V; @& V; from the complex numbers to the real numbers.

6.5 Invariant symmetric bilinear forms

In this section, we present an analogue result to the block diagonalization of the matrix of
an invariant Hermitian form in a unitary symmetry basis. Orthogonal symmetry adapted
bases are now used to block diagonalize matrices of symmetric bilinear forms invariant under a
representation of a finite group.

Remark 6.10. In what follows, we assume that a representation V on a R—vector space V'
does not contain an irreducible representation of quaternonian type : it contains only absolutely
irreducible representations or irreducible representations of complex type.

Consider an orthogonal symmetry adapted basis B of V that is computed as described in
Section 6.4. The isotypic decomposition of V ®r C can be written as follows

VRC=Vi® - VeV 1® - eVNoVy 1o o Vy

where the isotypic component V; for j = 1,..., M is associated with an irreducible represen-
tation of type 1 and the pair (V},V;) for j = M + 1,..., N is associated with an irreducible
representation of type 2 and its complex conjugate. The basis B of V respects then the following
decomposition deduced from the isotypic decomposition of V ®@r C

V=U@® - ®Uy®Upy1 @ --®Uy, (6.5)

where Uj; is the space obtained by restricting the scalars of V; for every j = 1,..., M and the
space obtained by restricting the scalars of V; ® V; for every j = M +1,...,N.
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Let V be a representation of a finite group G on a n—dimensional R—vector space V. A map
p:V xV — Ris said to be a G—invariant symmetric bilinear form if it satisfies

o(Au + v, w) = Ap(u,w) + p(v,w) YA€ R Vu,v,w eV,
o(u, \v +w) = Ap(u,v) + p(u,w) YA € R Vu,v,w €V,
o(u,v) = p(v,u) Yu,v e V
and  o(V(g)(u),V(9)(v)) = ¢(u,v)  VgeGVu,veV.

The matrix (¢(bi, b;)); <; j<,, of the symmetric bilinear form ¢ in a given basis B = {b1,...,bn}
is denoted by ¢Z.

Proposition 6.11. Let V be a representation of a finite group G on a R—uvector space V and let
@ : VXV = R be a G—invariant symmetric bilinear form. Consider Uy,...,Un the components
in the decomposition of V' deduced from the isotypic decomposition of V ®@r C. Then

o(u,v) =0 Y(u,v) € U; x Uj with i # j.

Hence the matriz o of ¢ in any basis B = B U...U By that respects this decomposition of V
1s block diagonal.

Assume furthermore that, for every component U;, Bj is an orthogonal symmetry adapted basis.

1. For every component U; associated with an absolutely irreducible n;—dimensional repre-
sentation V9 that appears cj times in the representation V, the basis Bj can be written
as

o j i i
Bj={b,....b2 bl b

Then the submatriz of P relating to the component Uj consists of a diagonal of n; iden-
tical blocks of size c;. It is given by

I"j © <ng>1<3 t<c; with ng - go(bli, b J)

2. For every component U; associated with an irreducible 2n;—dimensional representation
V) of complex type that appears c; times in the representation V, the basis B; can be
written as

- J Jopd J J J J J
Bj = {an,...,alcj,bu,...,blcj,...,anjl,...,anjcj,bnjl,...,bnjcj}.

Then the submatriz of P relating to the component U; consists of a diagonal of n; iden-
tical blocks of size 2c;. It is given by

S; —Aj
Inj@(!‘lj Sj )
where S; = (go(ali,alg))Kchj = (gp(bﬂs,blg))l<S <, is a symmetric matriz
and Aj = (@(aljs, bﬁ)) = — (cp(bljs, aﬁ)) is an antisymmetric matric.

1<s,t<c; 1<s,t<c;

Proof. Let ¢ be the map defined by

¢: (VerC)x (VerC)— C,(z1,2) — o(ur, u) + ¢(v1,v2) + 1 p(v1,u2) — i (u1, v2),
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where u; = Re(z;) and v; = Im(z;) for ¢ = 1,2. The map ¢ is a G—invariant Hermitian form
that satisfies ¢(u,v) = p(u,v) for all real vectors u and v.

Let B be a unitary symmetry adapted basis of the C—vector space V ®r C and let Ej Cc B
be a unitary symmetry adapted basis of an isotypic component V; of V ®r C. Then, by

Proposition 6.8, the submatrix of ¢ relating to an isotypic component Vj is

L, @ (1)

1<s,t<c; ’

where ¢; is the number of times that the irreducible n;—dimensional representation associated
with V; occurs in the representation V on V ®p C.

As described in Section 6.4, for each component U;, we can construct an orthogonal symmetry

adapted basis B; from the unitary symmetry adapted bases Ej. Following this construction
and Proposition 6.8, we immediately have

o(u,v) =0 VY(u,v) € U; x Uj with i # j.

We distinguish now two cases:

1. The component Uj is associated with an absolutely irreducible n;—dimensional represen-
tation that occurs ¢; times in the representation V on the R—vector space V. Following the
construction of the orthogonal symmetry adapted basis B; in Section 6.4, the submatrix
of o relating to the component Uj is

I”j ® (ng)

1<st<c;

2. The component Uj is associated with an irreducible 2n;—dimensional representation of
complex type that occurs c¢; times in the representation ¥ on the R—vector space V. Let
21,29 € Ej. We have then ui,us,v1,v2 € Bj, where u; = Re(z;) and v; = Im(z;) for
i =1,2. If z; and 22 do not belong to the same subspace Vj, in the decomposition (6.2)
of the isotypic component V; of V ®r C, then

P(ur,uz) = ¢(u1,v2) = ¢(v1,u2) = d(v1,uz) = 0.

Thus, the submatrix of p? relating to the component U; consists of n; identical blocks
of size 2¢;. In addition, since z; and z7 do not belong to the same isotypic component of
V ®@gr C, we have

¢(71’ 22) = 0,

or equivalently
p(ur,uz) — p(v1,v2) — i p(v1,u2) — i p(ur,v2) = 0.
This means that
p(ur, uz) = @(v1,v2) and @(v1, u2) = —p(u1, v2)

S, —A, )

so that every block of size 2¢; has the expected form ( A s
J J
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7 Matrix of multiplicities

This section is devoted to the introduction of the matrix of multiplicities of a finite group G
and its computation when the group is cyclic or dihedral. It is the key in the determination
of the block size of the matrix of the Hankel operator expressed in an orthogonal symmetry
adapted basis. Ultimately it provides us with preliminary criteria for the existence of symmetric
cubatures. K is either R or C.

The entries of this matrix are the multiplicities of the irreducible inequivalent representations
Vi,...,Vn of the group G in specific representations: the types Pi,...,Pr of the group G.
They are the permutation representations associated with the coset spaces G/Hi,...,G/Hr,
where Hq, ..., Hp form a maximal family of non-conjugate subgroups of G. A column of this
matrix gives the multiplicities of all irreducible inequivalent representations of G in a type.

The coset spaces G/H1,...,G/Hr and the orbits of any action of the group G are closely linked.
It is then possible to describe the permutation representation of G associated with any invariant
finite set: the multiplicity of every irreducible inequivalent representation (over R or over C)
in the permutation representation can be expressed in terms of the entries of the matrix of
multiplicities and a description related to the types P1,..., Pr of the finite set.

In the context of cubatures in the plane, the natural symmetries to consider are the actions of
the cyclic groups C,, or dihedral groups D,,. The matrices of multiplicities of C,, and D,,,
with m > 2, are therefore computed.

7.1 Permutation representations

Let G be a finite group with neutral element 14 acting on a finite set . This means that each
element g € G permutes the elements of O and that the following identities are satisfied

la ¢ =¢, 91(92¢) = (9192)¢, V1,92 € G,V( € O.

Let V be a K—vector space having a basis (GC)CGO indexed by the elements of O. For g € G,
let V(g) be the linear map from V into V' which sends e; to ey¢ ; the linear representation
of G thus obtained is called the permutation representation associated to O. Its representing
matrices in the basis (e¢) ceo have the property that each row and each column has exactly one
entry 1, the remaining entries being 0. They are called permutation matrices. The character x
of a permutation representation is

X(g) = number of elements of O fixed by g, Vg € G.
The regular representation of a finite group G (see e.g. [98, Chapter 1.2 & Chapter 2.4] [33,
Chapter 5.6.1]) is an example of a permutation representation. Let |G| be the order of G and

let V be a |G|—dimensional C—vector space with a basis (ej)neq indexed by the elements i of
the group G. The regular representation of the group G is defined by the linear maps

V(g): V= V,ep—=eg Vged.

G ifg=1
x(g)={|0| LI

Its character y is given by
if g # 1.
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With the help of this character and Theorem 6.3, the number of times that every irreducible
inequivalent representation V; of the group G occurs in the regular representation is given by
its dimension n;. Thus, the following relation is satisfied

N
Gl =2 nj,
=1

where N is the number of irreducible inequivalent representations.

Similarly, given a subgroup H of a finite group G, consider a K—vector space V with a basis
(e¢)ceq/m indexed by the elements ¢ of the coset space G/H = {gH | g € G}. The linear maps
V(g):V = V,ecr—ey Vgel (7.1)
are well-defined and define a permutation representation of the finite group G on V.
Lemma 7.1. Assuming that H is a normal subgroup of G, that is
ghg™' € H Yhe H,\VgeG,
then the character xg of the permutation representation defined by (7.1) is given by

_JIG/H] ifgeH
XH(g)_{ 0 ng%H

Proof. Since xp is the character of a permutation representation, we have
Xz (g) = number of elements of G/H fixed by the left multiplication by g, Vg € G.
For any fixed element goH € G/H, we look therefore for conditions on g € G such that
990H = goH,
which means that there exist hg, h1 € H such that
990ho = goha.

Thus, we have
990H = goH if and only if Jhp,hy € H,g = gghlhalgo_l.

Since H is a normal subgroup of G, we have
g90H = goH if and only if dh € H,g = h.
O

Let T be the number of subgroups of a given finite group G up to conjugacy and let Hy,..., Hr
be subgroups of G that are not pairwise conjugate. For every k = 1,...,7T, the subgroup Hj
is associated with its coset space G/Hy = {gHy | g € G} and therefore with a permutation
representation, called type and denoted by Py.

For every irreducible inequivalent representation V; (j = 1,...,N) of G, its multiplicity ~; in
P can be computed with Theorem 6.3. We define the matriz of multiplicities of a finite group
G as the N x T integer matrix

T'e = (Vikh<jeni<ner:

where the j'* row is associated with the irreducible representation V; of G' and the k" column
corresponds to the type Py.
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Remark 7.2. Assume that the irreducible representation V; is the one defined by Vi(g) = 1
for all g € G. Then Theorem 6.3 implies that

vp=1 Vk=1,...,T.

7.2 Orbits and isotropy subgroups

Let G be a finite group acting on a K—vector space V. For every point ¢ € V, the set
Ge={geG|gl=¢}

is called the isotropy subgroup of . Points on the same orbit have conjugate isotropy subgroups
[46, Chapter XIII, Lemma 1.1]. More precisely,

Gye = gGeg™t Vge GV eV. (7.2)

The set of all points of V' that have conjugate isotropy subgroups is called an orbit type of the
action.

The orbit-stabilizer theorem [46, Chapter XIII, Proposition 1.2] shows that there is a bijection
between the orbit Oy = {g¢ € V | g € G} of a point ¢ € V' and the coset space G/G; =
{9G¢ | g € G} of the subgroup G¢ of G given by

fe:O0c = G/Ge,gC — gGe.
This bijection is furthermore an equivariant map, that is it satisfies
felgy) = gfc(y) Vg€ G,Vy € O¢.

For every point ¢ € V, the permutation representations associated with O¢ and G /G are then
equivalent. The next result is a direct consequence.

Proposition 7.3. Let O be a union of orbits of the action of a finite group G on a C—wvector
space (resp. on a R—wvector space). Assume that there are my, orbits associated with the type
Pi. Then, for every j = 1,...,N (resp. for every j = 1,...,N), the multiplicity c; of the
irreducible representation V; (resp. Yl) ) in the permutation representation associated with O

s given by
T
¢ = Z Mg jks
k=1

where T is the number of types of G and ('ij)1<j<N 1<p<T 18 the matriz of multiplicities of G.

7.3 The cyclic group C,, with m > 2

Presentation (see e.g. [98, Chapter 5.1] [33, Chapter 1.9.1])

The cyclic group C,, is the group of order m consisting of the powers 1, g, ..., g™ ! of an element
g such that ¢" = 1. It can be realized as the group of rotations of the plane (resp. of the space)
around a fixed point (resp. a fixed axis) through angles 2(# with £ = 0,...,m — 1. It is an

abelian group. The irreducible representations of C, are therefore one-dimensional. There are
m irreducible inequivalent 1—dimensional representations V; of characters x; defined by

Xj(ge) — U DEE = 0,...,m—1.
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Subgroups

Every subgroup of the cyclic group (), is isomorphic to the cyclic group C, with a a divisor
of m. We consider that the subgroup consisting of the neutral element is isomorphic to Cj.
Moreover, for every divisor a of m, there is a subgroup of C,, of order a generated by the
element ga of Cpy:

{1,9%, ... ,g(“_l)%}.

The latter is the unique subgroup (up to conjugacy) isomorphic to Cj.

Coset spaces

Let a be a divisor of m. For ease of notation, we identify C, with the unique subgroup of C,,
of order a. The cyclic group C, is abelian. It is therefore a normal subgroup. Thus, the coset
space

Cr/Ca={[1.1g],-- -, [g "} ={[1],[g""],...,[¢ % DD

is a group of order 7, generated by [g%fl] and therefore isomorphic to C'm. Notice that each

class has exactly a elements of C,.

Types

Let ai,...,ar be the divisors of m. The subgroups of C), are isomorphic to Cy,,...,Cq,.

Each one is unique up to conjugacy and is therefore associated with a type Pq,...,Pp: the

permutation representation associated with the coset space isomorphic to Cm,...,Cm . For
ay ar

any k= 1,...,T, the type Py, is defined by its character x*) : C,,, — C. Since Cy, is a normal
subgroup of C},, Lemma 7.1 implies

XPgh=¢ @ @ VE=0,... m—1.

m o if ™ divides ¢
0 otherwise

Matrix of multiplicities I'c,, = (Vjx), <<y 1<p<r

Let j =1,...,m (here N = m) and let k = 1,...,T. The multiplicity 7;, can be computed
thanks to Theorem 6.3

ak—l ap— 1

1 gﬂ G=1eto,
UER SRUUETIS SRUITLIRPPLINES Doy
m g€l /=0
If a divides j — 1, then
(G—1)-L2ir
a =1.

If ap does not divide j — 1, then

(lk—l ¢

Z e—(] 1) = 2im 0

=0
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Thus,
| 1 ifag divides j —1
ik 0 otherwise .

Example : matrix of multiplicities ['¢,

Let P1,Ps2,P3, Py be the permutation representations respectively associated with the coset
spaces isomorphic to Cy, Cs, C3,Cs. The matrix of multiplicities is then given by

Iesy =

SO OO O O
SO O = OO =
O = O = O
— = = ==

An action of C,, on R?: realization of C,, as the rotations around a fixed point

Only C; and C,,, appear as isotropy subgroups for the action of C,, on R? by rotation: the only
point fixed by C), is the origin. The corresponding submatrix of I'¢,, is

11
01

Remark on reflection

Consider the action of Co on R? whose generator is given by the reflection through an axis. The
isotropy subgroups are again only C; and C. Notice that, in this example, the points fixed by
(5 is not reduced to the origin (or to a unique point), but it consists of every point on the axis
of reflection.

7.4 The dihedral group D,, with m > 2
Presentation (see e.g. [98, Chapter 5.3] [33, Chapter 1.9.2])

The dihedral group D,, is the group of rotations and reflections of the plane that preserve a
regular polygon with m vertices. It contains m rotations, which form a subgroup isomorphic to
Ch, and m reflections. Its order is 2m. If we denote by g the rotation through an angle %’T and
if h is any reflection, we have:

g" =1, h? = 1, hgh= g_l.

Each element of D,, can be written uniquely, either in the form ¢°, with £ =0,...,m — 1 (if it
is a rotation), or in the form g‘h, with £ =0,...,m — 1 (if it is a reflection).
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Subgroups

Every subgroup of the dihedral group D,, is either isomorphic to the cyclic group Cj, or iso-
morphic to the dihedral group D,, where a is a divisor of m. Notice that D is isomorphic to
Cs.

If m is odd, then, for all £ =0,...,m — 1, the reflections g‘h are conjugate (see in [46, Chapter
XIL5(b)]). Thus, for every a that divides m, there are up to conjugacy a unique subgroup
isomorphic to the cyclic group C, and a unique subgroup isomorphic to the dihedral group D,.

If m is even, then, for all £ = 0,... — 2, all reflections g%‘h are conjugate, all reflections
g**1h are conjugate, but h and gh are not conjugate (see [46, Chapter XIL.5(b)]). Thus, for
every a that divides m, there are up to conjugacy a unique subgroup isomorphic to the cyclic
group C, (a # 2) and one or two subgroups isomorphic to the dihedral group D, (a # 1).

m
» 2

More precisely, there are two subgroups isomorphic to D, that are not conjugate if 7 is even
(a # 1) and there is one subgroup isomorphic to D, if “ is odd. Indeed, consider the two
following subgroups of D,,:

Da(h) = {1,g%,...,g V% h,g%h,... g« D%}
and
Da(gh) ={1,9%,...,g“ V% gh,gat'h, .. gl V),

If ™ is even, D,(h) only contains reflections g‘h with ¢ even, whereas D,(gh) only contains
reflections g‘h with ¢ odd. Thus, the two subgroups are not conjugate. If ~* is odd, both
subgroups contain reflections g’k with ¢ odd and reflections g‘h with ¢ even. Thus, the two
subgroups are conjugate.

In addition, if m is even, there are up to conjugacy three subgroups isomorphic to Cy (or Dy):

{Lg%}, Di(h)={1,h}, Di(gh)={1,gh}.

Coset spaces

Let a be a divisor of m. In the following, for ease of notation, we identify C, with the unique
subgroup of D,,, isomorphic to C,, D, with the subgroup of D,, isomorphic to D, if its unique
and we keep the notation D,(h) and D,(gh) introduced above if there are two subgroups
isomorphic to D,.

C, is a normal subgroup of D,,. The coset space

Dun/Ca = {1, g%, [ ~DCE ) (AL, [g% 0], .., [g( ~DCEDn])

is then a group of order 27, generated by [g%fl] and [h]. Since its elements are either in the
form [g ¢ with £ =0, ..., =+, or in the form [g'a "1¢[h] with £ =0, ..., ™, the coset space
D,,,/Cy, is isomorphic to the dihedral group Dm. Notice that each class has exactly a elements
of D,,.

The coset spaces Dy, /Dg, Dy, /Do(h) and Dy, /D,(gh) can all be written as
{11 [g)s- - [g 1)



Each class has exactly 2a elements of D,,,. However, those elements are different according to
the coset space. For instance, for D,,/D, and D,,/D.(h),

1] ={l,g%,...,g"" V& hguh,. .. gl@"Den},
whereas for D,,,/Dg(gh),

m
a

] ={1,9,....,¢" D% gh,gatth, ... gle D&t}

7.4.1 Case m odd

There are 2 irreducible inequivalent representations of dimension 1, denoted by Vi, Vs, and mT_l

irreducible inequivalent representations of dimension 2, denoted by Vs, ...,V, m-1 [98, Chapter
2
5.3]. They are defined by:
Vig) = Vi(h) =1,

Types

Let ay,...,a; (here t = %) be the divisors of m. The subgroups of D,,, are isomorphic to Dy, ,
.ovy Dg,, Cqyp, ..., Cy,. Each one is unique up to conjugacy and is therefore associated with a
type Pi, ..., Pr: the permutation representation associated with the coset space D,,/Dg,, ...,

Dy/Da,, Din/Cays -, Dy /Ca,.

Lemma 7.4. The type Py, is defined by its character x*®) : D,,, — C.

o Ifk=1,...;tand=0,...,m—1, then

ag

) (o) —
0  otherwise and x\"(g"h) = 1.

m- f ™ divides £
P (g") = { /o

o Ifk=t+1,....,T and £ =0,...,m—1, then let a = ap_¢

2m rm )
X(k) (ge) _ { 047}@ ’Lf Oéik d'LUldeS € and X(k.) (géh) —0.

0 otherwise

Proof. e If k =t+1,...,T, then P} is the permutation representation associated with the coset
space D,,/Cy,,, where o, = aj_¢. Since Cy, is a normal subgroup of D,,, Lemma 7.1 implies
forevery £ =0,...,m—1
L8 (gf) = |Din/Cay| if g' € Cay _ Zm o if 2 divides £
0 otherwise 0 otherwise

and  x®(g’n) = 0.
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o If k =1,...,t, then Py is the permutation representation associated with the coset space
D,,,/D,, and

y*) (go) = number of elements in D,,/D,, fixed by the left multiplication by go € Dy,

We look therefore for the number of elements [¢7] € Dy, /D, with j =0, ..., o, — 1 that satisfy

Since the left multiplication is here well-defined, we have for every j =0, ..., % -1

go[gj] = [gj] if and only if gog’ € [gj].

If go is a rotation of D,,, that is there is £ € {0,...,m — 1} such that go = g¢*, then for every
j=0,...,m 1

7ak

¢'¢’ € [¢7] if and only if . divides ¢.
ar

If go is a reflection of D,y,, that is there is £ € {0,...,m — 1} such that gy = ¢°h, then for every

j=0,...,m 1
g'hg? € [¢7] if and only if g’g~7h € [¢7]

if and only if  Jkg,g"Th = ¢ TPu h

if and only if % divides ¢ — 2j.
Thus, we have for every £ =0,..., % —1

k
x®)(g’h) = number of multiples of ™ in Sy = {£ —2j1j7=0,..., m_ 1} . (7.3)
ag ag

Since Sy is included in an interval of length 2 (% — 1), which is smaller than 22‘7, the number

of multiples of % in Sy is at most 2. Since % is odd, two consecutive multiples of % are even
and odd. Since &y contains either only odd integers if £ is odd or only even integers if ¢ is even,
there is a unique multiple of % in §y. This implies that

x®(gth) =1 VE:O,...,E—L
ay

Matrix of multiplicities FDm = (7jk)1<j<N 1<k<T

Let 5 =1,...,N and let £ = 1,...,t. The multiplicity v;; can be computed thanks to Theo-
rem 6.3

ap—1
Vik = m| > X X;(9) 2m<ZX fox +ZX 9'h) x;(g gh))

g€Dy,

For j =1,



For 5 = 2,

1 ak—lm m—1
- oy 1-(-1) | =
T DOF IS SRE)

1 (% 2(j — 2) Im 1 if ay, divides j — 2
%‘k—mn(;ak'?‘m( =)+ 210 {0 o

Let j =1,...,N and let K =t +1,...,7T. The multiplicity ~;; can be computed thanks to
Theorem 6.3

Vik = m‘ Z
ap—1 ap—1 —
_ 2m<zxk) +ZX %h X;(g ‘*HL))

For j =1,

For j =2,

1 (% om 2(j — 2w im\ = 2 if ay, divides j — 2
7jk_2m<zak.2cos< m ak>+20.0 _{0 otherwise ’

Example : matrix of mutliplicities I'p,

Let P1,Ps2,P3, Py be the permutation representations respectively associated with the coset
spaces isomorphic to Cy,Cs, D1, D3. The matrix of multiplicities is then given by

1111
Ip,=(0 0 11
010 2

Action of D,, on R? that fix a polygon with m vertices

This action implies a representation W of D,,, on R?: it is generated by

W(g) = (CQS(Z’D _Sm(%)) and W(h) = ((1] _01)



and is therefore given by
W(9)", W(g)'s ... . W(g)™ W) W(h), W(g) W(h), ..., W(g)"W(h)] .

The isotropy subgroups associated with this action of D,, on R? are Cy, D; and D,,. The
unique point fixed by D,, is the center of gravity of the polygon and the points fixed by a
subgroup isomorphic to D; are the ones on the symmetry axis of the polygon (see [46, Chapter
XIIL.5] for more details).

The corresponding submatrix of I'p,, is

111
0 01
01 2
01 2

In the case m = 3, the orbit types are then characterized by the 3 cases in Figure 11.

(a) The origin (b) Orbits with m=3 nodes (c) Orbits with 2m=6 nodes

Figure 11: Orbit types for the action of D3 on R?

7.4.2 Case m even

There are 4 irreducible inequivalent representations of dimension 1, denoted by Vi, Vo, Vs, Vy,
and % — 1 irreducible inequivalent representations of dimension 2, denoted by Vs,... ,V3+%
if m # 2 [33, Chapter 1.9] [98, Chapter 5.3]. Notice that if m = 2, there is no irreducible
inequivalent representation of dimension 2. The irreducible representations V; are defined by:

Vi(g) =1 Vi(h) =1,
VQ(Q) =1 Vz(h) = —1,
Vi(g) = -1 Vs(h) =1,
Va(g) = -1 - - Vi(h) = -1,
2(j—4)m —sin 2(5—4)m
Vi(g) = (Z?j((z(g%)w)) cos(g(j;%“))> Vi(h) = <é _01> Vi=5,....,3+ %
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Types

Let aq,...,a; be the divisors of m. The subgroups of D,, are isomorphic to D, ..., Dq,,
Cayy -y Cq, (with Cy ~ D;). They are not necessarily unique up to conjugacy (see above
the distinction between D, (h) and D,(gh) in the case ™ even). Let 7 be the number of
non-conjugate subgroups isomorphic to Dy, ,...,D,,: we have then T' = 7 + ¢ non-conjugate
subgroups of D,,,. Each one is associated with a type Pi,...,Pr.

Lemma 7.5. For every k =1,...,T, the type Py is defined by its character x**) : D,,, — C.

o Ifk=1,...,7 and if the type Py, is the permutation representation associated with a coset
space Dy, /D,, where a is the appropriate divisor of m, then for every £ =0,...,m —1
m

X(k)(gg) _ { o if = divides !/ and x(k)(géh) 1

0  otherwise

o Ifk=1,...,7 and if the type Py is the permutation representation associated with a coset
space Dy, /Do(h), where a is the appropriate divisor of m, then for every £ =0,...,m—1

(k) ( 0y — = af 2 divides £ k)¢ lpy — 2 if £ even
XHg) { 0  otherunise and X (g°h) 0 if ¢ odd

o Ifk=1,...,7 and if the type Py, is the permutation representation associated with a coset
space Dy, /Dg(gh), where a is the appropriate divisor of m, then for every £ =0,...,m—1
YA if 2t divides £ Ky )0 if £ even
XHg) { 0  otherwise and X" (g°h) 2 if ¢ odd

o Ifk=7+1,...,T, let ar = ap_,, then for every £ =0,...,m—1

2m N m - .
X(k) (gf) _ { . if o divides ¢ and X(k) (géh) _o

0 otherwise

Proof. ¢ If k =7+41,...,T, then Py is the permutation representation associated with the coset
space D,,/Cy,, where oy, = ag—,. Since C,, is a normal subgroup of D,,, Lemma 7.1 implies
for every £ =0,...,m —1

X(k) (gﬁ) _ |Dm/Cak‘ if gf e Cak _ i{—TZ if aﬂk divides /¢
0 otherwise 0 otherwise
and  x®(g‘h) = 0.
elf k=1,...,7, then Py is the permutation representation associated with a coset space of the
form D,,/Dg, Dy,/Dy(h) or Dy,/Dy(gh), where a is the corresponding divisor of m, and
X(k) (go) = number of elements in the coset space fixed by the left multiplication by go € Dy,.

Similarly to the proof of Lemma 7.4, if gg is a rotation given by go = ¢* with £ € {0,...,m —1},
we get

x® (g% =

i ™ divides £
0 otherwise .
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If go is a reflection given by go = g*h with £ € {0,...,m — 1}, (7.3) is still satisfied if the coset
space is of the form D,, /D, or D,,/D,(h) and it becomes

x* (g’h) = number of multiples of LU S) = {f —2j—-1]75=0,..., m_ 1}
a a
if the coset space is of the form D,,,/D,(gh).

m

e If the coset space is of the form D,,/D,, =
proof of Lemma 7.4, we get

is odd and, using the same ideas as in the

x®(g'n) = 1.

e If the coset space is of the form D;,/D,(h), ™ is even. Two consecutive multiples of ™
are then even. Since Sy contains either only even integers if £ is even or only odd integers
if £ is odd, there are either 2 multiples of * in S, if £ is even or 0 multiple of = in S, if £
is odd. Thus, we get

k) 0h) — 2 if £ is even
XHgh) {O if £ is odd

e If the coset space is of the form D,,,/D,(gh), % is even. Two consecutive multiples of “*
are then even. Since S contains either only even integers if £ is odd or only odd integers
if £ is even, there are either 2 multiples of ** in &, if £ is odd or 0 multiple of * in S, if £
is even. Thus, we get

®)( ey J 0 if £iseven
X (gh)_{2 if £ is odd

Matrix of multiplicities I'p,, = (Vjr) <<y 1<per

Let j =1,...,N and let k = 1,...,7. The multiplicity ~,; of the type P} associated with a
coset space Dy, /Dy, Dy, /Dy(h) or Dy, /Dg(gh) can be computed thanks to Theorem 6.3
1

g€Dm,
a—1 m—1
1 m T ym i~
= - ( XP (") x(g" ) + > x®(g'n) Xj(gﬁh)>
=0 (=

1 <a—1 m m—1
Me=5—(> — 1+ 11>:
2m \i= @ =0
1 <a—1 m m—1
Yok =5 (D> — 1+ > 1-(-1)] =0
2m =0 ¢ =0
1 a—1 m ym m—1 .
Tk =5 Z;'(—1)7+21(—1) =
=0 (=0
1 a—1 m . m—1
Tk =5 < - (D% + ) 1 (—1)“1) =0
(=0 (=0



For j =5,...,3+ 7,
1 (Em 2(j — 4 Im 2 if a divides j — 4
Yik = o (zz—; P 2 cos ( > Z 1-0 { otherwise '

e If P is associated with a coset space D, /D, (h), then

1 (Em i

'Ylk:% ;a-l—i—gll =1.
1 (Em ]

Yok = 5 Zz_ga-ljuez_%z.(—l) = 0.

= A (S S )
2m \ 5 @ =0

ik = H@-(— )“L+Y;Zl2-( 1)+ =0
2m \ 5 @ =0

For j =5,...,3+ %,
a—1 51

1 m 2(j —4)mim | 2 ifadivides j — 4
%ki% ;CLQCOS( m a>+£_02.0 {0 otherwise )

e If P}, is associated with a coset space D,,/D,(gh), then

1 a—1 m %_1
M=o | Y1+ Yy 2.1 =1
2m \ = @ =0
1 [y i
=0 =0
1 [ m ]
= g | Do (DT Y2 () =0
=0 =0
1 [ m 7]
Lot DI DENC A
=0 =0

Forj=5,...,3+ %,

m_]
1 (&m 2(j — H)mim\ 3 2 if a divides j — 4
I DR = T SR I

2m a 0 otherwise
(=0 (=0

Let j =1,...,N and let k = 7+ 1,...,T. The multiplicity 7;; can be computed thanks to
Theorem 6.3

= g 2

g€Dy,
ap—1 ap—1 W
- m(zw WS o )
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For 5 =1,

=0 °F (=0
For j =2,
1 O(k—12m Oék—l
= — —-1 -1 =1
g (321 S0 o)
£=0 =0
For 5 =3,
1 [ 2m em ! ¢ 1 if oy, odd
_ b 2 Cnfar 1Yo | = 1t ag o
73k_2m< k (=1) k+20 (=1) k) {0 if ag even
£=0 =0
For 57 =4,

1 (% om PET o4 1 if oy, odd
’Y4k:2m<z Pl e AR D DRV :{ 0 if oy even

1 (Slom 2(j — 4w im) | 2 if ay divides j — 4
%k_2m<zak-2cos<mak>+zo'o _{0 otherwise '

Example : matrix of multiplicities I'p,

Let P1,...,P1o be the permutation representations respectively associated with the coset spaces
Ds/Ds, De/D3(h), Ds/Ds(gh), De/ D2, Dg/D1(h), Ds/D1(gh), Ds/Cs, Ds/Cs, Ds/Ca, Dg/Ch.
The matrix of multiplicities is then given by

I'pg =

SO OO O
OO O = O =
OO~ OO+
_ o O O O
_ = Ok O
_ = =0 O =
ecNeNeoNel S =
S O ===
N OO O ==
DN H =

Action of D,, on R? that fix a polygon with m vertices

This action implies a representation W of D,, on R?: it is generated by
21 s (21
cos(=) —sin(=- 1 0
wig) = (V) 1)) anawmy = (1
m (%) 0 -1
and is therefore given by

(W(g)°. W(g),.... W(g)" " W(9)"W(h), W(g)'W(h),...,. W(g)" 'W(h)] .

The isotropy subgroups of this action of D,, on R? are Cy, D1(h), Di(gh), Dp,. The unique
point fixed by D,, is the center of gravity of the polygon and the points fixed by a subgroup
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isomorphic to D; are the ones on the symmetry axis of the polygon: if the symmetry axis goes
through the vertices, D1 (h) fix its points, whereas if the symmetry axis goes through the middle
of the edges, Di(gh) fix its points (see [46, Chapter XIIL.5] for more details).

The corresponding submatrix of I'p, is

SO O O
_ O = O =
= =0 O =
N — == =

011 2

In the case m = 6, the orbit types are then characterized by the 4 cases in Figure 12.

ANV
NIV
/N
NEVA

(b) Orbits with m=6 nodes: 2 on the z;—axis

(c) Orbits with m=6 nodes: 2 on the x2—axis (d) Orbits with 2m=12 nodes

Figure 12: Orbit types for the action of Dg on R?
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8 Hankel operators and symmetry

In Section 3, the Hankel operator associated with a linear form on R[z] = Rz, ..., x,] is used
to make explicit the properties and the defining elements of the linear form. This section is
devoted to furthering this special connection in the presence of symmetry.

When the linear form is invariant under the linear action of a finite group, applying Section 6,
we can determine a polynomial basis such that the matrix of the Hankel operator in this basis is
block diagonal. This is also the case of the matrices of the linear operators H, on the quotient
space when p is a G—invariant polynomial. The generalized eigenvalue problem that provides
information on elements of the linear form is therefore transformed in several ones on smaller
matrices.

In the special case of a G—invariant linear form defined by a linear combination of evaluations,
the set of nodes is a union of orbits. With the matrix of multiplicities of the group G, we show
how the types of the nodes in the orbits characterize the blocks of the linear operators on the
quotient space: their size and the number of identical generalized eigenvalues per block.

In the cubature problem, it is not necessary to consider the generalized eigenvalue problems for
all the blocks. The required ones are determined by the existence of a unimodular submatrix
in the matrix of multiplicities.

8.1 Block diagonalization

The notions of G—invariant polynomials and linear forms are now defined. It is then proved
that, for any G—invariant polynomial p € R[z|, the matrix of the linear operator #,, associated
with a G—invariant linear form A on R[z] in an orthogonal symmetry adapted basis of R[z]/Ix
has a specific block diagonal structure.

Let W be a linear representation of a finite group G on the space R™. A linear representation
V of the group G on the polynomial space R[z] can be constructed as follows

V(g) : Rlz] = R[a], p(x) =~ p(W(g ") (@)). (8.1)
Notice that V(g) is an algebra morphism since V(g)(pq) = V(9)(p) V(g)(q) for all p, q € R[z].

A polynomial p € R[z] is said to be a G—invariant polynomial if it satisfies

V(g)(p)=p VgeG.

Let mg be the projection of R[z] onto the component associated with the one-dimensional
absolutely irreducible representation with character x defined by x(g) = 1 for all g € G. Since
for every polynomial p € R[x]

1 N
ma(p) = > V(g)(p)

geG

defines a G—invariant polynomial, this component corresponds to the ring of all G—invariant
polynomials R[z]“. The projection 7 is called Reynolds operator [102, Chapter 2.1].

A linear form A on R[z] is said to be G—invariant if it satisfies

A(V(9)(p)) = Ap) Vg € G, ¥p € Rlz].
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This implies that any G—invariant linear form A on R[z] satisfies
A(p) = A(ma(p)) Vp € R[z]. (8.2)
A G—invariant linear form on R[z] is therefore determined by its values on R[z].

In order to prove the main result of this section, we first present two lemmas.

Lemma 8.1. Let V be the representation of a finite group G on the space Rlz| induced by a
representation YW on R™. Let A be a G—invariant linear form on R[x] and let In be the kernel
of its associated Hankel operator. Then, for every g € G, the subspace In C R[z]| (resp. the
variety Ve(Ip)) is invariant under the isomorphism V(g) (resp. the isomorphism W(g)).

Proof. Let g € G, let p € Iy and let ¢ € R[z]. Since the linear form A is G—invariant, we
have A(V(g)(p) ¢) = A(p V(9™ ")(q)). The latter is zero since p € In. Thus, V(g)(p) € Ix. The
subspace I, is then invariant under the isomorphism V(g).

Let & € V(Ip). By definition of the representation V., we have V(g)(p)(€) = pW(g1)(€)).
Since V(g)(p) € In, we have W(g~1)(€) € Vi (Ip). The variety V(1) is then invariant under
the isomorphism W(g~1). O

[J\et ge G a/pd q1,q2 € R[z] such that ¢ = g2 mod I. Thanks to Lemma 8.1, we have then
V(9)(q1) = V(g)(g2) mod I5. This implies that the linear operator

V(g) : R[z]/In = Rla]/Ia, [p] = (9)(p)] (8.3)

is well-defined. Thus, V(g) is an isomorphism from R[z]/I5 to itself and V is a linear represen-
tation of the finite group G on the quotient space R[z]|/Ix.

Lemma 8.2. Let V be the representation of a finite group G on the space R[x] induced by a
representation YW on R", let A be a G—invariant linear form on R[z] and let p € Rz] be a
G—invariant polynomial. Assume that the rank of the Hankel operator H associated with the
linear form A is finite. Then the map ¢, defined by

wp - Rlz]/In x Rlz]/In = R, ([q1], [g2]) = Hp(la1])([g2]) Va1, 42 € R[z]

18 a G—invariant symmetric bilinear form.

Proof. Let by,...,b, be polynomials in R[z]| such that B is a basis of R[z]/Ix. By Theorem 3.7,
the matrix Hf = (A(pbibj)),<; j<, is the matrix of the linear operator H, in the basis B and
its dual basis B*. Thus, we have

Hp([0i])([b5]) = Alpbidj) = Hp((bs])([b:]) V1 <dj <
The map ¢, is therefore a symmetric bilinear form and Hf is also its matrix in the basis B.

It remains to show that ¢, is G—invariant. Let g € G and let q1,¢2 € R[z]. By definition, we

have R
ep(V(9)((a1]): V(9)([22])) = #p(V(9)(a1)];
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Since the polynomial p is G—invariant, we have

~

Alp V(9)(@1) V(9)(a2)) = AV(9)(p) V(g)(@r) V(g)(a2))
= AV(9)(p192))-

Since the linear form A is G—invariant, we have

AV(9)(pa1a2)) = A(parga).

From the latter, we deduce that

ep(V([a]), V(la2])) = ep(la]; [a2])-
g

In fact, Lemma 8.2 shows that a G—invariant linear form A on R[z| such that rank H < oo
defines a G—invariant symmetric bilinear form on R[z]/I) for any G—invariant polynomial
p € R[z]. With the help of Proposition 6.11, we obtain the following result:

Theorem 8.3. Let V be the representation of a finite group G on the space R|x| induced by
a representation W on R™. Let A be a G—invariant linear form on R[z] and assume that the
rank of the Hankel operator H associated with the linear form A is finite. Let V be the induced
representation on Rlz]/Iy .

Consider Uy, ...,Un the components in the decomposition of R[x]/Ix deduced from the isotypic
decomposition of R[z]/Ix @r C. Then, for any G—invariant polynomial p € Rlx| and for any
basis B = By U...U By that respects this decomposition of R[x|/Ix, the matrix Hf s block
diagonal.

Assume furthermore that, for every component Uj, Bj is an orthogonal symmetry adapted basis.

1. For every component U; associated with an absolutely irreducible n;—dimensional repre-
sentation V9 that appears cj times in the representation V, the basis B; can be written
as

g j j j
By ={b,. b, bl bl )

Then the submatriz of Hf relating to the component U; consists of a diagonal of n;
identical blocks of size cj. It is given by

In; @ (ng)1<5 t<e; with vy = A7a(pbyidyy))-
9,0 xCy

2. For every component U; associated with an irreducible 2n;—dimensional representation
V) of complex type that appears cj times in the representation V, the basis B; can be
written as

Bj:{aljl,...,alf:j,bljl,...,bljcj,...,a] b'] b]

a,’ }
’I’le’ rmgcyo nj17 ? N ey

Then the submatriz of Hf relating to the component U; consists of a diagonal of n;
identical blocks of size 2cj. It is given by

S —A.
In®< J J >’
’ Aj 5
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= <A(7rg(pb1gblz))> is a symmetric matric

here S5 = (A Ja))
wnere S; (ma(parsay)) 1<st<e; 1<s,t<c;

a4; = (A b)) — — (Ama(pblar))) : ti tri
and A; (ra(payibyy)) I<arce, (ra(pbriaqgy)) Jcarce, is an antisymmetric
matrix.

Since the basis B in Theorem 8.3 does not depend on the G—invariant polynomial p, the
following result is a consequence of Theorem 3.6 and Theorem 3.7.

Corollary 8.4. With the hypotheses of Theorem 8.3, the matriz of the multiplication operator
My, in the basis B has the block diagonal structure described in Theorem 8.3.

Proof. Let p € R[z] be a G—invariant polynomial. By Theorem 8.3, the matrices H and
Hf have the same block diagonal structure. By Theorem 3.6, the matrix HlB is invertible.
Moreover, the matrix (H)~! has the same block diagonal structure as the matrix H{. By
Theorem 3.7, the matrix Mf is the product of the matrices (H{?)~! and Hf . Thus, the matrix
Mf has the same block diagonal structure as H{. O]

Notice that a similar result for symmetry adapted bases that do not need to be orthogonal is
shown in [22, Corollary 5] for the fields Q, R, C.

8.2 Block size

Consider the special case of a linear form A on R[z] defined by

,
A= Z ajle
=1

with 7 > 0, a; € R\ {0} and §; € R" pairwise distinct. Let W be a representation of a
finite group G on R™ and assume that the linear form A is G—invariant. Let V be the induced
representation on R[z|/Ix. By Theorem 8.3, we can construct block diagonal matrices of the
linear operators H and H, associated with A when p € Rz] is a G—invariant polynomial. In
this section, we relate the organisation of the nodes in orbit types with the size of the blocks
and the multiplicities of the generalized eigenvalues of the linear operators H, and H thanks to
the matrix of multiplicities I'¢.

By Lemma 8.1, for every g € G, the variety V(In) = {&1,...,&} C R™ is invariant under the
isomorphism W(g). It is thus a union of orbits O, ..., O,, of the action defined by G x R" —
R™ (g,&) = W(g)(§). The linear form A can thus be rewritten as

T1
A= Z(za Z Ic,, (8.4)
a=1 Ca €04
where d, > 0 is the common weight of the nodes (, lying on the orbit Q.

A permutation representation is therefore associated with Vi (Ip). It is closely related to the
representation V on R[z]/Ij defined by (8.3) as shown in the next result.
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Theorem 8.5. Let A be the G—invariant linear form on R[z| defined by (8.4). The induced
representation V on R[z]/Ix is equivalent to the permutation representation associated with the
invariant set Ve (Ip).

Proof. The ideal I is zero-dimensional and radical. Following Corollary 3.5, we introduce
polynomials fi,..., f, that satisfy f;({;) = d;; and such that C' = {[f1],...,[fr]} is a basis of
Rx]/Ix.

Since the variety Vi (Iy) is furthermore an invariant set of R™, there exists a permutation o(g)
for every g € G such that

W(9)(&5) = Eog)) Y& € Velln)-
Let g € G and let ¢ € {1,...,7}. Then, for every &; € V(Ip), we have
V(o) (£:)(&) = V(g (&) = [il€o(g—1)()) = Sio(g-1)(5)-

Since i5(4-1)(j) = do(g)(i); for all j =1,...,r, we have

V(9)(:)(&) = fatpy (&) V& € Ve(la).
Hence the polynomial V(g)(f;) — fo(i) vanishes on Vi (Iy). Tt follows from the Strong Nullstel-

~

lensatz [23, Chapter 1.4] that [V(g)(fi)] = [fo(g)(i)]- In other words, V(g)([fi]) = [fo(g)()]-

For every g € G, the representing matrix V% (g) is then the matrix of the permutation o(g). [

Proposition 7.3 and Theorem 8.5 can be used to express the multiplicities of the irreducible
representations that appear in V in terms of the orbit types of the elements of Vi (1y).

Corollary 8.6. Let A be the G—invariant linear form on Rx| defined by (8.4) and let V be the
representation on R[x]/Ix defined by (8.3).

Let (71k>1§j§N,1§k§T be the submatriz of the matriz of multiplicities I'q of the group G and,
for every k = 1,...,T, let my be the number of distinct orbits in the invariant set Vi (Iy)
associated with the type Pi. The multiplicity ~y; of the irreducible representation VU of G in
the representation V is

T
Y= D M (8.5)
k=1

As described in Theorem 8.3, the multiplicity -; of an irreducible representation VU) is closely
related to the size r; of the blocks of the matrix HJ for any G—invariant polynomial p € R[z] and
any orthogonal symmetry adapted basis B of R[x]/Ix. Equation (8.5) gives thus an important
information on those blocks

v f1<j<M
r; = .

Remark 8.7. If V(I is the trivial representation of G, that is V(l)(g) =1 for all g € G, then
using Remark 7.2 the size of the block associated with V() is

T
mn=m-= E mg,
k=1

that is the number of distinct orbits in Vi (Ip).
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For every j = 1,..., N, let HI(,J ) be one of the identical blocks of the matrix Hf associated
with the irreducible representation V). By Corollary 3.9, the generalized eigenvalues of the
pair of matrices (Hf , HlB ) are the values of the G—invariant polynomial p on the invariant
variety Vo (Ip). Since the block diagonal structure is the same for all G—invariant polynomials,
the computation of those generalized eigenvalues can be done using only the pairs of blocks

(ngj ),H {j )). Theorem 8.5 and Corollary 8.6 can therefore be used to express their multiplicities
in terms of the orbit types of the elements of Vi (Iy).

Corollary 8.8. Let A be the G—invariant linear form on R[z| defined by (8.4).

Let B be an orthogonal symmetry adapted basis of R[z]/In, let p € R[z] be a G—invariant
polynomial and let \ be a generalized eigenvalue of the pair of matrices (Hf,HlB). For every
j=1,...,N, let ¢; be the multiplicity of X as a generalized eigenvalue of the pair of matrices

(ngj),Hl(j)) and, for every k = 1,...,T, let my be the number of distinct orbits O, associated
with the type Py, such that
Al € Of with A = p(Ca).

Two cases are to be distinguished:

1. Assume that the pair of blocks (ngj),Hl(j)) 1s relating to an absolutely irreducible repre-
sentation VU). Then

T
&= rye (1<) < M)
k=1

2. Assume that the pair of blocks (HI(,j),Hl(j)) is relating to an irreducible representation V)
of complex type. Then

T
& =2ty (M+1<j<N).
k=1

Remark 8.9. If the pair of blocks (Hzgl),H fl)) in Corollary 8.8 is relating to the trivial repre-
sentation V()| then using Remark 7.2

T
b= 1y > 1.
k=1

The distinct generalized eigenvalues of the pair of matrices (Hf ,HP) are generalized eigenvalues
of this pair of blocks (Hzgl),Hfl)).

For convenience, we introduce ¢; by
. :{ ¢ f1<j<M

G712 #M+1<j<N

Conversely, the numbers my, in Corollary 8.6 (resp. my in Corollary 8.8) can be found from the
multiplicities ; (resp. ¢;) and the submatrix (v;z), <j<Ni<k<p of the matrix of multiplicities
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I'g. This is equivalent to solving over the integers the linear system

71 Y- NT m1
YN IN1 --- YNT mr

¢ M1 ... MNT

. 8.6
| i (86)
(resp. OQM _ YM1 e YMT . )
CM+1 YM+11  --- YM41T N
. . mr
N YN1T .-+ INT

However, those linear systems may have more than a unique solution: two subgroups that are
not conjugated may be associated with equivalent permutation representations [49].

In our application, we encounter matrices of multiplicities that have unimodular submatrices
(determinant £1). Given the multiplicities, the above linear systems have at most one solution.
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9 Algorithm for computing symmetric cubatures

In this section, a detailed description of our procedure for finding G—invariant cubatures is
given. In contrast with Section 5, in this symmetric case, the size of the matrices in input of Al-
gorithm 4.7 and the number of parameters are reduced. This is due to the block diagonalization
of the matrix of the Hankel operator in an orthogonal symmetry adapted basis.

The problem of finding a symmetric cubature with a moment matrix approach can now be
formulated as follows. Let u be a positive Borel measure with compact support in R™ such that

supp 4 = {:c e R" ‘ g1(z) >0,...,95(z) > 0}7

with gi(z) € Klz] for all k =1,...,s. Let Q be the linear form on Rx| defined from p by

Q:Rlz] > R,pr— p(x)du(x).
R'I’L
Assume furthermore that this linear form is G—invariant. This is the case for instance when
 is the characteristic function of the triangle (G = Ds3), the square (G = Dy) or the hexagon
(G = Dg). Notice that, if © is G—invariant, it is also invariant for all the subgroups of G so
that when p is the characteristic function of the disk, G may be any cyclic group C), or any
dihedral group D,,.

Given a degree d, we want to find for p a G—invariant inside cubature A of degree d with
positive weights. The invariant set of r nodes is partitioned into r; orbits Oy,...,O,,. The
sought cubature A can thus be written as

1
A=D da ) 1g,
a=1 CaEOa
where d, > 0 is the common weight of the nodes (, lying on the orbit O,.

The proposed procedure retains the structure of the one presented in Section 5:

1. Determination of the existence of such a G—invariant cubature (Section 9.2).

2. Computation of the coordinates of the nodes (, and the common weights a, for all the
orbits O, with a =1,...,7r1 (Section 9.3).

In the first step, the computations are done using exact arithmetic in K C R a field extension
of Q such that the moments of y are in K. For instance, K = Q[v/2] if p is the characteristic
function of a square, K = Q[v/3] if u is the characteristic function of an equilateral triangle or
a regular hexagon. We recall that moments of polytopes can be computed exactly following

3, 99.

We conclude this section with a new treatment of example of Section 5.4. In this symmetric
case, the core of the computation of the nodes is reduced to dividing two numbers in Q[v/3] and
taking the square root of a number in Q.
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9.1 Initialization and subroutines

Before describing the procedure itself, we first introduce an algorithmic representation of the
tools from representation theory: the irreducible inequivalent representations VU, ... VN of
a finite group G, any representation of G on R", an orthogonal symmetry adapted basis of
a polynomial space (Algorithm 9.3 [Symmetry Adapted Polynomial Basis]),.... We describe
then subroutines (Algorithm 9.4 [Symmetric Hankel Blocks] and Algorithm 9.5 [Parametrization
Hankel Blocks]) used for the computation of the parameterized blocks in the matrix of the Hankel
operator associated with the expected cubature A in an orthogonal symmetry adapted basis.

Finite group and irreducible representations

Let G be a finite group of order |G| and let 1 be its neutral element. The order of the elements
of the group G is fixed

{1a, 915, 91q1-1}- (9.1)
Based on Section 6, the group G has a finite number of irreducible inequivalent representations,
denoted by Vi, ..., Vn on C—vector spaces (Theorem 6.2) and Yy VW) on R—vector spaces
(see the constructions done in Section 6.4).

Focusing on the ones on R—vector spaces, we denote by M the number of absolutely irreducible
representations. There are therefore N — M irreducible representations of complex type since
we assume that there is no irreducible representation of quaternonian type (Remark 6.10).
Irreducible representations of complex type are obtained from 2 complex conjugate irreducible
representations of type 2 so that: N = M +2(N — M).

e Each of the M absolutely irreducible representation VU, if 1 < j < M, is given by an
ordered list of |G| orthogonal n; x n; matrices (with entries in R):

VI (16), V9 (g1),..., VI (gg-1)]-
The latter are representing matrices of the representation VU), or equivalently of V.

e Each of the N — M irreducible representation V) of complex type, if M +1 < j < N, is
given by an ordered list of |G| unitary n; x n; matrices (with entries in C):

VI (1), VI (g1), ...,V (961-1)]-
The latter are representing matrices of one of the two complex conjugate irreducible

representations V; of type 2 used to define Y,

The set of irreducible representations of the group G is given by a pair [Laps, Leom|, where Lgps
is a list of M absolutely irreducible inequivalent representations and L.y, is a list of N — M
irreducible inequivalent representations of complex type.

Symmetry adapted basis

Let V be a representation of a finite group G on a R—vector space V. It is given by an ordered
list of |G| representing matrices that respects the order of the elements of the group G in (9.1).
The size of the matrices is the dimension of the representation space V.
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Such a representation V can be completely reduced using the irreducible representations
YA VW) Their multiplicity ¢q, . .., en in V can be computed thanks to Theorem 6.3.

Similarly to the set of irreducible inequivalent representations, any orthogonal symmetry ad-
pated basis B is given by a pair B = [[By, ..., Bal, [By+1, - - -, By]]. Each orthogonal symmetry
adapted basis B; is then given by a list

Bj = [Bj1,. .., Bjn,]

with
1. , A
Bjy = by, - byl ] if1<j<M, (9.2)
2‘ . . . .
Bje = lagy, - a5 b, - b ] M +1<j<N. (9.3)

The orthogonal symmetry adapted bases By, ..., By are computed following Section 6.4. This
provides the algorithm

Algorithm 9.1. Symmetry Adapted Basis

Input : > A representation of the finite group G.
> The set of irreducible representations of the group G.
Output : > An orthogonal symmetry adapted basis B = [[By,..., Buy|, [By+1s - - - » BN]]
of the representation space with B;j = [Bj1, ..., Bj,,] and Bjj is
e cither a list of ¢; vectors if 1 < j < M,
e or a list of 2¢; vectors if M +1 < j < N.

Assume now that the finite group G acts linearly on R™. This implies a representation W
of G on R". Let V be the induced representation of G on the polynomial space R[z] of all
polynomials in n variables as in (8.1). For every g € G, the image by the isomorphism 17(9) of
a homogeneous polynomial in R[z| is a homogeneous polynomial in R|[x] of the same degree. It
is therefore possible to consider the restriction of V to the space R[z]<s for any degree 6 € N.
Its representing matrices in a basis that respects the degree are block diagonal: one block per
degree.

Those representing matrices are thus computed degree by degree. It is sufficient to:
1. Take any (monomial) basis Bj of R[x];, the space of homogeneous polynomials of degree
exactly 8, for every 0 < 6 < 4.
2. Express V(g)(b)(z) = bW(g~1)(x)) in the basis Bj for every g € G and b € Bj;. This

gives the columns of the representing matrices.

This procedure describes the following algorithm.

Algorithm 9.2. Induced Representation

Input : > A representation of a finite group G on R™.
> A degree 6.
Output : > The induced representation of G on Rlz]<;.
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Combining Algorithm 9.1 and Algorithm 9.2 leads to the computation of an orthogonal sym-
metry adapted basis of the space R[x]<; for a degree § € N:

Algorithm 9.3. Symmetry Adapted Polynomial Basis

Input : > A representation of a finite group G on R™.
> The set of irreducible representations of the group G.
> A degree 6.
Output : > An orthogonal symmetry adapted basis [[B1, ..., By, [Bar+1, - - -, By
of R[z]<s with B; = [Bj1,. .., Bj,,;] and where
o Bj, = [bkjl, . ’bkj;j] is a list of ¢; polynomials if 1 < j < M,
e Bjj = [akjl, . ,akj(:j,bk]i, . ,bkij] is a list of 2¢; polynomials
ifM+1<j<N.

Since the computation of the bases Bj; is based on Algorithm 9.2, polynomials of the same
degree are together in the list B;;. We choose to order them such that

degak{l < degakjﬁ ViI<k<n; VM +1<j<N,Vl<a<p<g,

degbkja < degbkjé Vi1<k<n;,VI<j<N,VlI<a<p<g.
Notice that by construction

degay), = deghy, V1 <k<n;V1<j<NVI<l<c.

Parametrization of the matrix of the Hankel operator associated with a G—
invariant linear form

Let V be the representation of a finite group G on R[z| induced by a representation on R", let
A be a G—invariant linear form on R[z] and let A®) be the restriction of the linear form A to
R[z]<2s for a certain degree 6 € N. In an orthogonal symmetry adapted basis B of Rz]<s,
the matrix HP ® of the Hankel operator associated with A(®) has the block diagonal structure
described in Proposition 6.11. In particular, for every j = 1,..., N, its submatrix in the basis
Bj consists of n; identical blocks: it is therefore sufficient to focus on only one of them, denoted
by HU).

Since A is G—invariant, it is determined by its values on R[z]¢, that is (8.2) is satisfied. With
the notations of (9.2) and (9.3) and with the help of Reynolds operator mg, the matrices
H® .. H®M are then

efor1<j<M
HD = (A(ra(bibd))) , (9.4)

1<s,t<c;

HO) — ( ij' _;j >
J J
with §; = (Mre(adad) = (Atwe(bdbd) (9.5)
=516 S85,UX65
and 4; = (A(r(agib)))) = - (Atra(bad)

1<s,t<c;

e for M+1<j<N

1<s,t<c; '
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The coefficients of the matrices H®, ..., H®) are therefore values of A at G—invariant homo-
geneous polynomials of R[a:]% s- Thus, we first compute the matrices H W, ..., HW) with only
those G—invariant homogeneous polynomials in the following algorithm.

Algorithm 9.4. Symmetric Hankel Blocks

Input : > A representation of a finite group G on R™.
> An orthogonal symmetry adapted basis of the space R[z]|<s
for a certain degree ¢.
Output : > Matrices HO . HW with:
HO = (7 (blb)) if1<j<M
L4 7TG( 1s 1t) 1§s7t§6j1 ~) > M,

.HU):(SJ' _Aj>ifM—|—1<j<N

Aj 5
with Sj = (Trg(alialz)) and A; = (WG(alibﬁD

1<s,t<c; 1<s,t<c;

Given a degree d € N, assume furthermore that there is a linear form Q on R[z] such that
A(p) = Q(p) Vp € Rlz]<a. (9.6)

The coefficients of the matrices H, ..., HV) are then either real values determined by (9.6)
or the unknown evaluations of the sought A at G—invariant homogeneous polynomials of degree
between d + 1 and 26.

Let {p1,...,pt} be a basis of the supplementary of R[z]%, in R[z]%,,. The unknown coefficients
of the matrices HY, ..., HN) can be expressed as linear combinations of parameters hq, ...,
with

he=A(p)) Y=1,... t.

Similarly to Step 3 in Algorithm 5.1, in which we only worked with monomials, all the parameters
hi, ..., hs are required to express the unknown entries of H®, ...  HN), Thus, the number of
unknown parameters to be introduced is

t= dim]R[x]g% - dim]R[:c]gd.
This is less than in Algorithm 5.1.
Algorithm 9.5. Parametrization Hankel Blocks

Input : > Matrices H®Y, ..., HWN)
whose coefficients are homogeneous polynomials of R[m]EQ 5
> A linear form Q on Riz]<4. N
Output : > A list [p1,...,ps] of polynomials among the entries of Hi,..., Hy
such that {p1,...,p:} is a basis of a supplementary of R[z]¢, in R[z]%,;.
> A list [hy, ..., h] of parameters. - -
> Matrices ﬁ(l), e ,I;T(N) obtained
by applying the linear map 9 : Rlz]<as — Rlh1, ..., h¢] defined by
e Y(p) = Qp) if degp < d,
o Y(py) =hpforall t=1,... ¢,
to the coefficients of the matrices HV, ..., HW).
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9.2 Existence conditions for a G—invariant cubature

The first step of our procedure is described in Algorithm 9.6 [Existence of a G—invariant cuba-
ture|. It provides conditions on some parameters such that the expected G—invariant cubature
A exists. In comparison to Algorithm 5.1, the use of a symmetry adapted basis allows to intro-
duce less parameters (Step 5) and to deal with smaller-sized matrices in input of Algorithm 4.7
(Step 6).

Algorithm 9.6. Existence of a G—invariant cubature

Input : > The degree d of the expected G—invariant cubature.
> The values Q(p) = [ p du for all p € R[z]%,,.
> A representation of the finite group G on R”.
> The set of irreducible representations of the group G.
> The matrix of multiplicities I'q = (7jk)1§j§ﬂ,1§k§T'
> Integers m1, ..., mp, where my is the number of orbits of type P
in the invariant set of nodes.
Output : > A system of equations and inequations that determines the existence for p
of a G—invariant inside cubature A of degree d with positive weights.

Notice that the number of nodes r of the expected G—invariant cubature A is then

N T
>y Y vk, (9.7)
k=1

M T
r= Z n; » Yjkmg+2
1 J=M+1 k=

j=1 k=

where the dimension of the irreducible representation V) is n; if 1 < j < M and 2n; if
M+1<j<N.

1. Compute the expected multiplicities v1,...,vny and the expected ranks ry,...,ry.

Consider the kernel In of the Hankel operator associated with the expected cubature A
and the induced representation V of the finite group G on the quotient space Rlx]/Iy.
The expected multiplicity of every irreducible representation VIV ... V) of G in V is
computed from the integers my, ..., mg and the matriz of multiplicities ' (Corollary 8.6)
and is denoted respectively by v1,...,YN

T
’}/j = Z’yjkmk. (9.8)
k=1

Consider the matriv HE of the linear operator H associated with A in an orthogonal
symmetry adapted basis B of R[z]/Ix. Following Theorem 8.3, HP has a block diagonal
structure. For every 1 < j < N, the size of each identical block associated with the
irreducible representation V) is:

N Be? if1<j<M
I\ 2y ifM+1<j<N.

2. Verify that the expected multiplicities 71, ..., vy satisfy

7‘] ZQ; vj:]""'?N7 (9'9)
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where g;- is the multiplicity of the irreducible representation V) of G in the induced
representation on R[z]_ 4]
2

Since the moments up to order d are known, the matrix of the Hankel operator associated
with the sought cubature A in a basis of R[x]qu has entries in K and has full rank
)

(positive definite). Assuming that this basis is orthogonal symmetry adapted, we get the
inequalities (9.9).

. Choose a degree § such that the following inequalities are satisfied

v <l Vj=1,...,N, (9.10)

where g;-’ is the multiplicity of the irreducible representation V) of G in the induced
representation on R[z]<s_1.

Following Corollary 3.15, the cubature A exists if and only if its restriction A®) to R[z]<2s
for a certain degree § € N satisfies the following properties:
o A®) is a flat extension of its restriction AP~ to Rz]<25—2.

o Its associated Hankel operator H®) is positive semidefinite of rank r.

With the help of Theorem 3.6, this implies that polynomials by, ..., b. such that B =
{[b1],....,[br]} is a basis of R[x]/Ix can be chosen in R[z]<s_i. Assuming furthermore
that B is an orthogonal symmetry adapted basis of Rlx|/In, using (9.7) and (9.8), a
necessary condition on the degree § is then given by (9.10).

. Compute an orthogonal symmetry adapted basis B(®) = [[B%é), cel B](\f[)], [B](\i)ﬂ, .. ,B](é)]]
of R[x]g(g.

See Algorithm 9.3 [Symmetry Adapted Polynomial Basis] and the paragraph Symmetry
adapted basis.
. Construct the distinct blocks HW ... HN),

Consider the matriz H{gm of the Hankel operator associated with A©) in the orthogonal
symmetry adapted basis BY) of Rz]<s. Following Proposition 6.11, H1B<6) has N distinct
blocks on its main diagonal. We denote them by HY, ... HWN),

See Algorithm 9.4 [Symmetric Hankel Blocks] and the paragraph Parametrization of
the matriz of Hankel operators associated with G— invariant linear forms for
more details on the computation of HY, ... HWN),

. Parameterize the unknown coefficients of the matrices H®, ..., HIN),

Every coefficient of the matrices HY ... HWN) 4s:

e cither a value [pdp e KCR ifpe R[x]gd;

e or a linear combination of unknown parameters hy,...,h; otherwise.

See Algorithm 9.5 [Parametrization Hankel Blocks] and the paragraph Parametrization
of the matrix of Hankel operators associated with G— invariant linear forms
for more details on the determination of the parameters hq, ..., hy.

Each matriz HY) has a c} X c;- principal submatriz whose entries are in K and that s

positive definite, where c;- is the dimension of the component of R[w]qg | associated with
=Lz

the irreducible representation V9.
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7. Find conditions on the parameters hi,...,hs, using Algorithm 4.7 [Diagonalization &
Positivity with Rank Constraints] on each matrix H M, ..., HW™) such that the linear
form A is a flat extension of the linear form A®~Y and such that the Hankel operator
H) is positive semidefinite with rank 7.

Following Corollary 3.15, those properties on HO) are sufficient to prove the existence
for the measure p of a cubature of degree d with positive weights. Contrary to Step 4 in
Algorithm 5.1 [Existence of a cubature/, those properties are verified on the smaller distinct
blocks HY ... . HW) of Hle). Each block HY) | under the conditions on the parameters
hi,..., he, satisfies then:

o [Its ¢} x ¢ principal submatriz that corresponds to the restriction of HO) to R[x]<s_1

has the same rank r; as the whole matriz HO),

o H is positive semidefinite.

Thus, up to permutations of rows and columns, Algorithm 4.7 can be used to determine

those conditions. We get (ijfi{) triplets [P, Zj, E;] for each matriz HW 41 <j<N.
T

Choosing one triplet per matriz H\9) | this provides a system of equations (from Zy,...,ZN)

and inequations (from Py, ..., Py) that determines the existence of a cubature.

8. Find conditions such that the Hankel operators Hgi) are positive semidefinite for all k =
1,...,s. (optional)

Following Proposition 3.16, this guarantees that the nodes lie on supp .

See Section 5.2 - Existence of an inside cubature for the computations.

At the end of Step 7, Algorithm 9.6 gives a system of equations and inequations that determines
the existence for p of a G—invariant cubature of degree d with positive weights. There is then
no guarantee that the nodes lie on the support of u. This property is provided by Step 8.

Since this last step requires the computation of new matrices (that are generally not block
diagonal), we often skip it in practice. The fact that the cubature is an inside cubature is then
checked after the computation of the nodes.

9.3 Computation of the weights and the coordinates of the nodes

Assume now that the existence of a G—invariant cubature has been secured with a solution
hi,...,h of the polynomial system of equations and inequations output by Algorithm 9.6.
Algorithm 9.7 then computes the weights and the coordinates of the nodes of the associated
G —invariant cubature.

Algorithm 9.7. Weights & Nodes

Input : > Input of Algorithm 9.6.
> An orthogonal symmetry adapted basis of R[z]<s (Step 4 in Algorithm 9.6).
> The parameterized distinct blocks HM, ... HW) (Step 6 in Algorithm 9.6).

> A value Ay, ...,k for every parameter hq, ..., h; introduced in Algorithm 9.6.
Output : > The coordinates of the nodes (, for all orbits O, with aa =1,...,r;.
> The common weights ay, ..., ar,.
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. Take polynomials b1,...,b, such that B = {[b1],...,[b;]} is an orthogonal symmetry
adapted basis of R[z]/I.

Following Remark 4.8 and Theorem 3.6, the use of Algorithm 4.7 (Step 7 in Algo-
rithm 9.6) gives a way to determine a basis B of R[z|/In by selecting the appropriate
polynomials in the orthogonal symmetry adapted basis BO~Y of Rlz]<5—1 with B(O-1) —
B N Rlz]<s—1. The set of selected polynomials in each orthogonal symmetry adapted

basis B](-é_l) = B§5) N B s denoted by B; = {blj, ... ,bnirj}, where r; is the expected
rank computed in Step 1 of Algorithm 9.6.

. Compute the distinct invertible blocks Hp), e ,H{N) of the matrix HlB of the linear

operator H associated with the sought cubature A in the orthogonal symmetry adapted
basis B of R[z]/I5. Using the values A1, ..., I, those blocks have entries in K.

Since the orthogonal symmetry adapted basis B of R[x]/Ix is obtained from polynomials
in BO) | the matrices Hl(l), e ,HfN) are principal submatrices of the blocks HV ..., HWV)
introduced in Step 5 of Algorithm 9.6. We have

qY = (A(Trg(bsjbtj))> V1< j<N.

1<s,t<r;

The entries are either numbers in K or linear combinations of hy,...,hs. It is then
sufficient to replace the parameters hy, ..., hy by the values hy, ..., hy.

. Take a separating set {p1,...,py} of G—invariant polynomials.

This means that the polynomial system (9.11), defined below, has a unique solution.

. Construct the distinct blocks Hzgi), e ,Hg,v) for every polynomial p, in the separating set
of Step 3.

By Theorem 8.3, the matrices Hﬁ have the same block diagonal structure as the matrix
HEP. For every 1 < j < N, take the set Bj of polynomials introduced in Step 1 and
compute

HP = (Mra(pbn))

1<st<r;

where wg is Reynolds operator.

The coefficients of those matrices are then numbers in K, or polynomials in hy,..., hy,
or unknowns. This last case appears if there exists v € {1,...,n} such that degp, > 2.

As in Section 5.2 - Existence of an inside cubature, those unknown coefficients are
then uniquely determined thanks to Algorithm 5.2 with k > 1 and 2k > degp, for all

v = 1,....n. In addition, since we chose values hi,..., s, Algorithm 5.2 gives also
unique values hyy1, ..., for the additional parameters hiyq1, ..., hr.
. For every v =1,...,n7 and every o = 1,..., 71, find the value \,, of every polynomial p,

in the separating set of Step 3 on the orbit O,.

Consider the generalized eigenvalue problems for every pair of matrices (Hﬁ,HF). Fol-
lowing Corollary 3.9, they are the values of the polynomial p, on the invariant set of
nodes. The latter is a union of r1 distinct orbits O1 U ---U O,, (Remark 8.7). Since the
polynomial p, is G—invariant, the values p,((y) are the same for the nodes (. They are
therefore denoted by Ayo: one per G—invariant polynomial p, and per orbit O .

Moreover, since the matrices Hﬁ and HE have the same block diagonal structure, it
is here sufficient to consider the generalized eigenvalue problem for the pairs of distinct
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blocks (H]gi),Hl(l)) Sy (H;(;iv),HfN) . The occurrence of a generalized eigenvalue Ayq
for a given pair of blocks is given in Corollary 8.8.

Using Remark 8.9, it is sufficient to consider the generalized eigenvalues of the pairs
(H[(,i),Hfl)) The computation runs then as follows:

(a) Take a first G—invariant polynomial py in the separating set.

(b) Compute the ri generalized eigenvalues A1, of the pair (HIS}), Hp) and their asso-

ciated generalized eigenvector w,. They satisfy

HVw, = Mo H M.

(c) Compute H;l)wa and H,(,i)wa for each other G—invariant polynomial p, in the sep-
arating set.

(d) The generalized eigenvalues \,q are then obtained as the only values such that
Hzgllz)wa = )‘VaHfl)wa Vv=2,...,1n.

(e) Create the set of generalized eigenvalues {Aiq, ..., Ao} associated with the general-
ized eigenvector wy, and therefore with the orbit O,.

Notice that it is sometimes more suitable to compute the generalized eigenvalues of other
pairs of blocks, especially

o if those blocks are smaller than the blocks (Hﬁ),H{I)), or

e if those blocks do not contain unknown coefficients (see Step 4) whereas the block
HY does
Pv *

6. Solve the polynomial system for every orbit O, with a =1,...,r;
p(x) =X Yr=1,...,7n (9.11)

to get the coordinates of a node (, per orbit. The other nodes in the orbit O, are then
computed using the group action of G on R".

7. Solve the Vandermonde-like linear system (9.13).

Given a G—invariant polynomial q,

Aq) = Zaa Z q(Ca) = Z |0alq(Ca) da- (9.12)

a=1 CQGOQ
Taking By = {b;!,... ,bri} C B the orthogonal symmetry adapted basis associated with

the absolutely irreducible representation V) defined by V(l)(g) =1 for all g € G, then

bi'(C) - b6\ [10] a1 Ay
z z . = s ] e
br}(Cl) e br} (Cﬁ) |OT1 | drl A(br})
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9.4 H,5—1 (Stroud, 1971)

We look for a cubature of degree 5 for the regular hexagon Hs in the plane R2. It is described
in [101] under the name Hy : 5 — 1 and it was examined in Section 5.4. Here, we recover it
as the unique Dg—invariant cubature such that the nodes are organized as: the origin and an
orbit whose 6 nodes lie on the symmetry axes that go through the vertices of the hexagon (see
Section 7.4.2).

Let H, be the regular hexagon whose vertices are given by (£1,0), (£3, i@) (see Figure 13(a)).
The dihedral group Dg of order 12 (see Section 7.4 for a description of Dg) leaves the hexagon
H, invariant under its classical action on the plane R?. The representation of Dg on R? is given
by the list of matrices

There are 6 irreducible inequivalent representations VI, Y@ B p@) 1©) 16) of the group
Dg (see Section 7.4.2). The submatrix of the matrix of multiplicities I'p, that corresponds to
this group action is (see Section 7.4.2)

1111
0 001
01 01
I= 0 011
0 1 1 2
01 1 2
<_; ﬁ) (; ﬁ)
2' 72 2° 2 r6
27
(_170) 6
(1,0) 36
(_1 _ﬁ) (; _ﬁ)
2° 2 2° 2
(a) Vertices (b) Generators of Dg: the rotation ¢

through an angle %”

under the z;—axis

and the reflection sg

Figure 13: Regular hexagon Ho
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Existence conditions

1.

Since the two expected orbits are associated with the types of the first and the second col-
umn of I', the expected multiplicities 1, ¥2, 3, V4, V5, V6 of the irreducible representations
VW VIV of Dg on R[z]/I, are

et
(71,72, 73, 74,75, %6) = (2,0,1,0,1,1), de. | : | =T
76 0

O = =

Since all irreducible representations of Dg are absolutely irreducible, the expected multi-
plicities 7; are the expected ranks r;.

. The inequalities (9.9) are satisfied since the multiplicities of the irreducible representations

V) Y@ pE) Y PG) YO6) of D in the induced representation on R[z]<2 are

(9/172/2)919,322172{5728) = (2)0)07 07 ]-7 1)

. The inequalities (9.10) are satisfied by choosing ¢ = 4 since the multiplicities of the irre-

ducible representations V1), V(2 YB) pA) pG) P6) of Dy in the induced representation
on R[z]<3 are
(cl,c5,c5,¢1,¢5,¢6) = (2,0,1,1,2,1).

. An orthogonal symmetry adapted basis of R[z]<4 is

(1,23 + a3, 21 + 22323 + @3]), [ 1], [[2} — 3w1a3]], [[2T22 — 523]),
[[xlv IL‘? + l‘ll‘%], [x27 x%:U? + ZL‘%H,

2 .2 .4 .4 .22 1.4 3 3 .3 1. 3
[[2] — 3, 2] — x5, {25 — 323, 20122, 22720 + 22103, 27T2 — 3T175]]

. The distinct blocks HY, H@ HG) g®W HG) HO) are then computed.
. After the parametrization, the distinct blocks HW, H® HG) H® HG) HE) are

3V3 5v/3 V3
20

T8
58ﬁ 7T\6§ hl + 6h2 ’ () ) (hl) ; (%hz) )
3 |y + 6h hy

20
7 s | gh1 + 3he 5ha 3
06 Sha+shy )T\ P hs  lh

. The parameters hy, ho, hg, h4 are determined using Algorithm 4.7 on each block. There is

only one possible set of values for the parameters

49+/3 343v/3
950 12T T T M T Teio5

such that the linear form A®) is a flat extension of the linear form A®) and such that the
Hankel operator H® is positive semidefinite with rank 7.

ha

Thus, there exists for the hexagon Hs a single Dg—invariant cubature of degree 5 with positive
weights and with this organization of nodes in orbit types.

We do not prove here that the nodes lie on the hexagon Hs. This is shown a posteriori once
the coordinates of the nodes are computed.
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Computation of the weights and the nodes

The computation of the coordinates of the nodes is based on the knowledge obtained from the
organization of the nodes in orbit types (see Figure 14(a)). Indeed, the only missing information
is the radius p of the circle where the nodes lie on, except the origin (see Figure 14(b)). This
is obtained as the square root of the evaluation of the Dg—invariant polynomial p = x% + x% at
any node on this circle.

0

(a) Expected organization of the nodes in orbits: O (b) The coordinates of the nodes are de-

the origin and O2 an orbit with 6 nodes termined by the radius p with p? = %

Figure 14: Nodes of the cubature

1. An orthogonal symmetry adapted basis B of R[x]/I is given by the selected polynomials

2. The distinct invertible blocks HY, H® H® HW H® H© with the values hy, ha, hs, ha

are
3v3  5V3
(25 25) 0. (28).0-(3). ()

3. The separating set contains only one Dg—invariant polynomial

pzm%%—x%.

4. The distinct blocks HI(,U, HI(,2), HI(,g), Hz(’4)’ H£5),H1§6) are

5V/3  7V/3
(f f) 0. (2558) .0, (29). (2.

In this case, there is no additional unknown coefficients.
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5. Instead of computing the generalized eigenvalues for the pair of 2 x 2 blocks (HISI), H 1(1)),
we can compute here the one of any other pair of 1x1 blocks (H}(,j), Hl(j)> with j € {3,5,6}.
The generalized eigenvalue problem is thus reduced to a single division.

For instance, if we take the fifth blocks, the generalized eigenvalue, that is the evaluation
of the polynomial p at any node (except the origin), is given by

7 5 14

If we would have solved the generalized eigenvalue problem for the pair of 2 x 2 blocks
(H]gl), H fl)>, we would get the evaluations of the polynomial p at the distinct orbits, that

is 0 since the origin is an orbit and 14 the one that corresponds to p?.

6. The polynomial system for the orbit with 6 nodes is here reduced to a single equation

14
2 2

]+ T3 = .
Since it is here sufficient to know the radius p, it is even reduced to the computation of
the square root of the computed generalized eigenvalue. The coordinates of the nodes are

then the following (see Figure 14(b))

wfgf V14 V42 V14 Va2 V14 V4 Va2o V14 V42

(0,0), (=5 = 0):( 10 7 10 ) (= 10 ° 10 ) (= 5 0), (= 107 10 ) 107 10

)-

7. The computation of the weights is reduced to the Vandermonde-like linear system (9.13)
with a 2 x 2 matrix
(8 ()= (o
0 % G 5f

433 1253
= ao = .
112 7%~ 672

and the distinct weights are

Q¢
[y

The expected Dg—invariant inside cubature with positive weights of degree 5 for the hexagon
Hs is then determined thanks to Table 1.

Type Weight | A node per orbit
(number of nodes)
43V/3
1 -
125v/3 V14
©: P2 (6) 672 <53’0>

Table 1: Weights and nodes of the cubature
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10 Dg—invariant cubatures of degree 13 for the regular hexagon

In this section, we detail how to search for inside Dg—invariant cubatures for the regular hexagon
Hj with positive weights. In [51, Section 6 - Rotational-symmetric formulas], the author looked
for cubatures whose nodes are union of orbits with 1 node or 6 nodes. With the inequalities
(9.9), we explain why it is impossible to find an inside Dg—invariant cubature of degree bigger
than 11 with positive weights and without an orbit with 12 nodes. We prove then that there
exist Dg—invariant cubatures of degree 13 using Algorithm 9.6 [Existence of a G—invariant
cubature] and that there is no such cubature with less than 37 nodes. We conclude with the
construction of cubatures with 37 nodes using Algorithm 9.7.

10.1 Existence of cubatures with at least 37 nodes

We first introduce the input of Algorithm 9.6 [Existence of a G—invariant cubature] and discuss
the different possible organizations of the nodes of the sought cubatures in orbit types. Applying
Algorithm 9.6, we show that only three organizations provide cubatures.

In this search, we are looking for Dg—invariant cubatures of degree 13 for the regular hexagon
Hy: (£1,0), (£3 :l:\[) The moments for Hy of order less than or equal to 13 are computed
thanks to the formulas in [99]. Any value [p dp with p € Rlz ]<13 is then a linear combination
of those moments.

Taking m = 6 in Section 7.4, we get:

> A representation W of Dg on R? deduced from the action of Dg that leaves Hy invariant.
(5 ) DG () (L
0 1)\ v3 1 A WVE] "\ 0 -1/’ ﬁ _1 _V3 ’
2 2 2
-1 0 —1
9 0 1 ) . §

> The set [Laps, Leom] of irreducible representations Y1) Y@ pB) Y p6) p6) - Since
they are all absolutely irreducible, L.y, is empty and Ly is
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> The matrix of multiplicities I'p;, and more precisely the submatrix corresponding to this
group action

SO OO O
_ O Rk O
— = = O O
DN N = = =

The different possibilities for the integers (m1, mg, ms, my) are now discussed, where:

e my = 1 if the origin is a node and m; = 0 otherwise.
e Mo is the number of orbits with 6 nodes such that 2 nodes lie on the z;—axis.
e mg is the number of orbits with 6 nodes such that 2 nodes lie on the zo—axis.

e my is the number of orbits with 12 nodes.

They satisfy
r=mi + 6(ma + m3) + 12my,

where r is the number of nodes. The solutions of this equation over the nonnegative integers
are given in Table 2. Only the cases r = 31, r = 36 and r = 37 are considered since
e 7 = 31 corresponds to Moller’s lower bound (2.10).

e m; €{0,1} so that r =0 mod 6 or r =1 mod 6. The cases r = 32, r = 33, r = 34 and
r = 35 are therefore impossible.

e We shall show that there is no cubature with less than 37 nodes.

31 nodes | (1,5,0,0), (1,4,1,0), (1,3,2,0), (1,2,3,0), (1, 1,4,0), (1,0,5,0)
(1,3,0,1),(1,2,1,1),(1,1,2,1),(1,0,3,1),

(1,1,0,2),(1,0,1,2)

36 nodes | (0,6,0,0),(0,5,1,0), (0,4, 2,0), (0,3,3,0), (0,2,4,0), (0, 1,5,0), (0,0, 6, 0)
(0,4,0,1),(0,3,1,1),(0,2,2,1),(0,1,3,1),(0,0,4, 1),
(0,2,0,2),(0,1,1,2),(0,0,2,2)

37 nodes | (1,6,0,0), (1,5,1,0), (1,4,2,0), (1,3,3,0), (1,2,4,0), (1, 1,5,0), (1,0,6,0)
(1,4,0,1),[(1,3,1,1),(1,2,2,1),(1,1,3,1) |, (1,0,4, 1),
(1,2,0,2),(1,1,1,2),(1,0,2,2)

Table 2: Possible values for the integers (m1, ma, ms, my)

The number of possible cases in Table 2 can be reduced thanks to the inequalities (9.9) in
Step 2 of Algorithm 9.6. The expected multiplicities v1, v, ¥3, V4, 75, V6 are linked to the integers
mq, ma, ms, my thanks to (9.8) by

YL=m1+me+m3+my, Yo=My, Y3=M2+My, Y4= M3+ My,
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Y5 = Mo + m3 + 2my, Y = Mo + m3 + 2my.

ere |5| =6 an e multiplicities ¢}, ¢y, ¢3, ¢y, C5, Cg aTe

Here | 4] = 6 and the multiplicities ¢}, ¢}, ¢4, ¢}, ¢k, ¢,
/ / / / / /
(217Q27§37Q47Q57§6) = (57 17272747 5)

According to (9.9),
thus:

e Since 5 = my4 and g’2 =1, (9.9) implies that there is at least 1 orbit with 12 nodes. The
cases with my4 = 0 are therefore impossible.

This explains why no inside cubature of degree 13 with positive weights can be found in
[51]. A Dg—invariant cubature of degree bigger than 13 has at least 1 orbit with 12 nodes.

e Since ¢} =5 and 1 = my + ma + m3 + m4 (Remark 8.7), (9.9) implies that there are at
least 5 orbits. The cases with m4 = 2 for 31 nodes and 36 nodes in Table 2 are therefore
impossible.

e Since ¢ = ¢y = 2, v3 = ma + my and 4 = mg + my, (9.9) allows us to discard the cases
in Table 2 with mo = 0 and m4 = 1 or with m3 = 0 and m4 = 1.

The remaining cases are then the ones in bold in Table 2.

With the help of Algorithm 9.6 (until Step 7), we find the systems of equations and inequa-
tions that determine the existence for Ho of Dg—invariant cubatures of degree 13 with positive
weights . The only cases for which there exist such cubatures are in Table 3. The choice of the
degree ¢ (Step 3) and the corresponding values of (¢, c5, 5, ¢, ¢k, cg) and (c1, ¢z, €3, ¢4, C5, Cg)
are indicated. Notice that the irreducible representations of Dg are absolutely irreducible so
that

vj =Ty, g;-:c;-, g;-’:c;' Vi=1,...,6.

37 nodes § | (df,cy,cy,cf, b, cf) | (cr,c2,c3,cq,c5,C6)
Case (L3,1,1) | 10| (7,2.5,5,10,8) | (9,3,5,5,10,12)
Case (1,2,21) | 9 | (7,2.3,3,7,8) (7.2,5,5,10,8)
Case (1L1,3,1) | 10| (7.2.5,5,10,8) | (9,3,5,5,10,12)

Table 3: Values for the integers (mq,mg, ms3, my) such that cubatures exist

The last column informs us on the size of the matrices we deal with in this symmetric approach.
In comparison, if symmetry were not taken into account as in Section 5, the size of the matrices
would have been: dim R[z]<19 = 66 in the cases (1,3,1,1) and (1,1,3,1) and dim R[z]<g = 55 in
the case (1,2,2,1).

The systems of the cases (1,3,1,1) and (1,1,3,1) have both a unique solution, whereas the systems
of the case (1,2,1,1) have two solutions.

“Due to the size of the matrices, we do not give here the details of the computations.

126



10.2 Computation of the weights and the nodes of the 4 cubatures

With the help of the 4 solutions found thanks to Algorithm 9.6 [Existence of a G—invariant
cubature], we are now able to compute the 4 associated cubatures using Algorithm 9.7 [Weights
& Nodes]. We first need to determine a separating set {pi,...,p,} of G—invariant polyno-
mials and then choose if it is preferable to solve the generalized eigenvalues for the pairs of
blocks (H;(;ll,), Hfl)) or for other blocks (as in the example of Section 9.4). Both depend on the
organization of nodes in orbit types (see Figures 15(a), 16(a), 17(a) and 18(a)).

Thanks to the values of the integers (mq, ma, mg, m4) in those cases (Table 3), we know that:

e The origin is a node: this orbit is denoted by O;.

e There are 4 orbits O, O3, O4 and O5 with 6 nodes (see Figures 15(b), 16(b), 17(b) and
18(b)): the missing information is the radii ps, p3, ps4 and ps of the circles where the nodes
lie on. They are obtained thanks to the Dg—invariant polynomial p; = 2% + m%

e There is 1 orbit Og with 12 nodes (see Figures 15(c), 16(c), 17(c) and 18(c)). For this
orbit, knowing the radius pg is not enough. The additional required information is the
angle 6 of one of the node on Og. We choose the unique node such that 0 < 6 < . It is
possible to compute it thanks to a second Dg—invariant polynomial given in [46, Chapter
XIIL.4] by

po = (1 +ix2)® 4 (21 — ix2)® = 228 — 302723 + 302325 — 225,

Indeed, assuming the evaluation p((s) of py at any node (g on Og is known, 6 is then
the unique solution of the equation in 6

pa(Ge) = 20 cos(66) (10.1)

under the constraint 0 < 6 < %.

The separating set in Step 3 of Algorithm 9.7 is then
{p1,p2} = {22 + 23,225 — 302122 + 302325 — 225}

As noticed in Step 5 of Algorithm 9.7, it is sometimes more suitable to take other blocks than the
first blocks. We choose here to consider the second, third and fourth blocks. This corresponds
to the choice of a 3 x 3 unimodular submatrix of I'. Indeed, since the first column of I' informs
on the presence of the origin as a node and since we already have this information, a 4 x 4
unimodular submatrix of I' is not required to solve uniquely the linear systems (8.6).

The strategy for Steps 5 and 6 of Algorithm 9.7 is then the following;:
1. Compute the generalized eigenvalues of (H},?,Hl(m), (HI(,?),Hl(g)) and (H}gf),HYI)). The
unique generalized eigenvalue of the pair (Hg), H 1(2)) is pg. It is also a generalized eigen-

value of the pairs (H}g?), H 53)) and (Hgf), H 54)). The other generalized eigenvalues are p3,
p3, p3 and p?. This determines the orbits Oz, O3, O4 and Os.

2. Compute the generalized eigenvalue of the pair (Hg), HfZ)). Solving (10.1), we get then
0. This determines the orbit Og.
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This strategy has the following advantages:

e The second, third and fourth blocks are smaller than the first ones since

Y1 =m1+mg+m3+my =26

whereas

e The

Yo=mg=1, y3=mo+my <4, y=m3+my <4

matrix H;%) contains coefficients that have not been determined yet, whereas the

blocks H$2, 1HY 7Y H? do not.

Case 37

nodes (1,3,1,1)

Among the different triplets [P, Z, E] output by Algorithm 9.6, only one triplet has a solution.
This is checked by computing a Groebner basis of the polynomials in each set Z: if it is reduced
to {1}, then there is no solution. Solving the polynomial system obtained from this set Z, we get
2 distinct sets of values for the 14 unknown parameters in the blocks H®, ..., H®) introduced

in Step 6

of Algorithm 9.6. But only 1 of these distinct sets of values satisfies the positivity

constraints from P. Using this remaining set of values, we apply Algorithm 9.7.

1. An orthogonal symmetry adapted basis of the second, third and fourth component of
R[z]/I, is given by selecting the following polynomials in the second, third and fourth
component of R[z]<g

5 10 .3 .3 5
[mlxg — FX{TH + xlxﬂ,
5

[x‘rf — 31123, 2 — 22323 — 3wy2d, 2] — 232} — Sadad — 312§, 2) — 62323 — 8xFal — lexg],

2. The

with

2 1,3 .4 2,.2,3 1.5
[azlajg — 3T, T1T2 + 3TITH — 3372].

. ) 2 3 4 .
invertible blocks H{ ), H; ) and H{ ) are respectively
309v/3 1661v/3  2743v3 322893
2240 16800 36960 560560
1661v/3 27433 322893 A 3v3 333
31v3 16800 36960 560560 1 320 5600
34496 ] ° | 2743v/3 322893 A B '\ 33v3  13V3
3696\0f 560560 1 2 5600 3360
322893
560560 h ha h3

hy = %ﬁ + (%\/17144267591348974794021990, where a; = 19 186 284 158 106 782 360 533
739 463 657 337 817 123 801, by = 418 401 904 389 034 302 548 727 436 218 159 228 313 795 248, ¢, = 5 567
090 272 441 677 908 851 774 900 194 238 557, di = 841 929 568 618 188 155 306 432 227 859 273 914 412
831 615 499 878 072;

ho = Z—;\/§+ FV1T144267591348974794021990, where ap= 100 644 786 976 659 682 070 463
039 891 774 035 345 240 805 103 944 907 979 378 573 344 459 912 746 782 918 911, by = 2 704 980 476 033
486 556 489 785 064 780 349 140 562 806 614 191 813 930 605 564 527 233 948 504 807 144 477 272, ¢y =
2 692 747 051 260 847 118 697 851 888 062 234 830 635 134 922 176 183 333 837 316 013 944 129 422 605,

da = 111 083 655 886 817 745 301 726 914 106 003 422 756 088 032 763 135 997 877 992 203 328 157 474 585
305 760 353 810 740 892;
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hs = Z—g\/g + 2—3\/17144267591348974794021990, where a3 = 7 283 689 389 530 020 687 327
879 287 363 947 837 479 130 940 966 369 197 834 056 038 784 443 739 447 843 426 948 705 675 601 589 918
194 245 146 220 917 649 105, by = 237 928 944 478 830 793 763 337 210 016 263 094 342 851 319 049 025
571 460 275 675 526 275 599 800 626 064 134 483 668 500 122 886 339 856 563 412 032 025 094 728, c3 = 1
241 436 209 175 718 349 395 214 969 806 564 819 809 454 926 485 085 828 176 115 515 396 204 763 573 238
272 305 862 722 038 062 295 489 152 070 911 905, d3 = 23 675 573 565 914 340 619 610 870 129 744 084 654
082 590 667 785 100 505 000 310 812 665 988 891 402 293 048 479 659 862 166 950 222 395 055 486 727 951

870 690 172 583 454.

3. The separating set is

{p1,p2} = {3 + 23,225 — 302723 + 302323 — 225},

4. The distinct blocks HI(,?, gf), Hgf) and H}(,g) are respectively

with

The

5. The

The

The

The

16613 2743v/3 322893 By

16800 36960 560560
2743v/3 322893 A 7 33v3  13V3
(ﬁ4) 36960 560560 1 2 5600 3360 (iiﬁ)
7| 322893 A ) B v\ 13v3  113v3 |’
560560 1 2 3 3360 43120
Iy ha h3 hs

hy = ‘g—;‘\/g—i— fl—i\/17144267591348974794021990, where a4 = 9 455, by = 18 403 616, ¢4 = 31,
dy = 571 361 519 791 841 856;

hs = Z—:\/§+ 2—2\/17144267591348974794021990, where as= 255 046 343 368 657 902 032 035
810 584 989 396 180 758 522 278 323 088 786 814 384 588 121 792 142 231 366 698 352 182 106 512 356 391
354 154 109 916 513 250 420 859 737 118 041 674 388 085 063 549 809 716 817 197 395, bs = 20 504 879 343
462 084 258 987 829 821 461 719 328 722 616 605 023 822 361 842 992 680 724 544 792 997 979 674 389 T19
434 382 521 396 555 528 421 509 283 704 410 354 725 643 019 794 602 699 099 189 322 392 194 883 907 072,
cs = 4 576 894 285 553 975 518 305 535 223 630 459 761 168 220 718 266 886 005 032 577 650 137 651 108
792 249 894 623 688 027 596 430 503 882 513 971 127 137 510 545 693 051 677 164 647 182 982 585 772 352
668 925, ds = 35 085 850 298 044 533 172 867 654 356 342 901 088 780 624 369 783 916 703 845 920 672 391
742 891 346 291 148 336 384 113 426 888 123 568 677 963 230 440 693 759 232 902 912 809 977 532 342 648
595 120 944 742 775 149 349 759 008;

he = ‘;—g\/g + 2—2\/17144267591348974794021990, where ag = 77 781 325, bs = 187 074 235
502, cg = 355 858 765, dg = 1 463 599 811 939 162 046 290 064.

computation is now done in floating point arithmetic.

generalized eigenvalue of the pair (HI(,?), H §2)) is

p% = 0.7160263383987789.

generalized eigenvalues of the pair (H;(;?), H §3)), distinct from p2, are

p% = 0.5402717232537627, pg = 0.1688260881819940, pZ = 0.8696140693752899.
generalized eigenvalue of the pair (Hgf) H §4)), distinct from p%, is
pg = 0.4273663513856634.

generalized eigenvalue of the pair (Hg), Hf)) is

28 cos(60) = —0.1841200190295809.
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6. We first deduce the coordinates of a node per orbit (Table 4) from the equations above
and then the coordinates of the whole set of nodes from the group action and the orbit
type (see Figure 15(a)).

7. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-
ble 4).

A Dg—invariant cubature of degree 13 for the hexagon Hj is thus determined (Table 4).

Type Common weight d,, A node (, per orbit O,
(number of nodes)
O Py (1) 0.1581420400555712 (0,0)
02 P2 (6) 0.0784240699308296 (0.7350317838391498,0)
O3 Py (6) 0.1344412904126819 (0.4108845192776117,0)
O4 Py (6) 0.0252992190340063 (0.9325310018306576,0)
Os Ps (6) 0.0945409138972820 (0,0.6537326298921168)
O¢ Py (12) 0.0369751009707455 | (0.8073714597089485,0.2533331096525298)

Table 4: Weights and nodes of the cubature in the case (1,3,1,1)

Case 37 nodes (1,2,2,1)

Among the different triplets [P, Z, E] output by Algorithm 9.6, only one triplet has a solution.
This is checked by computing a Groebner basis of the polynomials in each set Z: if it is reduced
to {1}, then there is no solution. Solving the polynomial system obtained from this set Z,
we get 4 distinct sets of values ? for the 10 unknown parameters in the blocks HM), ... H®)
introduced in Step 6 of Algorithm 9.6. But only 2 of these distinct sets of values satisfy the
positivity constraints from P. Using this remaining set of values, we apply Algorithm 9.7.

1. An orthogonal symmetry adapted basis of the second, third and fourth component of
R[x]/Ix is given by selecting the following polynomials in the second, third and fourth
component of R{z|<g

[23mg — Ratad + 2123],
[m? — 3m2d, 20 — 22322 — 3xy05, 2] — 2022 — Sadal — 3$1mg],
[x%azg - %x%,x‘fl‘z + %x%x% — %x%,x?l‘z + %x%x% + %x%x% - %x%}

2. The invertible blocks H 1(2), H {3) and H1(4) are respectively

309v3  1661v3 27433 3v3  33v3  13V3
2240 16300 36960 320 5600 3360
313 16613  2743v3  32289v/3 33v3  13v3  113V3
34496 ) ' | "16800 36960 560560 | ° | 5600 3360 43120
27433 32289v/3 A 13v/3  113V3 A
36960 560560 1 3360 43120 2

Since the exact value of h; and hs is too large to appear here, we give here an approxi-
mation

First solution: h1 = 0.0792022183895574, hg = 0.0031602798204254.
Second solution: 73 = 0.0792484380582109, he = 0.0031582155999142.

5In fact, 8 distinct sets of values, but 4 are in C \ R.
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(a) Organization of the nodes in orbits: O; the origin, O2, O3 and O4 the orbits with
6 nodes and 2 nodes on the x1—axis, Os the orbit with 6 nodes and 2 nodes on the

zo—axis and Og the orbit with 12 nodes

(b) The coordinates of the nodes in Oz, O3z, O4
and Os are determined by the radii p2, ps3, pa
and ps

Figure 15: Nodes of the cubature in the case (1,3,1,1)

3. The separating set is

{p1,p2} = {af + 23, 22§ — 30212} + 302ia] — 22§},

4. The distinct blocks Hg), HZ(,?), H,(fll) and H,g) are respectively

16613 27433 322893 33v3 13v/3  113V3
16800 36960 560560 5600 3360 43120
(h3) 2743v3  32289v3 B 13v/3  113v/3 )
’ 3696\0[ 560560 1 ’ 33?(} 43120 2
322893 113v/3
560560 h ha 43120 ha hs
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Since the exact value of hs, h4, hs and hg is too large to appear here, we give here an
approximation

First solution: hs = 0.0012635157417496, h4 = 0.0638006574002314,
hs = 0.0022579544688321, he = 0.0006922999031606.
Second solution: hz = 0.0012892840704738, hy = 0.0639268521092782,
hs = 0.0022540005061904, he = 0.0012137720826728.

The computation is now done in floating point arithmetic.

5. The generalized eigenvalue of the pair (Hg), Hf)) is

First solution: p% = 0.8117589301751710.
Second solution: pg = 0.8283140630210464.

The generalized eigenvalues of the pair (H;(,:f), H §3) ), distinct from p%, are

First solution: p3 = 0.4895274642961736, p3 = 0.8373579271553270.
Second solution: p2 = 0.5060570527375981, pg = 0.1247012858056488.

The generalized eigenvalues of the pair (Hgf), H §4)), distinet from p2, is

First solution:  p? = 0.5884676559118877, pZ = 0.1876538077028625.
Second solution: p3 = 0.2412793258525374, p2 = 0.6068420380215161.

The generalized eigenvalue of the pair (Hg), H %2)) is

First solution:  2p§ cos(66g) = 0.4447753282217330.
Second solution: 2p8 cos(66s) = 0.7798005950781460.

6. We first deduce the coordinates of a node per orbit (Tables 5 and 6) from the equalities
above and then the coordinates of the whole set of nodes from the group action and the
orbit type (see Figures 16(a) and 17(a)).

7. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-
bles 5 and 6).

Dg—invariant cubatures of degree 13 for the hexagon Hj are thus determined (Tables 5 and 6).

Type Common weight d,, A node (, per orbit O,
(number of nodes)
O P (1) 0.1743980715348907 (0,0)
(@) Py (6) 0.1083603943222180 (0.6996623930786290,0)
O3 Py (6) 0.0207256103020582 (0.9150726337802696,0)
O4 P3 (6) 0.0843685971535321 (0,0.7671164552592022)
Os Ps3 (6) 0.1510318603712617 (0,0.4331902673476431)
O¢ Py (12) 0.0197299472436671 | (0.8847052130152165,0.1704570803272869)

Table 5: Weights and nodes of the cubature in the case (1,2,2,1): first solution

132



(a) Organization of the nodes in orbits: Op the origin, O2 and O3 the orbits with 6
nodes and 2 nodes on the x;—axis, O4 and Os the orbits with 6 nodes and 2 nodes on
the z2—axis and Og the orbit with 12 nodes

(b) The coordinates of the nodes in Oz, O3z, O4 (c¢) The coordinates of the nodes in Og are de-
and Os are determined by the radii p2, ps3, pa termined by the radius pe and the angle 6g
and ps

Figure 16: Nodes of the cubature in the case (1,2,2,1): first solution
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Type
(number of nodes)

Common weight d,,

A node (, per orbit O,

O Py (1) 0.1492131124137626 (0,0)

(@) Py (6) 0.1043930407971358 (0.7113768710890690,0)

O3 Py (6) 0.0615527088469823 (0.3531306917173286,0)

Oy Ps3 (6) 0.1071155341363768 (0,0.4912019196316788)

Os Ps3 (6) 0.0804531873973581 (0,0.7790006662549782)

Os Py (12) 0.0273146893227030 | (0.9017400519011072,0.1232028482491464)

Table 6: Weights and nodes of the cubature in the case (1,2,2,1): second solution
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(a) Organization of the nodes in orbits: Op the origin, O2 and O3 the orbits with 6
nodes and 2 nodes on the x;—axis, O4 and Os the orbits with 6 nodes and 2 nodes on
the z2—axis and Og the orbit with 12 nodes

(b) The coordinates of the nodes in Oz, O3z, O4 (c¢) The coordinates of the nodes in Og are de-
and Os are determined by the radii p2, ps3, pa termined by the radius pe and the angle 6g
and ps

Figure 17: Nodes of the cubature in the case (1,2,2,1): second solution
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Case 37 nodes (1,1,3,1)

Among the different triplets [P, Z, E] output by Algorithm 9.6, only one triplet has a solution.
This is checked by computing a Groebner basis of the polynomials in each set Z: if it is reduced
to {1}, then there is no solution. Solving the polynomial system obtained from this set Z, we get
2 distinct sets of values for the 14 unknown parameters in the blocks H®, ..., H®) introduced
in Step 6 of Algorithm 9.6. But only 1 of these distinct sets of values satisfies the positivity
constraints from P. Using this remaining set of values, we apply Algorithm 9.7.

1. An orthogonal symmetry adapted basis of the second, third and fourth component of
R[z]/I5 is given by selecting the following polynomials in the second, third and fourth

component of R{z]|<g

10
[x?a:g - ?xlxz + xlxg]

[:plf?):z:l:cz,:nl 2x1x2 39511:2}

2 1.3 .4 2,.2..3 1.5 5_ 1.7 4,.5 8,2,7 19,9

2. The invertible blocks H 1(2), H {3) and H1(4) are respectively

3V3 33v3 13v3 13v3
320 5600 3360 6160
309v3  1661y/3 33v3 13v3 1133 152h +h
313 2240 16800 5600 3360 43120 27 2
34496 16613 27433 13v3 113v3 8hy + ki A
16300 36960 33\6} %3120 1 2 3
13v3 152k
6160 27 + ho hs hy

Since the exact values of hy, ho, hg and A4 are too large to appear here, we give here an
approximation

h1 = 0.0002347083678754, Ay = 0.0012829189683071,
hs = 0.0019029768903960, hy = 0.0012473869646381.
3. The separating set is

{p1,p2} = {:p% + x%, 2x1 30:61302 + 30x1:n2 21‘2}

4. The distinct blocks Hzgf), HI(,?), ngf) and Hg) are respectively
33v3 133 113v3 152
5600 3360 43120 h + ha
1661v/3 27433 13v/3 113v3 8y + h h
(o) \ainds s || G 0 T ()
36960 560560 13120 8h1 + ho hs hi5
2Ry + hy hs3 hs he

Since the exact values of hs, hg and hy are too large to appear here, we give here an
approximation

hs = 0.0014224327872072, hg = 0.0009661526368457, hy = 0.0012045336983775.

The computation is now done in floating point arithmetic.
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d.

6.

The generalized eigenvalue of the pair (Hg), Hf)) is

pi = 0.8242247364265768.

The generalized eigenvalues of the pair (HI(,?), H §3)), distinet from p2, is

p3 = 0.4905623338439775.

The generalized eigenvalues of the pair (HI(;?), H Yl)), distinct from pg, are

p% — 0.5855752916340393, p3 = 0.1877507115737364, pg = 0.7139224749993048.

The generalized eigenvalue of the pair (Hg), H F)) is

28 cos(66g) = 0.7738652982675917.

We first deduce the coordinates of a node per orbit (Table 7) from the equalities above
and then the coordinates of the whole set of nodes from the group action and the orbit
type (see Figure 18(a)).

. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-

ble 7).

A Dg—invariant cubature of degree 13 for the hexagon Hj is thus determined (Table 7).

Type Common weight d,, A node (, per orbit O,
(number of nodes)
O Py (1) 0.1744622899297936 (0,0)
O, Py (6) 0.1086813753508295 (0.7004015518572025,0)
O3 P3 (6) 0.0813509550506738 (0,0.7652289145308346)
Oy Ps3 (6) 0.1511466131316961 (0,0.4333021019724418)
Os Ps3 (6) 0.0057447253848289 (0,0.8449393321412519)
Og P (12) 0.0285059923262794 | (0.8996509650134044,0.1218723823391791)

Table 7: Weights and nodes of the cubature in the case (1,1,3,1)
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(a) Organization of the nodes in orbits: O; the origin, Oz the orbit with 6 nodes and
2 nodes on the x1—axis, Oz, O4 and Os the orbits with 6 nodes and 2 nodes on the
ro—axis and Og the orbit with 12 nodes

(b) The coordinates of the nodes in Oz, O3z, O4 (c¢) The coordinates of the nodes in Og are de-
and Os are determined by the radii p2, ps3, pa termined by the radius pe and the angle 6g
and ps

Figure 18: Nodes of the cubature in the case (1,1,3,1)
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11 Ds;—invariant cubatures of degree 7 for the equilateral trian-
gle

With the example in this section, we emphasize that the proposed procedure provides all
G—invariant inside cubatures with positive weights for a given measure p, degree d and or-
ganization of nodes in orbit types (mq,...,my). With the help of Table 4 in [37], we want to
recover the D3—invariant inside cubatures with positive weights for a triangle. We focus here
on the one of degree 7 with 15 nodes whose weights and nodes are given in [76] 6. Applying the
procedure in Section 9, we show the existence of 2 such cubatures with the same organization of
nodes in orbit types: 1 orbit with 3 nodes and 2 orbits with 6 nodes. Up to our knowledge, only
the cubature in [76] is known: it corresponds to the second cubature (Table 9 and Figure 20).

11.1 Existence of 2 cubatures with 15 nodes

We first introduce the input of Algorithm 9.6 [Existence of a G—invariant cubature] and apply
this algorithm for the same organization of nodes in orbit types as in [76].

In this search, we look for Ds—invariant cubatures of degree 7 for the equilateral triangle T5:
(1,0), (-3, i@) The values [ pdy with p € R[m]g7 are computed explicitly by

pdu:/ p(xl,xg)dxldargz/ p(x1, x2)dxy | drx;.
/ Ts —1 7?%»?11

Taking m = 3 in Section 7.4, we get:

> A representation W of D3 on R? deduced from the action of D3 that leaves Ty invariant.

O DEDENET
0 1 ) V3 _l ’ _@ _l ’ O _1 ’ V3 1 ’
2 2 2 2 2 2

> The set [Laps, Leom] of irreducible representations Y v 1YB) Since they are all abso-
1,1,1,1,1,1]

lutely irreducible, L¢oy, is empty and Lgps is
1 V3 1 V3 1 V3 1 V3
L0\ (=3 —% -3 9| (L 0 —3 7 -3 %
0 1)°\v8 _1)\_v38 _1]°\0 —1)"\¥8 1 [ |_¥3 1
2 2 2 2 2 2 2 2
> The matrix of multiplicities I'p,, and more precisely the submatrix corresponding to this
group action

b
N

111
I'=10 0 1
01 2

> The integers m1,mg, mg are 0, 1,2 since there are 1 orbit with 3 nodes and 2 orbits with
6 nodes in [76].

5The one of degree 7 with 13 nodes in Table 4 in [37] refers to a cubature with negative weights.
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Existence conditions

1. The expected multiplicities 71, ¥2,y3 are linked to the integers mq, mso, ms thanks to (9.8)

by
Y1 =m1+mg+m3=3, 7y2=m3=2,

Since all irreducible representations of D3 are absolutely irreducible, the expected multi-

plicities 7, are the expected ranks r;.

2. The inequalities (9.9) are satisfied since the multiplicities of the irreducible representations

Y3 = ma + 2msz = 5.

YD) Y@ YB) of Dy in the induced representation on R[z]<3 are

3. The inequalities (9.10) are satisfied by choosing &

are

(6176/2/7 ) (5 2 7)

4. An orthogonal symmetry adapted basis of R[z]|<¢ is

3_1.5 .5

[[1,22 + 23, xl 3x1x2, 331 —|— 20272 + 23, 29 —

4.2° 2.5 4
28 + baixy + 5'327951952 — 3T1Ty + 25]],

2 1.3
23wy — 223, 2iws + 22%2d — 123, 2wy —

6 since the multiplicities of the
irreducible representations VM, V@ VG) of Dy in the induced representation on Rz]<s

10

[[@1, 2% — 23,23 + 2123, 2] — m%,x%x% — éx%,xl + 2z
ot~ Satat — 8a8ated { Lokt — el
[22, —22172, a:larg + x2, 2x1a:2 — 27173, $1$2 + iz

L %x‘{‘xQ 2 2:17% + 6:U2, —x?:ng — 13—036%133 %:Bla:g, 2

5. The distinct blocks HV, H® H®) are then computed.

23:11“2 — 3x123,

Saiay + xaj]],

4 .32

2, X1Ly — 3$1$27

3 10..2,..3

2 331372+ 3327
233 5

—xiwy — aied + 3331?32]] _

6. After the parametrization, the distinct blocks HYV, H®) H®) are

140

r 33 33 3v3 33 33 333
3v3 5\3 V3 87V 33 896
3 3V 3V 3 3V 3
25 8% o ] o
‘zi} 70 Gil/d T2 hy hz — 6hg
3v3 87V3 1
40 2240 112 hi1 + 9hg ha —3ghs + 3he
3y3 3v3 hy ho hg 2h7 — 4hg
33V3 1
8\9/'1 h; + 6hg hy — 6hg —5hs + 3he 2h7 — 4hg hii
A ha 2hg —+hs + 1he 2hg 6hg + hi1g
3V3
4480 1 ha 1 2hg
hy —1lhs+1lhg 2hg
2hg 2hg hio
3vV3 3V3 3vV3 3vV3 0 33V/3 9v3
32 80 80 140 1792 17920
3V3 33 3V3 873 93 33 0
80 80 140 4480 8960 224 .
3V3 33 873 3v3 ) hy L 3n 3hg
80 140 4480 224 2 4 7
3V3 873 3v3 hy [Tohg 3hy hy 0
140 44\§Q 224 2 3h 2 h2 2 h
9vV3 4 4 3
VI v B i o e mgin
< 1 2 5 6
Iz 294 T; 3hg = hﬁ " he N TEta
9v3 ong 3 5 6 5 6
o0 0 e o o 2, s T3 TmtIe
B Hgpees R e CEE W %
4 5 26 5 6 8
- 0 = 0 st —w®t7 hs -z

33
4480

hy
2hs
—+hs + 1he
2hg
6hg + hio
hg

o
+
0
g

=2
o

e
L

o2
S

4

9hg + hjo

9hg , hig




7. The parameters hy, ..., h11 are determined using Algorithm 4.7 on each block. Each block
HW  H® provides 1 triplet [P1, Z1, 1], [P2, Z2, Fs], whereas the block H®) provides 6
triplets [P3, Z3, F3]. There are thus 6 systems of equations and inequations. However,
only one of them has a solution. This is checked by computing a Groebner basis of the
polynomials in each set Z = {Z1, Za, Z3}: if it is reduced to {1}, then there is no solution.
Solving the polynomial system obtained from this set Z, we get 2 distinct sets of real
values for the 11 unknown parameters in the blocks HV), H®) H®) Both sets satisfy the
positivity constraints from P = [P}, Py, Ps].

This shows that for the equilateral triangle T5 there exist exactly 2 D3—invariant cubatures

of degree 7 with positive weights and with this organization of the 15 nodes in orbit types.

8. It is here easier to check a posteriori that we have an inside cubature.

11.2 Computation of the weights and the nodes of the 2 cubatures

With the help of the 2 solutions found thanks to Algorithm 9.6 [Existence of a G—invariant
cubature], we are now able to compute the 2 associated cubatures using Algorithm 9.7. We first
need to determine a separating set {p1,...,p,} of G—invariant polynomials. It depends on the
organization of nodes in orbit types (see Figures 19(a) and 20(a)).

In this example, we look for 3 orbits: O; with 3 nodes (see Figures 19(b) and 20(b)), Oy and
O3 with 6 nodes (see Figures 19(c) and 20(c)). A missing information is the radii p1, p2, p3 of
the circles where the nodes lie on. They are obtained thanks to the Ds—invariant polynomial
p1 = o3 +23. This information is not enough. The additional required information is the angles
01,605,605 of a node (q,(2,(3 on each orbit 01,02, O3. We choose the unique node such that
0 < 01,02,03 < 3. It is possible to compute it thanks to a second D3—invariant polynomial
given in [46, Chapter XII.4] by

p2 = (z1 +ix2)% + (21 — ix)? = 223 — 62123
Indeed, assuming the evaluation py((,) is known, 6, is then the unique solution of the equation
in 0
p2(Ca) = 292 cos(30) Va=1,2,3

under the constraint 0 < 6 < §. Notice that 0; € {0, 5} and 0 < 62,03 < %.

The separating set in Step 3 of Algorithm 9.7 is then

{p1,p2} = {a} + 23,227 — 62123}

For the 2 cubatures, it is sufficient to consider the first blocks Hfl),Hz(,}),H;,(,;) as noticed in
Step 5 of Algorithm 9.7. The latter is therefore simplified:

1. An orthogonal symmetry adapted basis of the first component of R[x]|/Ij is given by
selecting the following polynomials in the first component of Rlx]<s

2 2 3 2
(1,27 + a3, 2] — 3z125).
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2. The invertible block H fl) is

3v3 3v3 3v3
4 16 40
3vV3 3v3 3V3
16 40 70
3v3 3v3 213
40 70 640

3. The separating set is
{p1,p2} = {=] + 23, 227 + 63123},

4. The distinct blocks Hi(,}), Hz(,;) are respectively

3v3 3V/3 3V3 3v3 33 213
(1) 31\% 8?1\0/5 3% (1) 32\% 3%% 320
0 Tz M =0 201 ho

with

First solution: h1 = 0.0364045528321075, hg = 0.0578230474283380.
Second solution: h; = 0.0366481235855616, hy = 0.0588850622813001.

5. Applying the steps (a)-(e), we get the different values Ay, with v = 1,2 and a = 1,2, 3.
First solution:

A1 = p? = 0.0730202430083909, a1 = 2% cos(361) = 0.033324853191846,
A2 = p2 = 0.2527220147370857, g = 25 cos(362) = 0.047793211645650,
A3 = p2 = 0.6435998129921440, a3 = 23 cos(363) = 1.023593517287630.

Second solution:

A1 = p? = 0.6483606648970231, o1 = 2p3 cos(361) = 1.044130985690171,
A2 = p2 = 0.2697235135960804, Moo = 2p3 cos(362) = 0.047793211645650,
A3 = p3 = 0.0815049434976416, a3 = 2p3 cos(363) = 0.032636335919029.

6. Solving the systems formed by each row above, we get the coordinates of a node per orbit
(Tables 8 and 9) and then the coordinates of the whole set of nodes from the group action
and the orbit type (see Figures 19(a) and 20(a)).

7. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-
bles 8 and 9).

2 Ds—invariant cubatures of degree 7 for the equilateral triangle T5 are thus determined (Ta-
bles 8 and 9).
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(a) Organization of the nodes in orbits: O; the orbit with 3 nodes, Oz and Os the

orbits with 6 nodes

(b) The coordinates of the nodes in O; are de-
termined by the radius p; and the angle 6; =0

(c) The coordinates of the nodes in Oz, O3 are
determined by the radii p2, p3 and the angles
02, 03

Figure 19: Nodes of the first cubature

Type Common weight a, A node (, per orbit O,
(number of nodes)
O Py (3) 0.1628910742849014 (0.2702225804931746,0)
Oy Ps3 (6) 0.0991248412090212 | (0.4459621387678824,0.2320340180289498)
Os Ps3 (6) 0.0359359725946377 | (0.8014638082178955,0.0354341235112252)

Table 8: Weights and nodes of the first cubature
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(a) Organization of the nodes in orbits: O; the orbit with 3 nodes, Oz and Os the
orbits with 6 nodes

(b) The coordinates of the nodes in O; are de-
termined by the radius p; and the angle 6; =0

(c) The coordinates of the nodes in Oz, O3 are

determined by the radii p2, p3 and the angles
02, 03

Figure 20: Nodes of the second cubature

Type

(number of nodes)

Common weight a,

A node (, per orbit O,

O P2 (3) 0.0689500870910645 (0.8052084605225054,0)
Oy Ps3 (6) 0.0899904517797997 | (0.4638660157340427,0.2335633383969007)
O3 Ps (6) 0.0920408556207777 | (0.2755599086039839,0.0746436887339156)

Table 9: Weights and nodes of the second cubature
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12 (s—invariant cubatures of degree 7 for the triangle

For degree 7 the Gaussian lower bound is 10. In Section 11 we achieved a Ds—invariant cubature
with 15 nodes. Was it the smallest possible number of nodes 7 We examine here invariance
with respect to a subgroup of Ds: the group Cj of rotations. We retrieve the cubature of [37]
as the unique C3—invariant cubature with 12 nodes.

12.1 Existence of cubatures with 12 nodes

We first introduce the input of Algorithm 9.6 [Existence of a G—invariant cubature] and apply
this algorithm for the same organization of nodes in orbit types as in [37]: 4 orbits with 3 nodes.

In this search, we look for all C'3—invariant cubatures of degree 7 with 12 nodes for the equilateral
triangle T5: (1,0), (—%, :I:?) Indeed, the organization of nodes in orbit types we consider is
the only possible with this number of nodes. The values [ pdy with p € R[m]é} are computed

explicitly by
/ 1 -G
pdﬂZ/ P($17$2)d$1d$2=/ p(1, w2)dxs | dxy.
Ty 1 \J-L By

Taking m = 3 in Section 7.3, we get:

> A representation W of C3 on R? deduced from the realization of C3 as the group of
rotations of the plane around the origin through angles 2‘% with £=10,1, 2.

G 9-(2 =) )]

[}
o

_1

2
_V3
> The set [Lgps, Leom] of irreducible representations Y Y@ pO) s absolutely irreducible

| Il

and V@ is of complex type .
> The matrix of multiplicities I'c,, and more precisely the submatrix corresponding to this

1 0 _1 V3 _1
Labs = [[1, 1, 1]] and Lcom = <0 1) ) é 1 ’ _i
2 2 2
group action
11
= <0 1> '

> The integers my,ms are 0,4 since there are 4 orbits with 3 nodes in [76].

[\

w
S
N[ — w

Existence conditions

1. The expected multiplicities 71,72 are linked to the integers mi, mo thanks to (9.8) by

Y1 =m1+me =4, vya=mg=4.

“Over C there are 3 1—dimensional irreducible representations Vi, Va2, V3. V2 and Vs are complex conjugate
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The expected ranks ri,ro are given by
rm=m=4, r2=27=8.

2. The inequalities (9.9) are satisfied since the multiplicities of the irreducible representations
V1) V@) of C3 in the induced representation on R[z]<3 are

(Qllvgé) = (47 3)'

3. The inequalities (9.10) are satisfied by choosing § = 5 since the multiplicities of the
irreducible representations V(). V) of C3 in the induced representation on R[z]<4 are

(cf,¢5) = (5,5).

4. An orthogonal symmetry adapted basis of R[z]|<5 is

2 2 .3 2 .2 1.3 4 2.2 4
[[[1, 2] + 25, 27 — 3z125, T2 — §:2E2a r] + 2xiw5 + 235,
5 3.2 4 4 2.3 1.5
r] — 2xi2s — 3T105, T2 + ST{TH — §w2]]],

2 .2 .3 2 .4 _6.2.2 3.4 3
[[w1, 27 — 23, a7 + 2123, 7] — w775 — 375, T2,
5,10,3.2 15 4 4 6.2.3° 3.5
T] + AT + 70T, TTe — ZT1T5 + T3],
4 12
[*332, 2I1$2, *ZE%CL‘Q — CE%, gLE‘;’IEQ + gl‘lfbg, *SIEI — lemQ
5.4 30,237 9.5 105 3.2 3. 4
L —ipT1%2 — LI — 173, 747 + 2% Il

5. The distinct blocks HY, H® are then computed.

. . S A .
6. After the parametrization, the distinct blocks H®) and H® = ( j 52 are given by
—Az 52
3v/3 3v3  3V3 0 3v3 33 0
4 16 40 40 70
3v3 3V3  3V3 0 873 3v3 0
16[ A:of 7\0[ 2%%) 112
3v3  3V/3 213 3v3
O e \0[ T2 hi  hy
gL — 3v3
0\[ (\)[ \0[ 4480 0 hy h3
3v3 87V/3 3V3
%9» 2%?19 15 0 h; + 9hs hs hs
3v3  3V3 77hs
70 112 hy hy hy 71711? 36
0 0 hy hs hs 588 hio
3v3  3V3 3v3 3v3 0 933 0
32 80 80 140 4998
3v3  3V3 3v3 5113 0 3v3 0
80 80 140 2800 224
3v3  3V3 873 3V3 0 hy | 8lhg 3hy
30 140 4480 224 2 22 7
Sy =| 3/3 51v3 3v3 hy | 8lhg 9hy h bdhs | 1lhg
140 2800 224 2 50 20 7 35 7
0 0 0 9hy hy | '8thg  8lhs | Shy  2Tha _ 50hy
Vi 33 20 128 128 88 8 56 56
93v3 3v/3 hy , 8lhg 8lhs |, 5hg he , 729hig
4928 224 2 T 33 h7 g5 + § > * o hg
0 O 3h4 54h5 + 11h9 27ho _ 55hr h E + 811’110
7 35 7 56 56 8 98 98
3v3 573
0 0 0 0 11\2} 0 15?/&0
57v/3 3v3
0 0 0 0 17\9%0 0 " 1568
3v/3 _ 3hy _hy _ 27hg
0o 4 0w T R A
A= 0 0 0 0 I+ 555 —hg i
_3V3 _57v3 33  _hi_ 8lhg 0 _3hy | 5hy  27hs | 55ho
1120 17920 792 16 80 3h 5h 8 8 pe T, 58
2114 o212 9ll7 16 __ 10
0 0 11 hg 8 8 0 14 154
57v/3 33 h; | 27hg 6hy _ 1lhy _ 2Ths _ 55he hg 4 243hio 0
15680 1568 14 14 7 7 56 56 14 154
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7. The parameters hi,...,hjo are determined using Algorithm 4.7 on each block. To be
able to use it on the block H?), we should first permute its rows and columns. This
permutation is equivalent to consider, instead of the orthogonal symmetry adapted basis
computed in Step 4, the basis

- 2 1,3 4 4 2
([, 22 +x2,x1 3x1m2,x1x2 53252,230%—1— 213015:U2 + x5,
ay — 2xix3 — w123, wixs + Fxiad — 2],
22 3 2 .2 3
[[[z1, —x2, % x2,2$1a:2,331—|—:c1x2, —xiTy — T3,
4_6,2.2 3,44 3 .3 1.4 3,22, 3.4
7] a:lmg—l—nznle, Hsclxg 11~T1$2 11725

*'4*(1) ; i
airy — Srirs + 3727 7951 + 2x}23 — 7371 z5]]]

Then, the block H® provides 1 triplet [P1, Z1, F1], whereas the block H®) provides 2
triplets [P, Z2, Ep]. There are thus 2 systems of equations and inequations. However,
only one of them has a solution. This is checked by computing a Groebner basis of the
polynomials in each set Z = {Z1, Zy, Z3}: if it is reduced to {1}, then there is no solution.
Solving the polynomial system obtained from this set Z, we get 3 distinct sets of real
values for the 10 unknown parameters in the blocks H), H®) . Only 2 sets satisfy the
positivity constraints from P = [P}, P», P3]. The corresponding values of the parameters

hi,...,hqo are
_17427V3 . 3531V3 _— 149v3 . 9a B a
177824320 77 T 2060800 ° 8243207 1T 8243207 0 206080’
2593413 . 202893v3 . 1737a _ 513a _84T1V3
67 18959360 7T T 23699200 364967680° 260691200 ° T 170634240

with a € {22 4393, = 4393}.

This shows that for the equilateral triangle 75 there exist 2 Cs3—invariant cubatures of
degree 7 with positive weights and with 12 nodes.

8. It is here easier to check a posteriori that we have an inside cubature.

Notice that it is also possible to show that there is no C's—invariant Gaussian cubature of degree
7 for the triangle To. We give here the outline of the proof using Algorithm 9.6 [Existence of a
G—invariant cubature].

Such a cubature would have had 10 nodes. The unique organization of nodes in orbit types is
the origin and 3 orbits with 3 nodes. It implies ;3 = 4 and 2 = 3. The inequalities (9.9) and
(9.10) are satisfied since (¢}, ch) = (¢}, c4) = (4,3). The blocks H") and H® to be considered
are obtained by taking the 5 x 5 leading principal submatrices of H1), Sy and Ay above.
Only 3 unknown parameters are here required. But, using Algorithm 4.7 on each block with
a similar permutation of rows and columns as above on H® we do not find values for these
parameters such that the blocks H() and H® have respectively rank 4 and 3. The existence
of a Cs—invariant Gaussian cubature of degree 7 for the triangle 75 is therefore impossible.

12.2 Computation of the weights and the nodes of the 2 cubatures

With the help of the above 2 sets of parameter values found thanks to Algorithm 9.6 [Existence
of a G—invariant cubature], we are now able to compute the 2 associated cubatures using Algo-
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rithm 9.7. We first need to determine a separating set {p1,...,p,} of G—invariant polynomials.
It depends on the organization of nodes in orbit types (see Figures 21 and 22).

In this example, we look for 4 orbits 01,02, O3, 04 with 3 nodes. A missing information is
the radii p1, p2, p3, p4a of the circles where the nodes lie on. They are obtained thanks to the
Cs—invariant polynomial p; = x? +3. This information is not enough. The additional required
information is the angles 01,60, 03,04 of a node (1, (s, (3,{4 on each orbit O, 02, O3, 04. We
choose the unique node such that —% < 6, 02,03,04 < 3. It is possible to compute it thanks
to the C3—invariant polynomials ®

1
p2 = o3 + 3z123 and p3 = 232, + gw%

Indeed, assuming the evaluations p2((,) and ps3({y) are known, 6, is then the unique solution
of the equations in 6

P2(Ga) = P cos(36) and ps(Ca) = %pi sin(36) Vo =1,2,3,4

under the constraint —Z < 6§ <

us s
3 3°

The separating set in Step 3 of Algorithm 9.7 is then

1
{p17p2,p3} = {SU% + x%,x? - 33?196%735%962 - 595%}-

For the 2 cubatures, it is sufficient to consider the first blocks H fl), HIS}), H,g;), ng;) as noticed
in Step 5 of Algorithm 9.7. The latter is therefore simplified:

1. An orthogonal symmetry adapted basis of the first component of R[z]/I5 is given by
selecting the following polynomials in the first component of R[z|<5

1
(1,22 + 22,23 — 32122, 3ay — gl‘;’}
P1 P2 T
2. The invertible block H" is
3V3 3v3 3v3
4 16 40
3v3 3v3  3V3
16 40 70
3v3 3V3 23
O
0 0 0 350

3. The separating set is

1
{p1,p2, 03} = {x% + x%,x‘;’ — 3x1x§,$%x2 - gxg .

8They are found in the orthogonal symmetry adapted basis of R[z]<s computed previously in Step 4 of
Algorithm 9.6.
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4. The distinct blocks H]g}), HI(;;), Hz(,;) are respectively

3v3 3\f 3v3 0 3v3  3V3 213
16 70 40 70 640
1 3v3 87f 3v3 0 L 3v3  3v3 A
H(): 40 2240 112 H(): 70 112 1
n 33 3v3 o |7 P2 21V3  p 51h2 n 55h7
70 112 1 4 640 1 2# 55r
0 0 hy b 0  hy 2=y 55
33
0 0 0 1430
HY = U v 7h fa h R s I
p3 27hs 4 55hg 55ho __ 55h7
0 hy 1 T 7% 36 18
3V3 p. 55hy _ 55hr  _ 23hs _ 55hg
1480 3 736 18 36 54

0
ha
27h5 +55h9 ’

55ﬁ2 . 55h7
36 18

The values h1, ho, h3, A4, hs, b7, hg refer to the values of the corresponding parameters found

above thanks to Algorithm 9.6.

5. Applying the steps (a)-(e), we get the different values A\, with v =1,2,3 and a = 1,2, 3, 4.

First solution:

A1 = p? = 0.6482859840598436,

Aa1 = pf cos(361) = 0.5219036254941061,

A3 = p3sin(36;) = —0.0028831746621002,

A2 = p2 = 0.0787565135268152,

A32 = p3sin(36y) =
A2z = p3 cos(303) =
A3z = p3sin(363) =

(304) = 0.0128786052414025,

A3 = p2 = 0.2963353570658749,

A4 = p3 = 0.2423226284392470, Aoy = pj co

Second solution:

A1 = p? = 0.6482859840598436,

A2 = p3 = 0.0787565135268152,

s(304
X34 = pj sin(36y) =

Aa2 = pi cos(362) = 0.0173884388064068,

0.0045477275754564,
0.0378314308570911,
0.0522721156592267,

—0.0395297192910533.

Aoy = p3 cos(36) = 0.5219036254941061,
A31 = p3sin(361) = 0.0028831746621002,
A2 = p cos(362) = 0.0173884388064068,

A3z = pisin(36;) = —0.0045477275754564,

A3 = p3 = 0.2963353570658749,

)\33 = pg sin(303) ==
Aog = p3 cos(3604) = 0.0128786052414025,

Alg = pi = 0.2423226284392470,

Ao = p3 cos(363) = 0.0378314308570911,

—0.0522721156592267,

A3q = pisin(364) = 0.0395297192910533.

6. Solving the systems formed by each row above, we get the coordinates of a node per orbit
(Tables 10 and 11) and then the coordinates of the whole set of nodes from the group

action and the orbit type (see Figures 21 and 22).

7. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-

bles 10 and 11).

Two Cs—invariant cubatures of degree 7 for the equilateral triangle 75 are thus determined
(Tables 10 and 11). In fact, since one is obtained from the other one by an affine transformation,
that is the reflection through the x1—axis, these 2 cubatures describe the same cubature. Thus,
there is a unique Cs—invariant cubature of degre 7 for the equilateral triangle T5.
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Og — — - -0
Oy — —\— - O9
Figure 21: Nodes of the first cubature

Type | Common weight dq A node (, per orbit O,
O1 | P2 | 0.0688932600516325 | (0.8051498017475222,-0.0044475617780204)
Oz | P2 | 0.1753524435986101 | (0.2737635015303786,0.0617256733996609)
Os | Po | 0.0747597541403278 | (0.4914237942800738,0.2341751726405909)
O4 | Py |0.1140072441016490 | (0.4349080742366314,-0.2306026786553698)

Table 10: Weights and nodes of the first cubature
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Figure 22: Nodes of the second cubature

Type | Common weight d,, A node ¢, per orbit O,
O1 | P2 | 0.0688932600516325 | (0.8051498017475222,0.0044475617780204)
Oz | P2 | 0.1753524435986101 | (0.2737635015303786,-0.0617256733996609)
Oz | P2 | 0.0747597541403278 | (0.4914237942800738,-0.2341751726405909)
Os4 | P2 | 0.1140072441016490 | (0.4349080742366314,0.2306026786553698)

Table 11: Weights and nodes of the second cubature
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13 Gaussian (s—invariant cubatures of degree 4 for the square

The starting point of this example is the Gaussian cubature for the square of degree 4 with 6
nodes presented in Example 1.6 in [35]. To find a Gaussian cubature, the authors fix the values
of three parameters seemingly arbitrarily.

The cubature found in [35] is Co—invariant. Indeed, the nodes are symmetric with respect to a
symmetry axis of the square: this generates a group isomorphic to C'>. We consider the square
Co whose vertices are (£1,41) and the cyclic group Cy generated by the reflection through the
x1—axis. The 6 nodes we look for are then of the form either (a, 0) or (b, £¢) with a, b, c € [-1, 1].

We find all Gaussian Cy—invariant cubatures (with respect to this group action): they form
a one-parameter family of cubatures. The value of the parameter determines if the cubature
is inside. It is therefore interesting to apply Section 5.2. The criteria of Section 5.2 allows to
select the intervals for which this parameter defines an inside cubature.

In this section, we show that there exist Gaussian Cy—invariant cubatures of degree 4 for the
square Co with respect to the group action generated by the reflection through the 21 —axis. Since
the rotation of angle 7 leaves the square Co invariant, there exist then Gaussian Cy—invariant
cubatures of degree 4 for the square Co with respect to the group action generated by the
reflection through the zo—axis. Moreover, we can check with a simple computation (Steps 1
and 2 of Algorithm 9.6 [Existence of a G—invariant cubature]) that there do no exist such
Cy—invariant cubatures with respect to the group action generated by the rotation through an
angle 7.

13.1 Existence of a family of cubatures with 6 nodes

We first introduce the input of Algorithm 9.6 [Existence of a G—invariant cubature] and apply
this algorithm for the same organization of nodes in orbit types as in [35].

In this search, we look for Co—invariant cubatures of degree 4 for the square Co: (£1,41). The
values [ p dp with p € ]R[:c]g1 are computed explicitly by

1 1
/p dp = / p(x1, xo)dr1dry = / (/ p(ml,xg)dm) dxy.
Ca -1 —1

Taking m = 2 in Section 7.3, we get:

> A representation W of the group Co on R? deduced from the action of the group Cs
generated by the reflection through the x;—axis.

606 5]

> The set [Laps, Leom| of irreducible representations V1), V(2. Since they are all absolutely
irreducible, Lcom, is empty and Lgps is

[[17 1]7 [17 _1“'
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> The matrix of multiplicities I'c,, and more precisely the submatrix corresponding to this

group action
11
e () -re,

> The integers my, mo are 2,2 since there are 2 orbits with 1 node on the x;—axis and 2
orbits with 2 nodes in [35].

Existence conditions

1. The expected multiplicities 71,2 are linked to the integers mq, mo thanks to (9.8) by
Mm=mit+me=4, vy=my=2.

Since all irreducible representations of the group Cy are absolutely irreducible, the ex-
pected multiplicities v; are the expected ranks ;.

2. The inequalities (9.9) are satisfied since the multiplicities of the irreducible representations
V) V) of the group Cy in the induced representation on R[x]<q are

(21172/2) = (4,2).

All Gaussian Cy—invariant cubatures of degree 4 for the square have nodes organized with
mi1 = mo = 1. The fact that c;» = «y; for all j is characteristic of a Gaussian cubature.

3. The inequalities (9.10) are satisfied by choosing 6 = 3 since the multiplicities of the
irreducible representations V1), V2 of the group Cs in the induced representation on
R[x]gg are

(cl: ) = (4,2).

4. An orthogonal symmetry adapted basis of R[z]|<3 is

BB — [ [[1,961,:1;%,:6%,3:‘;’,361375]], [[xg,wlxg,x%xg,x%]] ] .

5. The distinct blocks HY, H®) are then computed.

1 1 x? 3 3 xad
T x% x:f xlm% 5311 :I:%x% x% xlx% x%x% x%
2 3 4 2,2 5 3,2 2 2.2 .3.2 .4
= 22 pix? 22 4 3.2 .4 ) = 2,2 ..3,2 4.2 2.4
2 1Ty T1Ly Ty  T1Ty Tall L1y Ty Ty LT
x? x‘ll x‘;’ x{’x% m? x‘{x% x% x%ml x%x% xg
2 2.2 .3.2 .4 4,2 2.4

x11‘2 .Z'1$2 .7}1$2 .’EQZEI .%'1:[;2 $1332

6. After the parametrization, the distinct blocks H), H®) are

4 4

4 0 3 3 0 0

0o g o 24 4, 414
4 3 4 4 5} 9 3 4 9 )
- 0 = — h; hj 0 - hs hy

g — 2 2 2 L H®? = 4 9

- 0 = - hy hy — hs hg hy
3 4 9 ) 2

0 i h; hs hy hg 5 hy hy hg
0 § h5 h7 hG h4
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7. The parameters hq, ..., hy are determined using Algorithm 4.7 on each block. Each block
H® H® provides 1 triplet [P, Z1, E1), [P2, Z2, E3]. There is thus 1 system of equations
and inequations. The corresponding set Z and list P are respectively

¢ 4096 16384 256 , 256 , 4096 16384 256 256
2 — — =M — 5 he — — ehs — ——-hshr,
6075 50625 135 13577 6075 91125 135 135
4096 16384 256 , 256 , 16 64 4,
Z = hy — 1o T 1oV o5 6_7_*h5; ’
6075 164025 135 1357 27 729 3
16, 64 4, 16 64 4,
27" T 405 37997 T 995 307

p_[ 416 256 4096 4 16
"37135760757 37 27
Notice that the positivity constraints in P do not depend on the parameters hq,...,h7.
This is due to the fact that we look for Gaussian cubatures. Those constraints are therefore
satisfied.
The system of equations obtained from Z can be solved. However, it would be difficult to
manipulate the expression of the parameters hq, ..., hy. That is why we divide the system
of equations in two parts : first the one obtained from Zs, then the one obtained from Z.
16 64 4 , 16 64 4 16 64 4
Zy = he — —— — —h? — — — —hshy, —h3 — — — —h? 5.
2 {27 07729 3727t 405 3707727 225 3 7}
A solution of the system obtained from Zs is given by

129, 9 4 4 9,
{hg %5 + h yhy = h5h7+ 15,h6 27+ —h }
where hs and hy are still free parameters. With this solution, the set Z; becomes a
triangular system

102400hy — 288000hF — 288000h2 = 49152

1555200h1 hs + 1555200h5h7 — 1244160h% = —65536 .

1555200h52 — 1244160hshy + 1555200h7% = 65536

The last entry provides the equation of an ellipse. It can be parameterized taking

8v'10 , _ 8V210

hs = t+bsint, hy = t—bsint witha= —— b= ———,t €| — .
5 =acost+ bsint, hy = acos sint with a 135 015 €| —m, 7]
Solving the system of equations obtained from Z; and Z3 using this parametrization, we
get the values of the parameters h1, ..., h7 with respect to the parameter ¢
e — 8v/10 15v/21 — 168 cos tsint + 34+/21 cos? t
T ars V21 cost + 3sint
b 4 6003 4 352221 costsint + 16932 cos? t — 288+/21 cos® tsint — 3776 cos* ¢
> 14175 34 2v/21 costsint 4 4 cos? ¢ ’
2428 64v21 128
hy =" tsint 2
3 4735 3835 costsint + 2835 cost”,
hi=—+ — t,
1= 159+ 567
8v10
hs = YT ———(Tcost + V21sint),
172 64v21 128
he = — tsint + ——— cos>t
6= 945 " asgs COTIMI T oggs v h
8v/10
h’? = W(?COSI‘: — V21 Sint).
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This solution is available for ¢ €] — m, 7] \ {arctan(—%v/21), arctan(—$v/21) + 7 }.

This shows that for the square Cy there exist a one-parameter family of Cy—invariant

cubatures of degree 4 with positive weights and with this organization of the 6 nodes in
orbit types.

. In this example, we check that the nodes lie on the square following Section 5.2. The
square Cy is first expressed as a semialgebraic set

Co={xc€R?*| —2;+1>0,21+1>0,—23 +1>0}.

We construct then the matrices H _Bg(ci)H,Hﬁi)l,H 13;2%) 0 where B®?) is the orthogonal

symmetry adapted basis obtained as B®) = B®) N R[x]<y.

4 4 4
4 -3 3 3 0 0
44 ! 4 0 0
43 34 > 4 9 4
HgB®  _ FE —hy + 7 —hs+35| 0 0
—otl 3 —5 ~hs+g —hr+2| 0 0 ’
0 0 0 0 : -3
0 0 0 0 —4 —hs+13
4 4 4 4 0 0
4 i i i 0 0
5 9
B _ % % h1+§ hs+42[0 0
wtl T 2 5 hs+3 he+210 0 ’
00 0 0 % 5
00 0 0 |5 hs+i
8 8 8
3 0 9 15 0 0
o 3 —hs —hy 0 0
B _ § —~hs —hg + % ~hy+3| 0 0
—z3+1 i —hy; —hy+ 9 —hs + % 0 0
0 0 0 0 z —hy
0 0 0 0 ~h; —hs+3

Using Algorithm 4.7 on each block of H ii? H,Hﬁi)l,H f’g 41> We get a unique triplet

[P, Z,E]. Z is here an empty set. Solving the polynomial inequations obtained from P,
we get:

. 2 2 2 oy . . . .
The matrices H Z(Cl) 1, H :ﬁ ( +)1, H ?;%) .1 are positive semidefinite if and only if

3
— ;5 )+7T§t§arctan(—53@—|—27vg54).

i

arctan <—@ — & 154) <t < arctan <——5\éﬁ + 2 g 13.)
13.1

ot
CQEQQ

—

no

B

arctan (—

Approximatively, (13.1) is

—2.575485786518756 < ¢t < —1.508028268370882,
0.5661068670710366 <t < 1.633564385218911.

The intervals defined above describe the values of the parameter ¢ such that there exists
an inside cubature.
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13.2 Computation of the weights and the nodes for several cubatures

With the help of the solutions found thanks to Algorithm 9.6 [Existence of a G—invariant
cubature], we are now able to compute the associated cubatures for a selection of values of
the parameter t using Algorithm 9.7 [Weights & Nodes]. We first determine a separating
set {p1,...,py} of G—invariant polynomials. Here, it is sufficient to look at the orthogonal
symmetry adapted basis of the first component of R[z]<3 to understand that a separating set
is given by

{p1,p2} = {z1,23}.

1. Since we look for Gaussian cubatures, an orthogonal symmetry adapted basis of Rlz]/I
is given by taking the classes of an orthonormal basis of R[z]<2

[[17 I, 1‘%, 1’%], [1'2, 371.%‘2]].

2. The invertible blocks H. fl), H 1(2) are respectively

4
1 2 3
al = ,H{):<8

ol O
"

Wbl O
O Owke O
OIRU O ol
GUO O ol

3. The separating set is
{p1,p2} = {9517903}*

4. The distinct blocks Hi(;}), Hz(,?), HI(,;), Hg) are respectively

03 0 0
4 4 4 4
y_ |40 & 8 o (0 &

w38 g L] w0 =)

0 1 hy by

4 9 4 4

3 1 9 5 4
gw_ |0 § hs hy g® _ (5 b7
b2 3 hs hg hg|’ TP h7 hy

2 hy hy hg

5. The parameters hi, ha, hs, ha, hs, hg, h7 are known with respect to the parameter t. We
take several values of ¢ in the two different intervals in (13.1). Then we compute and match

together the generalized eigenvalues of the matrices (HISP, Hfl)), (HZ(,?)7 H?)), (HZ()?, H{Q)).

6. Since p; = x1, the generalized eigenvalues of (HZ(;}), Hfl)) and (Hz(f), Hf)) are directly the
first coordinates of the nodes. Since ps = 3, the generalized eigenvalues of (Hg), H£2))
are the square of the nonzero second coordinates of the nodes. We get thus the coordinates

of the nodes (see Tables 12 and 13 and Figures 23 and 24).

7. The solutions of the Vandermonde-like linear system (9.13) are the distinct weights (Ta-
bles 12 and 13).

Several Cy—invariant cubatures of degree 4 for the square Cy are thus determined (Tables 12
and 13).
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Parameter t | Common weights d, Nodes (,

-2.5 0.4116480473530860 (0.9847953274692768,0)
1.311259163323216 (-0.4546279561226131,0)
0.2662078471075957 | (-0.8812404876448891,4-0.8672370904283691)
0.8723385475542534 | (0.3782546739587111,+0.7312414613234438)

-2.3 0.4617799514368910 (0.9519966724282465,0)
1.305007359913070 (-0.4041574671761068,0)
0.3063944067771868 | (-0.8699323764465240,4-0.8156747805538032)
0.8102119375478327 | (0.3831715456952224,+0.7557954170542742)

-2.1 0.4993638678071540 (0.9295200025216641,0)
1.277059037157444 (-0.3384120492184044,0)
0.3665075118569558 | (-0.8454142531487735,4-0.7606056050370451)
0.7452810356607448 | (0.3942840235917741,£0.7810361207955825)

-1.9 0.5170436921225884 (0.9194639275958594,0)
1.225183988483287 (-0.2486288422003721,0)
0.4506371350469478 | (-0.8093616796039842,4-0.7063402593247500)
0.6782490246501143 | (0.4118471898699617,+0.8071163140964325)

-1.7 0.4960974500619558 (0.9314119617888543,0)
1.163129499989356 (-0.1185304767466817,0)
0.5603090669586502 | (-0.7642236136719319,4-0.6575176254464650)
0.6100774580156940 | (0.4361725120370695,£0.8340840476632787)

Table 12: Weights and nodes of the cubatures for values of ¢ in the first interval

Figure 23: Nodes of the cubatures with the values of ¢ in the first interval. The higher is the

!

— @ ©

value of the parameter ¢, the lighter are the nodes.
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Parameter ¢

Common weights d,

Nodes (,

0.6

0.4000036381868590
1.310384396759925
0.2599615286290525
0.8848444538975553

(-0.9929669002961246,0)
(0.4637069421155644,0)
(0.8818439900189286,+0.8771738179203162)
(-0.3779958100368506,£0.7262048106814606)

0.8

0.4522386314691690
1.307909376441351
0.2965415374569065
0.8233844585878337

(-0.9579694533571518,0)
(0.4157066067281893,0)
(0.8734116149243455,£0.8268177747528796)
(-0.3816451803909277,£0.7506384897529334)

0.4928493136505840
1.284887456334569
0.3521487113182183
0.7589829036892052

(-0.9333043132636291,0)
(0.3536943566874154,0)
(0.8515312070228974,+0.7721431623028911)
(-0.3914516938242643,£0.7757219508086625)

1.2

0.5156420468076848
1.237679523103433

0.4310185215913971

0.6923206934530438

(-0.9202501854149314,0)
(0.2699240577533140,0)
(0.8176987587893692,0.7173309826586556)
(-0.4076480852518896,40.8016187465996738)

14

0.5054107417663664
1.174983214283699
0.5355162981033686
0.6242867238715990

(-0.9260461566779571,0)
(0.1501179501027602,0)
(0.7742169493717551,£0.6670000724540969)
(-0.4305425418596418,£0.8284064659242651)

Table 13: Weights and nodes of the cubatures for values of ¢ in the second interval

Figure 24: Nodes of the cubatures with the values of ¢ in the second interval. The higher is the

—4q -

value of the parameter ¢, the lighter are the nodes.
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Conclusion générale

Dans cette these, nous avons étudié le probleme de reconstruction de formes linéaires sur
Panneau des polynomes suivant : Soient K[zx] = Klzy,...,z,] 'anneau des polynomes a n
variables et a coefficients dans un corps K de caractéristique zéro et A une forme linéaire sur
K[x] pouvant s’écrire sous la forme d’une combinaison linéaire d’évaluations en des points

,
A=) ol
j=1

avec ay,...,a, € K\ {0} et &,...,& des points distincts de K”. Celui-ci a plusieurs appli-
cations : la reconstruction de polytopes a partir des moments et la recherche de cubatures
symétriques en font partie et font l'objet des deux chapitres de cette these. La résolution que
nous proposons généralise la méthode de Prony pour des problemes univariés : soit par une
méthode de projection, soit par une adaptation mutlivariée a ’aide des opérateurs de Hankel
et de théoremes d’extension plate.

La symétrie, qui apparait naturellement dans les problemes multivariés, permet de simplifier les
calculs dans I’algorithme proposé pour la recherche de cubatures. L’introduction de la matrice
de multiplicités d’un groupe fini permet de quantifier des conditions d’existence de cubatures
et de réduire le nombre de problemes de valeurs propres généralisées a résoudre lors du calcul
des coordonnées des noeuds.

Les algorithmes proposés pour chaque application permettent de repousser certaines limites qui
existaient dans la littérature. Une reconstruction numérique de polytopes convexes a partir
de moments est désormais possible quelque soit la dimension. Une coupe de diamant - un
polytope de dimension 3 avec 57 sommets - a ainsi été reconstruite. De nouvelles cubatures ont
été trouvées et notre méthode permet de certifier que la totalité des cubatures présentant une
symétrie est trouvée pour une mesure, un degré et un nombre de noeuds donnés. Ainsi, nous
avons montré qu’il existe pour ’hexagone régulier H2 exactement 4 cubatures Dg—invariantes
intérieures a poids positifs de degré 13.

L’algorithme de reconstruction de polytopes que nous proposons présente cependant des limites.
En effet, la précision requise lorsque le nombre de sommets augmente (au-dela de 12 sommets,
la double précision n’est en général plus suffisante) semble indiquer que la réalisation de cette
méthode en pratique est peu probable. Il reste également a étudier la sensibilité au bruit de cet
algorithme : les données mesurées étant en général perturbées.

Concernant la recherche de cubatures symétriques, nous sommes persuadés que ’algorithme
proposé peut permettre de trouver de nombreuses autres cubatures. En particulier, des cu-
batures pour les groupes de symétrie de polyedres réguliers (tétraedre et cube par exemple)
semblent des exemples intéressants au vu de ’ordre de ces groupes.

De plus, comme suggéré dans I'introduction, la méthode proposée, qui allie opérateurs de Hankel
et extensions plates, pourrait étre utilisé pour d’autres applications utilisant la méthode de
Prony comme moyen de résolution. On peut penser aux interpolations creuse et exponentielle,
mais aussi a la reconstruction de polytopes a la condition de trouver une formule équivalente
a la formule de Brion pour les moments géométriques. L’utilisation de la symétrie dans ces
contextes est également a étudier.
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Résumé

Le probleme général étudié dans cette theése est le suivant : Soient K[z] = K[z1,. .., z,]| ’anneau
des polynémes & n variables et a coefficients dans un corps K de caractéristique zéro et A une
forme linéaire sur K[z] pouvant s’écrire sous la forme d’une combinaison linéaire d’évaluations
en des points

A=Y a1, (13.2)
j=1

avec ai,...,a, € K\ {0} et &,...,& des points distincts de K”. Il s’agit de reconstruire cette
forme linéaire A & partir d’évaluations de celle-ci en des polynoémes, c’est-a-dire trouver les
valeurs des coefficients aq,...,a,, des points &1, ..., &, et dans certains cas le nombre de termes
r.

Chapitre 1 : Reconstruction numérique de polytopes convexes a
partir des moments directionnels

Une premiere application de ce probleme général est la reconstruction de polytopes a partir
des moments. Nous proposons un algorithme numérique pour la reconstruction de polytopes
convexes en dimension quelconque a partir de leurs moments directionnels. Ces derniers font
intervenir le produit scalaire usuel < -, - > sur R” et sont définis par

mk(é):/<x,5>kdﬂc Vk € N,
v

ou V est le polytope convexe de R™ et § un vecteur unitaire de R™, appelé direction. L’algorithme
proposé est construit & partir des algorithmes numériques (en arithmétique flottante) développés
pour le cas des polygones (n = 2) [31, 43, 83] et de la formule de Brion, qui a permis aux
auteurs de [47] de proposer un algorithme en arithmétique exacte de reconstruction de polytopes
convexes en dimension quelconque.

La formule de Brion [8, 47] est I'ingrédient principal qui permet de reformuler le probleme sous
la forme (13.2).

Théoréme 1 (Formule de Brion). Supposons que les projections orthogonales des r sommets
du polytope convexe V sur la direction & sont distinctes, nous avons alors les égalités suivantes

(k;g!”)!mk((S) = Zav(d) <, >"F k>0,
veEY
et

0= Zav(d) <u,0>"F 1<k<n,
veY

ot les coefficients a,(0) dépendent de & et des sommets adjacents a v dans une triangulation de
V. De plus,

Ay (5) # 0.
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Pour une direction § fixée, on considere alors une suite de nombres réels (ug(0))ren liés aux
moments directionnels par

116(8) = 0 0<k<n-1,

pr(6) = ﬁmk,n(é), k> n.

Lorsque le nombre de sommets r est connu, la méthode de Prony permet alors a partir de cette
suite (u)ken de retrouver 'ensemble V(0) = {< vj,d >}j=1,., des sommets vy, ..., v, projetés
suivant la direction §. A la méthode de Prony classique [93], nous lui préférons sa version
plus stable numériquement. Celle-ci affirme que les sommets projetés sont les valeurs propres
généralisées des matrices de Hankel (HT(O), Hﬁl)) avec

H = (pitj-2)1<; j<p 6 HY = (nivj1) 1, j<,
Cette derniere version est appelée pencil method [43, 59].

Comme chaque sommet a n coordonnées, nous avons besoin de connaitre n projections de
chaque sommet pour les décrire. Par conséquent, nous avons besoin d’au moins n directions
pour obtenir ces projections comme valeurs propres généralisées. Une direction supplémentaire
est cependant nécessaire pour faire correspondre les valeurs propres généralisées aux projections
d’un méme sommet. Nous avons choisi une méthode numériquement robuste : l'interpolation
par intervalles [96]. Le but de cette méthode est de trouver pour chaque sommet le meilleur
interpolant qui respecte notre estimation de ’erreur sur les valeurs propres généralisées.

L’interpolation par intervalles se déroule ici en trois étapes. Dans un premier temps, on
sélectionne n listes de valeurs propres généralisées, qui correspondent donc aux projections
des sommets pour n directions, et on calcule tous les interpolants linéaires ¢, de la forme

Qu:Sp = [-1,1],0 »<u,d >,

ou S, C R™ est la sphere unité et v un vecteur de R", qui passent par les projections
sélectionnées. Dans un deuxiéme temps, on ajoute une liste de valeurs propres généralisées
et on conserve les interpolants ¢, qui passent a proximité des projections pour cette direction.
Cette proximité est mesurée a 'aide de I'erreur relative ,(d) sur les entrées et du condition-
nement des probléemes de valeurs propres généralisées que nous majorons par x(8)%, ot k()
est le conditionnement de la matrice de vecteurs propres généralisés. Dans un troisieme temps,
le calcul du meilleur interpolant est réalisé en tenant compte de toutes les valeurs propres
généralisées associées a un méme sommet.

Au bout de la deuxieme étape, si le probleme est bien posé, il n’y a qu’un unique interpolant g,
pour chaque sommet. Dans le cas contraire, on peut agir soit sur le choix des n + 1 directions,
soit sur la précision du calcul. Nous avons obtenu de meilleurs résultats avec des directions
proches les unes des autres.

Le nombre de sommets peut également faire partie des inconnues du probleme. Pour ’estimer,
nous proposons de trouver le rang de la matrice H (0), ol R est un majorant de et est donnée
initialement. En effet, le rang de cette matrice est le nombre de sommets du polytope. Ce calcul
d R e R . (0)

e rang peut étre réalisé en analysant les valeurs singulieres de la matrice Hp,".

Nous proposons un algorithme en 3 étapes pour reconstruire un polytope convexe a partir de
ses moments directionnels :
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1. Estimation du nombre de sommets r a partir d’'un majorant R et d’'une analyse des valeurs
singulieres.

2. Pour n+1 directions (ou plus), les projections des r sommets sont obtenues comme valeurs
propres généralisées d’une paire de matrices structurées construites a partir des moments
directionnels.

3. Chaque projection est associée a son sommet avec une interpolation par intervalles et les
coordonnées du sommet sont alors calculées.

Cet algorithme a été implémenté d’une part avec le logiciel Maple et d’autre part avec le logiciel
Matlab. Nous l'avons appliqué a différents exemples de polygones (n = 2) et de polyedres
(n = 3). Un défi pour nous a été la reconstruction d’une coupe de diamant (Figure 25(a)).
La précision du calcul requise est tres grande (Figure 25(b)). Ceci est dii au grand nombre
de sommets : 57. En effet, le conditionnement k(J) croit de maniére exponentielle avec la
taille de la matrice de vecteurs propres généralisés [9, 10], qui correspond ici au nombre de
sommets. Généralement, la double précision suffit pour reconstruire des polytopes avec au plus
12 sommets.

7.76 x 10774 7

1079 | :

1076 - |

8 1077 1
3
o

= 1075 |- :
El

1070 | :

10710 1

10711 - -

Il Il Il Il Il Il Il
0 71 T2 73 T4 75 76 717 18
number of digits
(a) Coupe de diamant a 57 sommets (b) Erreur relative maximale entre les sommets réels

et calculés en fonction de la précision demandée pour
les calculs (1 Digit = 1 décimale)

Figure 25: Diamant

Chapitre 2 : Une approche par les matrices de moments pour la
recherche de cubatures symétriques

Une seconde application du probléeme général est la recherche de cubatures. Nous proposons une
méthode pour trouver des cubatures a ’aide des matrices de moments [74] - plus généralement
les matrices des opérateurs de Hankel [12, 15] - et de théoremes d’extension plate [24, 25, 73,
74]. Cette méthode est ensuite complétée pour la recherche de cubatures symétriques par des
résultats relatifs aux groupes et a la théorie des représentations linéaires [33, 98]. L’utilisation
de la symétrie permet de diagonaliser par blocs les matrices des opérateurs de Hankel lorsque des
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bases appropriées sont choisies : nous les appelons bases orthogonales adaptées a la symétrie en
référence aux bases adaptées a la symétrie dans [33, 39, 94]. L’adjectif orthogonales signifie que
ces bases sont calculées a partir de matrices orthogonales pour les représentations irréductibles.
La symeétrie rend notre méthode plus efficace et nous permet de trouver toutes les cubatures
pour une mesure, un degré et un nombre de noeuds donnés. En particulier, nous donnons
explicitement de nouvelles cubatures.

Une cubature A pour une certaine mesure positive de Borel sur R” est une forme linéaire sur
Panneau des polynémes a n variables R[z] définie par (13.2) et satisfaisant

A(p) = /p dp Vp € Rlz]<q,

ou d est le dégré de la cubature A. Les cubatures sont les analogues multidimensionnels des
quadratures. Les coefficients a1, ..., a, et les points &1, . . ., &, de R™ sont appelés respectivement
les poids et les noeuds de la cubature A. Les cubatures qui nous intéressent ici sont les cubatures
intérieures a poids positifs, c’est-a-dire celles telles que

a; >0 et §esuppp Vi=1,...,rm,

ou supp p est le support de la mesure p. Les théoremes de Tchakaloff [7, 89] et Mysovskikh [30,
Chapter 3.7.1] nous garantissent l'existence de telles cubatures dans le cas ou le support supp p
est compact.

Théoréme 2. Soit d un entier naturel et y une mesure positive de Borel a support compact
dans R™. Alors il existe une cubature intérieure a poids positifs de degré d, dont le nombre de
noeuds r satisfait

dimR[m]q%J <r < dimR[z]<4.

Il existe une large littérature concernant la recherche de cubatures ; nous ne ferons mention ici
que des reviews [19, 20, 101] et d’apports récents sur le sujet [14, 26].

La recherche de cubature & l'aide des matrices de moments a été initiée dans [35, 69]. Une
généralisation est possible a 1'aide des opérateurs de Hankel [12, 15]. A toute forme linéaire A
sur K[z], avec K =R ou C, nous lui associons 'opérateur (linéaire) de Hankel

H o Klz] — K[z]*, f — f* A,

ou fxA :Klz] - K,¢g — A(fg). Son noyau, noté I, est un idéal de K[z] ; il est zéro-
dimensionnel si et seulement si le rang de H est fini. Dans ce cas, nous construisons 1’opérateur
linéaire H défini sur K[z]|/Ix par le diagramme commutatif en Figure 26.

H est un isomorphisme et la matrice HZ = (A(bib;)), ., i<, st inversible si et seulement si

B = {by,...,b.} est une base de K[z]/I,. Dans ce cas, HZ est la matrice de H dans la base B
et sa duale B*. Pour tout polynéme p € K|z], nous définissons alors I'opérateur H, = H o M,,
ol M,, est 'opérateur de multiplication par p dans K[z]/I5. Sa matrice dans la base B et sa
duale B* est H = (A(pbiby)), <ij<r- Nous en déduisons que les valeurs propres généralisées
des matrices (Hf , HP) sont les valeurs de p en les points de la variété V(I ) associée & 1'idéal
Ix. A noter que si B est une base monomiale, la matrice Hf est une matrice de moments.
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K] — 2 UKl — (1) s (Kl 1)

7T o
H
H

Klz]/Ia

Figure 26: Diagramme commutatif représentant la construction de l'opérateur linéaire H. =
est la surjection canonique de Kz| sur K[z]/I4, ¢ inclusion naturelle de I'image de K[z] par
Popérateur de Hankel H dans ([, A)L l'orthogonal du noyau I, 7, est un isomorphisme construit
dans [32].

Supposons que l'opérateur de Hankel H est de plus semidéfini positif, alors l'idéal I, est
également radical, Vo (Ip) C R™ et
'
A=D ol
j=1

avec a; > 0 et {; € R" distincts deux a deux.

Un théoreme fondamental dans la recherche de cubatures dans [35] est celui d’extension plate
[24, 25, 73, T4].

Théoréme 3. [Théoréme d’extension plate de Curto-Fialkow] Soit A% une forme linéaire sur
R[z]<as. Supposons que A®) 50t une extension plate de sa restriction sur R[z]<as—2, c’est-a-
dire que les rangs des opérateurs de Hankel associés ¢ A9 et sa restriction sont égauz. Alors
il existe une unique extension plate de A® 4 Rx]<2s42k pour tout k > 1.

Corollaire 4. Soit A®) une forme linéaire sur Rz]<25. Supposons que A®) soit une extension
plate de sa restriction sur R[x]<as_o et que lopérateur de Hankel associé HO) soit semidéfini
positif. Alors la forme linéaire A définie sur R[z] par

,
A= Z ajle;,
j=1

avec r = rank H() a; >0 et {&,...,&} = Ve(ker HO) C R, est l'unique extension plate de
A 4 R[z].

Nous constatons alors que la forme linéaire A du corollaire précédent satisfait a toutes les
propriétés requises pour la recherche de cubatures intérieures a poids positifs, sauf &1,...,&, €
supp u. Cette derniere est vérifiée a ’aide des matrices de localisation en supposant que supp p
est un ensemble semialgébrique [25, 74].

Proposition 5. Considérons l’ensemble semialgébrique
K={zeR"|g(z) >20,...,94(x) > 0}.

Soit k € N tel que k > 1 et 2k > deg g, pour tout k = 1,...,s. Soit A une forme linéaire
sur Rlz]<os et soit AO+R) R[x]<2s4+2x — R une extension plate de AO) . Supposons que H'®) et
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7—[&? soient semidéfinies positives pour tout k = 1,...,s. Alors la forme linéaire A définie sur
R[z] par
T
A= Z ajle;,
j=1

avec r = rank H(9) a; >0 et {&,..., &} = Ve(ker H) C R”, est l'unique extension de AOHH)
a Rlz] telle que &; € K.

A Taide de ces résultats, nous pouvons écrire un algorithme pour la recherche de cubatures.

Dans un premier temps, celui-ci détermine des conditions d’existence d’une cubature A & poids
positifs pour une mesure p et un degré de cubature d donnés. A partir du Corollaire 4, une
telle cubature n’existe que si 'opérateur de Hankel associé est semidéfini positif et s’il existe un
degré & tel que sa restriction A(®) est une extension plate de sa restriction A®~Y. Ces conditions
sont exprimées dans notre algorithme sous la forme d’un systeme d’équations et d’inéquations
en des parametres. Ceux-ci représentent les moments inconnus : ceux d’ordre compris entre
d et 26. Pour réaliser cette premiére étape, nous décrivons une procédure qui diagonalise une
matrice symétrique a coefficiens polynomiaux et qui définit des conditions selon lesquelles cette
matrice est semidéfinie positive. Cette procédure est construite autour d’une décomposition LU
sans fraction et sans pivotement.

Dans un deuxieme temps, des conditions pour I'existence d’une cubature intérieure sont recher-
chées a partir des matrices de localisation. Cette deuxieme étape est optionnelle : une vérifica-
tion a posteriori est souvent moins cotiteuse.

Dans un troisieme temps, le calcul des noeuds et des poids est opéré. Concernant les noeuds,
il s’agit de calculer les vecteurs propres généralisés pour les matrices (HlﬁB , HlB ), oll p est un
polynome séparant de degré 1. En supposant que les polynoémes 1, z1, ..., x, ont été utilisés pour
construire la base B de R[z]/Ia, ces vecteurs propres généralisés contiennent les coordonnées
des noeuds. Les poids sont ensuite calculés comme solution d’un systeme linéaire de type
Vandermonde.

A Taide d'un exemple - la cubature H2 : 5 — 1 dans [101] - nous avons constaté que cette
méthode par le calcul exact montre rapidement ses limites : si le degré de cubature d est
trop important, le nombre de parametres et la taille des matrices deviennent trop importants.
La symétrie, qui est un ingrédient naturel pour la recherche de cubatures, joue alors un role
important dans la réduction du nombre de parametres et de la taille des matrices considérées.

L’utilisation de la symétrie se fait ici au travers de la théorie des représentations linéaires pour
les groupes finis [33, 98]. Cette théorie permet de décomposer un K—espace vectoriel (K = R ou
C) en sous-espaces vectoriels invariants selon ’action d’un groupe fini G. Cette décomposition,
réalisée a partir des représentations irréductibles inéquivalentes du groupe fini G, est appelée
isotypique dans le cas K = C. La théorie des représentations fournit également un algorithme
pour le calcul de bases respectant cette décomposition. Cependant, les bases adaptées a la
symétrie et le théoreme pour les endomorphismes équivariants introduits dans [33] ne sont ici
pas appropriés. En effet, une condition nécessaire serait ’orthogonalité des matrices pour les
représentations sur I'anneau des polynémes comme dans [39, 94].
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En partant de matrices orthogonales pour les représentations irréductibles du groupe fini,
nous définissons les bases orthogonales adaptées a la symétrie pour un R—espace vectoriel.
L’algorithme permettant de calculer les bases orthogonales adaptées a la symétrie est détaillé
au Chapitre 2. Dans ces bases, nous prouvons que la matrice d’une forme bilinéaire symétrique
G—invariante a une structure par blocs particuliere. Cette derniére est conservée pour le cas
de la matrice de 'opérateur de Hankel associé a une forme linéaire G—invariante.

Théoréme 6. Soit V la représentation d’un groupe fini G sur l’espace Rlz]| induite par une
représentation W sur R™. Soit A une forme linéaire G—invariante sur R[x] et supposons que le
rang de l'opérateur de Hankel H associé a la forme linéaire A est fini. Soit V la représentation
induite sur R[x]/Ix.

Considérons Uy, ..., Uy les composantes dans la décomposition de R[x]/Ip issue de la décompo-
sition isotypique de R[z]/In @r C. Alors, pour tout polynome G—invariant p € R[x] et pour
toute base B = By U ...U By qui respecte cette décomposition de R[x]/Ix, la matrice Hf est
diagonale par blocs.

Supposons qu’en plus, pour chaque composante Uj, B; soit orthogonale adaptée a la symétrie.
Notons g Uopérateur de Reynolds, ¢’est-a-dire la projection sur ’espace vectoriel des polynomes
G—invariants.

1. Pour chaque composante U; associée a une représentation absolument irréductible VU) de
) . ; . . , . o
dimension n; qui apparait c; fois dans la représentation V, la base B; peut s’écrire sous
la forme
i .
,b b’

nilyc o njCj}'

Bj={bJ,....b

ICj""

Alors la sous-matrice de Hf relative a cette composante Uj consiste en une diagonale de
n; blocs identiques de taille c;. Elle est donnée par

I, ® (ustj avec vyl = A(WG(pbléblz))'

>1§s,t§0j

2. Pour chaque composante associée a une représentation irréductible de type complexe )
de dimension 2n; qui apparait c; fois dans la représentation V, la base B; peut s’écrire
sous la forme

- J J J J J J J J
B; = {all,...,alcj,bll,...,blcj,...,anjl,...,anjcj,bnjl,...,bnjcj}.

Alors la sous-matrice de Hf relative a la composante U; consiste en une diagonale de n;
blocs identiques de taille 2c;. Elle est donnée par

In®< J ]>7
7o\4 5

155 = (A Ja))) ~ (Ama(pb,2bd) ¢ tri St
ot S; (rq(payiaqy)) J<arce, (mq(pbyibyy)) Jcarce, est une matrice symétrique

et A; = <A(7TG(pa1ib1%)))1gs,t§cj = — (A(ﬂg(pbljsaﬁ))) 1<ar<e, est une matrice anti-
symétrique.
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La théorie des groupes permet également de simplifier ’approche par matrices de moments
pour la recherche de cubatures. Les noeuds d’une cubature G—invariante forment une union
d’orbites pour 'action du groupe G sur R". Chaque noeud est associé & un type d’orbites,
c’est-a-dire au sous-groupe d’isotropie du noeud a conjugaison pres. La taille des blocs, ou de
maniere équivalente les multiplicités ¢; des représentations irréductibles V@) du groupe G (cf.
Théoréme 6), peut étre liée a l'organisation des noeuds en types d’orbites.

Théoréme 7. Soit A une forme linéaire G—invariante définie sur R[z] par (13.2). La représen-
tation induite V sur R[z]/Ix est équivalente a la représentation par permutations associée a
l’ensemble invariant Vi (1y).

Ce lien est explicité grace a I'introduction de la matrice de multiplicités I'q = (1), <J<NA<k<T"
Ses colonnes contiennent les multiplicités v, des N représentations irréductibles V; (sur C) du
groupe G dans les T types P du groupe G. Ces derniers sont définis comme les représentations
par permutations des cosets G/Hy, ou Hy,..., Hp sont les sous-groupes de G a conjugaison

pres.

Corollaire 8. Soit A une forme linéaire G—invariante définie sur R[z] par (15.2) et soit V la
représentation induite sur Rlz]/Iy .

Soit ' = (vjk)lgjgﬂylgkgﬁ la matrice de multiplicités du groupe G et, pour tout k =1,...,T,
soit my, le nombre d’orbites distinctes dans l’ensemble invariant Ve (Ip) associées avec le type
Pr.. La multiplicité «y; de la représentation irréductible V) de G dans la représentation V est

T
Vi = Z MEYjk-
k=1

Le calcul des matrices de multiplicités I' est réalisé pour les groupes cycliques C,,, et diédraux
D,,.

Nous pouvons alors compléter notre algorithme a I'aide des résultats relatifs a la symétrie.

Premiérement, nous pouvons réduire le nombre possible de noeuds r pour une mesure u et un
degré d donnés. Il suffit de calculer toutes les organisations de noeuds en types d’orbites. Pour
chacune d’elles, Corollaire 8 donne les multiplicités souhaitées 7; pour chaque représentations
irréductibles V) avec j = 1,..., N. En les comparant avec les multiplicités g;- des représenta-
tions irréductibles V) dans R[z] <|4|> Dous obtenons une premiere condition nécessaire a
I’existence d’une cubature sous la forme d’inégalités. La vérification de cette premiere condition
nécessaire, pouvant se faire avant tout autre calcul, est un atout puissant pour la recherche du
nombre possible de noeuds r pour une cubature symétrique.

Deuxiémement, le choix du degré § tel que la forme linéaire A©®) sur R[x]<2s soit une extension
plate de sa restriction AC~1 sur R[x]<25—2 est fait grace au calcul des multiplicités g;-’ des
représentations irréductibles V@) dans la représentation sur R[z]<s—1. A noter que, comme
la matrice de 'opérateur de Hankel est diagonale par blocs, nous pouvons appliquer a chaque
bloc la procédure de diagonalisation au lieu de 'appliquer a toute la matrice (cf. ci-dessus
la description de D'algorithme sans symétrie). Ceci réduit grandement le nombre de sorties
possibles pour cette procédure. De plus, les parametres inconnus sont moins nombreux, car
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chacun est associé a un polynéme G—invariant dont le degré est compris entre d et 2. Par
conséquent, 'utilisation de la symétrie que nous proposons permet de simplifier les conditions
d’existence d’une cubature symétrique en comparaison avec l'algorithme proposé initialement
ou [35].

Troisiemement, une fois l'existence d’une cubature établie, le calcul des noeuds et des poids
peut étre effectué a I’aide uniquement d’un bloc des matrices HlB, Hfl, . ,Hg}, ou {p1,...,py}
est un ensemble séparant de polynémes G—invariants. La résolution des problemes d’algebre
linéaire sous-jacents (valeurs propres généralisées et systéme linéaire de type Vandermonde) est
donc de taille réduite. Une résolution en arithmétique exacte est méme possible dans certains

cas.

Grace a ce nouvel algorithme pour la recherche de cubatures symétriques, nous avons retrouvé
des cubatures existantes parmi celles reportées dans [37, 51, 101] (Figure 27). D’autres sont
apparues pendant notre recherche grace a notre méthode qui permet de retrouver toutes les cuba-
tures symétriques d’une mesure p et d’un degré d donnés (Figures 28 et 29). Nous avons aussi pu
expliciter des cubatures Dg—invariantes intérieures et a poids positifs pour ’hexagone régulier
H2 de degré 13 (Figure 30), alors que le degré maximal de telles cubatures était jusqu’alors 11
[51].

Figure 27: Organisation des noeuds en orbites pour la cubature H2 : 5—1

N / [ /

‘92\)%;@1 o2 -4 S
[T
TN TN
(a) Organisation des noeuds en orbites : (b) Organisation des noeuds en orbites :
O Dorbite avec 3 noeuds, Oz et O3 les O lorbite avec 3 noeuds, Oz et Oz les
orbites avec 6 noeuds orbites avec 6 noeuds

Figure 28: Noeuds des deux cubatures Ds—invariantes de degré 7 pour le triangle. Celle
de droite est connue dans [76] et celle de gauche ne figure pas dans la littérature a notre
connaissance.
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(a) Noeuds des cubatures pour différentes valeurs du degré de liberté
dans le premier intervalle

(b) Noeuds des cubatures pour différentes valeurs du degré de liberté
dans le deuxieme intervalle

Figure 29: Noeuds des cubatures Cy—invariantes de degré 4 pour le carré. Dans [35], les auteurs
signalent l’existence de nombreuses cubatures, mais n’en donnent explicitement qu’une seule en
donnant des valeurs a 3 parametres. Ces valeurs semblent choisies de maniere arbitraire.
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(a) Organisation des noeuds en types d’orbites : Oy
Porigine, Oz, O3z et O4 les orbites avec 6 noeuds
dont 2 noeuds sur ’axe des abscisses, Os 'orbite a 6
noeuds dont 2 noeuds sur ’axe des ordonnées et Og
Porbite a 12 noeuds

(b) Organisation des noeuds en types d’orbites : O,
Porigine, Oz l'orbite & 6 noeuds dont 2 noeuds sur
I’axe des abscisses, Oz, O4 et Os les orbites a 6
noeuds dont 2 noeuds sur 1'axe des ordonnées et Og
Porbite & 12 noeuds

(c) Organisation des noeuds en types d’orbites : O
lorigine, Oz et O3 les orbites avec 6 noeuds dont 2
noeuds sur l'axe des abscisses, Q4 et Os les orbites
a 6 noeuds dont 2 noeuds sur ’axe des ordonnées et
Og Dorbite & 12 noeuds

(d) Organisation des noeuds en types d’orbites : O
Porigine, O2 et O3 les orbites & 6 noeuds dont 2
noeuds sur l'axe des abscisses, O4 et Os les orbites
a 6 noeuds dont 2 noeuds sur ’axe des ordonnées et
Og l'orbite & 12 noeuds

Figure 30: Noeuds des cubatures de degré 13 pour ’hexagone régulier H?2
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