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CHARACTERIZATION OF THE SYMMETRY CLASS OF AN ELASTICITY
TENSOR USING POLYNOMIAL COVARIANTS

M. OLIVE, B. KOLEV, R. DESMORAT, AND B. DESMORAT

ABSTRACT. We formulate effective necessary and sufficient conditions to identify the symmetry
class of an elasticity tensor, a fourth-order tensor which is the cornerstone of the theory of
elasticity and a toy model for linear constitutive laws in physics. The novelty is that these
conditions are written using polynomial covariants. As a corollary, we deduce that the symmetry
classes are affine algebraic sets, a result which seems to be new. Meanwhile, we have been lead
to produce a minimal set of 70 generators for the covariant algebra of a fourth-order harmonic
tensor and introduce an original generalized cross product on totally symmetric tensors. Finally,
using these tensorial covariants, we produce a new minimal set of 294 generators for the invariant
algebra of the elasticity tensor.
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1. INTRODUCTION

Having access to an explicit description of the structure of the orbit space of a real repre-
sentation of a compact Lie group is important in many fields of mathematics, physics, biology
and mechanics. It appears, for instance, in bifurcation theory [48, 42, 23] when symmetry is
involved, in physics when one needs to classify allowed patterns of spontaneous symmetry break-
ing [55, 2, 3], in neuroimaging when measuring by Diffusion Tensor Imaging, the anisotropic
biomarkers relevant to various diseases [29, 51, 69, 19, 43] or in mechanics of materials when
one needs to classify constitutive tensors such as the elasticity tensor [53, 15, 38, 40].

Given a real representation (V,G) of a compact group G, let Y(m) be the subset of vectors v
in V whose symmetry group is conjugate to the subgroup H. If ¥z # (), then, Yp) 1s called
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an isotropy stratum and the conjugacy class [H] of H, an isotropy class, a symmetry class or an
orbit type. Tt is known that there are only a finite number of isotropy classes [59, 54] and thus

V = E[Hl] -t E[Hs]-

The closure f[ m) of a stratum (for the usual topology on V) is itself a union of strata [32]. In
common language it can be described as the set of vectors v € V whose symmetry group contains
a conjugate of H.

An important result of the present work is that, for the representation of SO(3) on the space
of elasticity tensors, the closed strata E[H] are real affine algebraic sets [27, Chapter 1]. We
conjecture that this might be true in general for any real representation of a compact algebraic
group but we do not have a proof of this fact and we are not aware of such a result in the
literature.

It is known, however, that the orbit space V/G is a semialgebraic set [2, 3, 71, 73], i.e defined
by a finite sequence of polynomial equations and inequalities [24]. An explicit construction of a
semialgebraic structure requires however the knowledge of an integrity basis (a generating set of
the polynomial invariant algebra of V) which involves sophisticated techniques in general [85, 79].
For instance, this was achieved only recently for the elasticity tensor [66], a fourth-order tensor
on R2. On the other hand, the description we provide of the algebraic structure on closed strata
is based on polynomial covariants rather than polynomial invariants. Surprisingly, this was
found to be much more effective.

The first appearance of the concept of polynomial covariants goes back to the Nineteenth
Century and was introduced in the theory of binary forms [44, 68]. It was reformulated more
recently by Kraft and Procesi [50] in the general case (see also [31, Chapter 5]). Given two linear
representations V and W of a group G, they define a polynomial covariant of V of type W as a
polynomial equivariant mapping between V and W. This definition turns the set of polynomial
covariants into a vector space. In this paper, we have extended this definition in such a way that
the set of covariants is a commutative algebra, namely, we have defined the covariant algebra
Cov(V, W) simply as the invariant algebra

R[V & W],

where W* is the dual space of W endowed with the dual linear representation. This algebra
contains the set of polynomial covariants as defined by Kraft and Procesi which corresponds
to the subspace of polynomial covariants of degree 1 in W*. The advantage of this extended
definition is that, thanks to Hilbert’s theorem [46, 79], this algebra is finitely generated. When
V is a tensorial representation of the orthogonal group O(3) and W = R3, this algebra, that
we have simply denoted by Cov(V), happens to be much more useful to describe the isotropic
strata than its subalgebra Inv(V), the invariant algebra of V.

In the specific case of the elasticity tensor, a fourth-order tensor (E;jr;) on R? with index
symmetry

Eijki = Ejirt = Eijik = Erij,

there are exactly eight symmetry classes [38]: [SO(3)] (isotropic), [O] (cubic), [O(2)] (trans-
versely isotropic), [Ds] (trigonal), [Dy4] (tetragonal), [Ds] (orthotropic), [Zs] (monoclinic) and
[1] (triclinic). They are described in section 6. The problem of their determination has a long
history, recalled by Forte and Vianello in [38]. These authors have definitively clarified the
mathematical problem of classifying the symmetry classes of the representation of SO(3) on
Ela, the 21-dimensional space of elasticity tensors. They removed the link with crystallographic
point groups which was extremely confusing and lead to the false assumption that there were
ten, rather than eight, symmetry classes [36, 25, 47]. These eight classes were confirmed in
2001, using an alternative approach [20], where symmetry planes rather than rotations play
the central role. Finally, in 2014, a definitive and systematic way to determine the symmetry
classes of any finite dimensional representation of the groups SO(2), SO(3), O(2) or O(3) was
formulated [64, 61, 65, 63], using a strategy which was initiated in the nineteens [23, 21, 22].

The explicit calculation of the symmetry class of a given elasticity tensor has been an active
subject of research in mechanics of deformable solids. Besides, the problem becomes even more



COVARIANTS AND SYMMETRY CLASSES 3

complicated if one considers that, in real life, a measured elasticity tensor (assuming that one
can access to all of its components) is subject to experimental errors and has therefore no
symmetry but is nevertheless close to a given theoretical tensor with a given symmetry [41, 58|.
Concerning this, it is worth to cite the excellent work of Frangois and coauthors [39, 40] who
performed a deep experimental and numerical study of the problem using acoustic measurements
on polyhedral testing samples of raw materials.

In the present work, we address the following theoretical question.

Can one decide by finitely many algebraic calculations what is the symmetry class
of a given elasticity tensor?

In addition to experimental and numerical approaches, the literature is abundant about for-
mulations of coordinate-free criteria to characterize elasticity tensors which have exactly a given
symmetry class. Some authors [16] have used the Kelvin representation [81, 82, 72] of the
elasticity tensor to achieve this goal. They have formulated sufficient conditions involving the
multiplicity of the 6 eigenvalues of the Kelvin representation and of the eigenvalues of its eigen-
vectors (the eigenstrains, which are second-order tensors). Other approaches have used the
harmonic decomposition (H,d’,v’, \, i) of the elasticity tensor E. For instance, following [25],
some authors [26, 49, 8, 20] have extracted partial information about the symmetry class of E
from its second-order harmonic components d’ and v’. In the same spirit, but to avoid loosing
important information present in the harmonic fourth-order component H, Baerheim [8] has
used the harmonic factorization introduced by Sylvester [80] (see also [6] and [67] for a more
modern treatment). This factorization allows to decompose an harmonic tensor of order n as an
n-tuple of vectors, the Mazwell multipoles [6]. Baerheim has used these multipoles to detect the
different symmetry classes of E. This approach requires, however to solve polynomial equations
of degree eight.

More recently, in [5], the authors have suggested to reconsider the question in the general
framework of Real Algebraic Geometry [14]. They have used a generating set of the invariant
algebra of fourth-order harmonic tensors H*(R3) proposed in [15] to characterize the symmetry
classes of a tensor H € H*(R?), writing down polynomial equations and inequalities involving the
generators of the invariant algebra. These relations become, however, increasingly complicated
when the symmetry group becomes smaller and only the cubic, transversely isotropic, tetragonal,
trigonal and orthotropic classes have been characterized this way. The same approach was
already used by Vianello [83] in 1997 for the full 2D elasticity tensor, where there are only four
symmetry classes: [Za], [D2], [D4] and [O(2)], and where formulas are considerably much simpler
than in 3D.

In this paper, we propose to give a definitive answer to this classification problem for the
full elasticity tensor, using polynomial covariants rather than invariants (and avoiding, this way,
increasing complexity). The answer is furnished by theorem 10.2, which is our main result : the
symmetry classes of an elasticity tensor are characterized by polynomial equations involving its
covariants. From the mechanical point of view, these polynomial equations provide necessary
and sufficient conditions to belong to each of the eight elasticity symmetry classes. These criteria
are particularly simple, since one needs only to check that some polynomial functions defined
on the components of the elasticity tensor vanish and thus solving any algebraic equation is not
necessary. In mathematical terms, the closures of the isotropy strata of the elasticity tensor are
real affine algebraic sets and their equations are provided in theorem 10.2.

In order to obtain these results, we have been lead to formulate rigorously what is the covariant
algebra of a given real representation V of the rotation group SO(3). It was also necessary to
introduce a generalization of the cross-product for totally symmetric tensors. Using these tools,
we were able to explicit a minimal set of 70 generators for the covariant algebra of H*(R3)
in Table 2. These fundamental covariants are the main tools which has allowed us to characterize
first, the symmetry class of a tensor H € H*(R?) and then, of a full elasticity tensor E.

A by-product of these achievements is the production of a new set of generators for the
invariant algebra of the elasticity tensor, using the covariants in Table 2 and the covariant
tensor operations of section 3. These generators are given in Appendix C and shall be more
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useful for the mechanical community than the original invariants furnished in [66], which were
described using transvectants [68].

The explicit characterization of membership to given symmetry class (provided in theo-
rem 10.2) is a valuable tool when considering the synthesis problem of new metamaterials [1,
10, 87]. New arrangements of given materials at the micro-scale are often studied using an
optimization problem which involves the effective elasticity tensor and an homogenization ap-
proach [57, 56, 86]. In this context, we think that the explicit proposed characterization might
be efficiently integrated into the (numerically solved) optimization problem. Moreover, the pro-
posed methodology is not limited to classical elasticity. It could be applied to strain gradient
elasticity (for which a justification can be found in [60]), or to related continuum models such as
micromorphic continuum [37]. The synthesis problem of such continua, obtained using lattice
structure [35, 75, 33], would also benefit of such explicit symmetry classes characterization. For
these, even large deformation [9] or singular constitutive laws [34] could be considered.

Organization of the paper. The paper is organized as follows. In section 2, we provide basic
definitions and recall the link between totally symmetric tensors and homogeneous polynomials.
In section 3, we recall the basic covariant operations on tensors and introduce the generalized
cross-product between totally symmetric tensors. The section 4 is devoted to the definition of
polynomial covariants of a linear representation and basic facts about the covariant algebra. A
minimal generating set of 70 polynomial covariants for H*(R?3) is provided in section 5. The sym-
metry classes are introduced in section 6 and a way to compute them is provided. The section 7
provides several lemmas which connect the dimension of covariant spaces of order one and two
to their symmetry class. In section 8, several criteria which restrict the symmetry class of one or
several totally symmetric tensors, using polynomial covariants are formulated. The characteri-
zation of the symmetry class of a fourth-order harmonic tensor H using polynomial covariants is
given in section 9 and the result for a full elasticity tensor E is given in section 10. In addition,
three appendices are provided. In Appendix A, we recall the basics about the spaces of binary
forms of degree n, S,, (which are models for irreducible algebraic representations of SL(2,C))
and we relate the invariant algebra of So, @ So to the covariant algebra of So,. In Appendix B,
we explain how we have been able to compute a minimal set of generators for the covariant
algebra of H*(R?) using the knowledge of a minimal set of generators for the covariant algebra,
of Sg. Finally, in Appendix C, we provide a new set of 297 generators for the invariant algebra
of the elasticity tensor using the tensorial covariants provided in section 5.

2. SYMMETRIC AND HARMONIC TENSORS

Let T"(R?) be the vector space of n-th order tensors on the Euclidean space R?. Thanks to the
Euclidean product, we do not have to distinguish between upper and lower indices. Therefore,
an n-th order tensor may always be considered as a n-linear mapping

T:R3x---xR® =R, (T1,...,2,) = T(x1,...,2,).

The subspace S™(R?) of totally symmetric tensors can be identified with the vector space P, (R?)
of homogeneous polynomials of degree n. This isomorphism generalizes, to higher order tensors,
the well-known connection between quadratic forms and symmetric bilinear forms obtained by
polarization.

FEzample 2.1. For instance, the polynomial representation of a totally symmetric fourth-order
tensor S = (S;jx) is given by
Sii11 @ + Sazzo y* + S3s33 2" + 1281120 22y + 1281133 2727
+ 1255933 y*2* + 451992 2y® + 451112 y2® + 41113 22° + 451333 22
+ 485993 2y° + 452333 y2° + 61123 y22” + 61223 2y + 61233 TYZ”.

Contracting two indices 7, j on a totally symmetric tensor S does not depend on the particular
choice of the pair 7, j. Thus, we can refer to this contraction without any reference to a particular



COVARIANTS AND SYMMETRY CLASSES 5

choice of indices. We will denote this contraction as tr S, which is a totally symmetric tensor of
order n — 2 and is called the trace of S.

Definition 2.2. An n-th order totally symmetric and traceless tensor will be called an harmonic
tensor and the subspace of S?(R?) of harmonic tensors will be denoted by H"(R?) (or simply
H"™, if there is no ambiguity).

Remark 2.3. In the correspondence between totally symmetric tensors and homogeneous poly-
nomials, a traceless totally symmetric tensor H corresponds to an harmonic polynomial h (i.e.
with vanishing Laplacian: Ah = 0) and this justifies the appellation of harmonic tensor. The
space of homogeneous harmonic polynomials of degree n will be denoted by H,,(R?).

The natural action of the special orthogonal group SO(3) (or the full orthogonal group O(3))
on R? induces the tensorial representation p,, on T"(R?), defined by

(pn(9)(T)) (@1, ... 20) = (g*x T)(Z1,...,2,) := T(g_l.'z:l7 . ,g_lzz:n),

where T € T"(R3) and g € SO(3). Under this linear representation, the subspaces S*(R?) and
H"(R3) are invariant. Moreover, H"(R3) is irreducible [42] (its only invariant subspaces are itself
and the null space).

Theorem 2.4 (Harmonic decomposition). Fvery finite dimensional representation V of the
rotation group SO(3) can be decomposed into a direct sum of irreducible representations, each of
them being isomorphic to an harmonic tensor space H"(R3), by an equivariant isomorphism.

Remark 2.5. An alternative model for the irreducible representations of SO(3) is furnished by
the spaces of harmonic polynomials #,(R3), where the action of SO(3) on polynomials is given

by (9% p)(@) = p(g~').
Ezample 2.6. Every homogeneous polynomial of degree n can be decomposed as the following:

where q = 22 + y? + 22, r = [n/2] — with [] integer part — and hy, is a harmonic polynomial of
degree n — 2k.

Definition 2.7. Given a homogeneous polynomial p, the highest order component in (2.1),
namely hg, which is uniquely defined, is called the harmonic projection of p and denoted (p)o.

3. COVARIANT OPERATIONS ON TENSORS

In this section, we will introduce three operations on tensors, which commute with the action
of the rotation group and are thus called covariant operations. The first one is the symmetric
tensor product.

Definition 3.1 (Symmetric tensor product). The symmetric tensor product between two tensors
T! € TP(R3) and S? € TY(R3) is defined as
T!' 0 T? .= (T' ® T?)® € SPTYR?),

where the total symmetrisation of a tensor T € T"(R?), noted T* € S*(R?), is defined as

R 1
T (xl,---,xn) = m Z T(xa(l)a---ama(n))
‘o€,

where &,, is the symmetric group on n letters.

Remark 3.2. When restricted to totally symmetric tensors, the polynomial counterpart of the
symmetric tensor product is just the usual product of polynomials. This product is thus asso-
ciative and commutative. It is equivariant relative to either the rotation group SO(3) and the
full orthogonal group O(3).
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Remark 3.3. The harmonic decomposition (2.1) of an homogenous polynomial of degree n leads
thus to the following harmonic decomposition of a totally symmetric tensor S € S*(R3):

(3.1) S=Hy+qoH +-- +q” " 0H,_; +q” © H,,

where Hy is an harmonic tensor of degree n — 2k. In this formula, q € S?(R3) is the Eu-
clidean metric tensor (which writes as q = (0;;) in any orthonormal basis) and q®* means the
symmetrized tensorial product of k copies of q.

The second one is the contraction between two tensors T! € TP(R3) and T? € T4(R?) over one
or several subscripts. This operation uses the Euclidean structure represented by the canonical
Euclidean metric tensor q = (g;;) and its inverse g~ = (¢*/). It is defined as follows:

)

(Tl (7.’ T2) _ qip—r+1j1 . qujTT.l T2

il"'ipfrjrﬁ»l"'jq 11-"1p ]1]q

The r-contraction of two tensors is an O(3)-equivariant mapping
TP(R3) x TY(R3) — TPTI27(R3),
and for n = p = ¢, the n-contraction corresponds to the canonical scalar product on T™(R3).

Ezample 3.4. In an orthonormal basis (e;), we have

1 2 _ml 2

(T T%)iriprgode = Loy Thineojy:
o2y, 0 il 2

(T : T )21"'21772]3"'](1 - E1---ip_2kl Tkljg---jq7
1:m2 _ ml 2

(T :T )il"'ip—3j4"'jq - ,Ijil---ipfgklm Tklmj4---jq'

Definition 3.5 (Symmetric r-contraction). The symmetric r-contraction between two totally
symmetric tensors S € SP(R3) and S? € SY(R?) is defined as

(Sl (7‘) SZ)S.

Remark 3.6. The polynomial counterpart of the symmetric r-contraction is obtained as follows.

If S, S? correspond respectively to the polynomials p, ps, then, (S? ) S2)* corresponds to the
polynomial

(p—r)(qg—r)! Z r! 0"p1 0"p2

b= g Fey Voo Vles | Dk Dyk282k3 9kt G2 ks

k1+ko+ks=r

The third covariant operation is the generalized cross product, which extends the standard
cross product between vectors of R? to symmetric tensors of arbitrary order.

Definition 3.7 (Generalized cross product). The generalized cross product (or Lie-Poisson
product) between two totally symmetric tensors S! € SP(R?) and S? € S(R3) is defined as

S! x 82 := — (S'.£-8%)" e SPTTL(R?).
where € is the Levi—Clivita tensor. In any orthonormal basis, we get
1 2 o 1 2
(S X S )il"'ip+q71 T (Eilijin---Z'pSk‘ip+1~~~’ip+q71)S
Remark 3.8. The generalized cross product is skew-symmetric:
S x 8! = —S! x 8%

Its polynomial counterpart is (up to a scaling factor) the Lie—Poisson bracket on so*(3,R), the
dual of the Lie algebra of the rotation group, isomorphic to R? (see [4, Section 1.6] for the
definition and an overview of the use of this bracket in mechanics). More precisely, if p1, ps are
the polynomial representatives of S', 82, then the polynomial representative of S' x 82 is

1 1
_{p17 pQ}LP - det(x7 Vph va)
pq pq
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This product is equivariant relative to the rotation group SO(3) but not to full orthogonal group
O(3). In that later case, we get

(g*8S') x (g*S?) = (detg) (g * (S' x §?)).

Remark 3.9. Note that if q is the Euclidean metric tensor, then S x q = 0 for every totally
symmetric tensor S (indeed, the radial function q = 224324 22 is a Casimir function [4, Section
1.6] for the Lie-Poisson bracket on s0*(3,R)). In particular, S x a =S x a’ for every symmetric
second-order tensor a, where

1
a’:a—gtr(a)q

is the deviatoric (i.e. harmonic) part of a.

4. POLYNOMIAL COVARIANTS

Let V be a finite dimensional representation of a group GG. The linear action of G on V extends
naturally to the algebra R[V] of real polynomial functions defined on V by

(g%p)(@) ==p(g ' *v), PpeR[V],ged.

A polynomial p € R[V] is invariant if g«p = p for all g € G. The set R[V]“, also noted Inv(V),
of all invariant polynomials is a sub-algebra of R[V], called the invariant algebra of V. In [50],
Kraft and Procesi have generalized the concept of invariants in the following way.

Definition 4.1. Given two representations V and W of a group G, we define Pol(V, W) to be
the space of polynomial mappings p from V to W (i.e each component function is a polynomial
expression of the components of v € V, and such in any basis). A polynomial covariant of V of
type W is a G-equivariant polynomial mapping p : V — W, which means that

p(g*v) =g*p), YweV, Vged.

The problem with this definition is that the set Pol(V, W), of polynomial covariant of V of
type W is only a vector space and not an algebra. We will therefore extend this definition as
follows (see also [70, Page 184] for a more general and abstract definition of this concept).

Definition 4.2. Let V, W be finite dimensional representations of a group G. The covariant
algebra of V of type W, noted Cov(V, W), is defined as the invariant algebra

RV & W*]€,
where W* is the dual vector space of W.
Remark 4.3. We can define similarly, Con(V, W), the contravariant algebra of V of type W as
R[V @ W]“. However, if W and W* are equivalent representations (for instance if the repre-

sentation W is unitary), we do not have to distinguish between these two algebras which are
canonically isomorphic.

Note that the covariant algebra Cov(V, W) has a natural bi-graduation. It is the direct sum
of the finite dimensional vector spaces Cov g (V, W) of bi-homogeneous polynomial p(v,w):

e of total degree d in v € V, called the degree of the covariant,
e and, of total degree k in w € W*| called the order of the covariant.

Furthermore, the subspace of covariants of order 0 is identical to the invariant algebra of V.

Remark 4.4. The vector space of polynomial covariants Pol(V, W) can thus be identified with

+oo
Cov1(V, W) = 5 Covy 1 (V, W),
k=0

the vector space of first-order covariants.
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In this paper, we will only be interested when G' = SO(3) and W is the Euclidean space R? (in
which case, we do not have to make any difference between the covariant and the contravariant
algebras), and we will set

Cov(V) := R[V @ R3]506).,

An element p € Cov(V) is thus a polynomial which can be written as

p(v,z) = Zpijk('v)miyjzka
/[:7j7k
where each coefficient p;;,(v) is a polynomial function of v and such that

1

p(g*v,xz) =p(v,g " *x),

for allv € V, z € R? and g € SO(3).

Remark 4.5. Any homogeneous polynomial covariant of v € V of degree d and of type S¥(R3)
can thus be identified with a polynomial in Covg (V).

One fundamental result, obtained in the nineteenth century, is that the invariant and covariant
algebras of a finite dimensional representation of a compact group is finitely generated.

Theorem 4.6 (Hilbert’s Theorem [46]). The covariant algebra Cov (V) is finitely generated,
i.e. there exists a finite set B := {p1,...,ps} in Cov(V) such that

Cov(V) =R[p1,...,Ds)-

Moreover, one can always find such a system where the p; are bi-homogeneous, both in v € V
and x € R3.

Definition 4.7. A set of generators B for Cov(V) is called an integrity basis. An integrity basis
B is minimal if no proper subset of it is an integrity basis.

Example 4.8. A minimal integrity basis for Cov(S?(R?)) is provided by three invariants tr(a),

tr(a?) and tr(a®), three order 2 covariants q, a and a? and one order 3 covariant a x a.

Remark 4.9. Of course, a minimal integrity basis is not unique. However, its cardinality n(V)
is a constant. To see this, as in [30], set

Cov' (V) := Z Covgn(V),
d+m>0

which is an ideal of the graded algebra Cov(V). Then (Cov™(V))? is the space of covariants
which can be written as a sum of reducible covariants. For each (d,m) such that d +m > 0, let
84,m be the codimension of (Covt(V))2 —in Covgy,,(V). Since Cov(V) is finitely generated,
there exists an integer p such that 64, —0ford+m > p and we can define

n(V) =Y bam.
d,m

Then, any minimal integrity basis is of cardinal n(V). As far as we know, there is no way to
obtain the constant n(V) but to compute a minimal basis.

5. A MINIMAL INTEGRITY BASIS FOR THE COVARIANT ALGEBRA OF H*

In this section, we propose to describe a minimal integrity basis for COV(H4). As detailed in
Appendix B, Cov(H*) is connected with the invariant algebra Inv(Sg@®Ss) (theorem B.4), where
Sy, is the space of binary forms of degree n (see Appendix A). This algebra is itself connected
to the covariant algebra of the binary form of degree 8, Cov(Sg) (theorem A.6). A minimal
covariant basis for Cov(Sg) is known at least partially since 1880 and was first produced by von
Gall [84] (see also [11, 28, 62, 66]). These results have been used to obtain degrees and orders
of a minimal basis for Cov(H*) which are given in Table 1.

Once we know the information provided in Table 1, we have a lot of freedom in the choice
of an explicit minimal basis. Checking that a system of 70 arbitrary covariants satisfying the
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degree forder 0 1 2 3 4 5 6 7 9 # Cum
0 - -1 - - - - - -1 1
1 - - - -1 - - - -1 2
2 1 -1 - 1 -1 - - 4 6
3 1 - 1 1 1 1 1 1 1 8 14
4 1 - 2 1 1 2 1 1 1 10 24
) 11 2 2 13 - 1 - 11 35
6 1 1r 2 3 11 - - -9 44
7 12 2 3 - - - - - 8 52
8 12 2 2 - - - - -7 59
9 13 1 - - - - - - 5 64
10 1 2 - - - - - -3 67
11 - 2 - - - - - - -2 69
12 -1 - - - - - - -1 70
Tot 9 14 14 12 6 7 3 3 2 70

TABLE 1. Degrees and orders of a minimal covariant basis for Cov(H?*)

requirements of Table 1 is a minimal integrity basis requires moreover the knowledge of the
Hilbert series [76]

H(Z,t) = Z ad,kzdtk,
d,k>0

which encodes the dimension agq, of each finite dimensional vector space Covd7k(H4). However,
the Hilbert series H(z,t) is a rational function which can be computed a priori [76, 77, 52, 79,
12, 13], using the Molien-Weyl formula [79]:

1 1
H(z,t) = /80(3) det(I — tp1(g)) det(I — zpa(g))

where dp is the Haar measure on SO(3) (see [78, Section 4.1]), p; is the standard representation
of SO(3) on R? and py is the representation of SO(3) on H*. Thus, for each module Covg(H?)
where (d, k) appears in Table 1, we have checked inductively on n = d + k that adding new
covariants of immediate superior degree/order to the subspace generated by reducible covariants
of lower order/degree, we obtain a vector space of dimension ag,.

du(g)

Theorem 5.1. The polynomial covariant algebra of H* is generated by a minimal basis of 70
homogeneous covariant polynomials, which degree/order are provided in Table 1. An explicit
basis has been computed in Table 2.

In Table 2, we have introduced the following symmetric second-order covariants
ds = trys H2, dsg = trys H3, Cg = HF2: d,, k>3.

where H" := H : H""! for n > 2 and tr13 A of a fourth order tensor A is defined as (tr13 A);; :=
Ayir; (in any orthonormal basis). We have also used the simplified notation ab := a - b, when
a and b are second order tensors.

Remark 5.2. Note the following relation
C3 = 2 dg,

which can be checked by a direct calculation.
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Remark 5.3. In addition to ds and dgs, the following second-order covariants were introduced
in [15]:

ds = dy?, ds :=dy(H:dy), dg:=dy?
(5.1) d; == do?(H:dy), dg:=dy*(H?:dy), dg:=dy*(H:dy?),

d10 = d22(H2 : d22).
For k = 2,3,4,6, the di are symmetric, while they are not for k = 5,7,8,9,10. None of them
are harmonic. These covariants were used to define the following invariants:
(52) Ji = trdyg, k=2,...,10,

which constitute a minimal integrity basis for H* (see [15]). In Table 2, we did not use the
invariants J but an alternative set of generators I. The nine invariants Jj are not algebraically
independent (neither are the nine invariants Ij); they are subject to some algebraic relations,
which have been calculated first by Shioda [74] (with some minor errors).

6. SYMMETRY CLASSES

Symmetry plays a fundamental role in the study of tensor representations. In this section,
we recall the definitions of symmetry groups and symmetry classes of a vector v in a finite
dimensional representation V of a compact group G.

Definition 6.1 (Symmetry group). The symmetry group of a vector v € V is defined as the
subgroup

Gy ={9€G, gxrxv=wv}.
Definition 6.2 (Symmetry class). The symmetry class (or isotropy class) of a vector v is the

conjugacy class of its symmetry group, where the conjugacy class [H] of a subgroup H is defined
as

[H] := {gHg_l7 g€ G}.

There is, of course, no obstruction to extend the concept of symmetry classes to a finite or
infinite family of vectors belonging to different (or same) representations of G.

Definition 6.3. Let F be a finite or infinite family of vectors belonging to different (or same)
representations of G. We define the isotropy group of F as the subgroup

Gr = ﬂ Gy.

veF

The symmetry class of F is the conjugacy class of Gr in G.

Remark 6.4. Note that if F is a vector space and (v;);cs is any generating set of F, then

Gr =[G
el
In particular, if (vi,...,vp) is a basis of F, then
P
Gr =) Gh,
j=1

Since every symmetry group of a vector v in V is a closed subgroup of GG, we are mainly
interested in the closed subgroups of G up to conjugacy. Now we have the following result which
can be deduced from [17, Proposition 1.9].

Lemma 6.5. The set of conjugacy classes of a compact group G is a partially ordered set
(poset) induced by inclusion, which is defined as follows:

[H1] <X [Ha] if Hy is conjugate to a subgroup of Ho in G.
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Definition 6.6. Since the symmetry classes of a given representation V form a poset, we will say
that a vector v € V (resp. a family F) is at least in a given symmetry class [H], if [H] < [Gy]
(resp. [H] = [Gx]). Similarly, we will say that it is at most in the symmetry class [H], if
[Go] 2 [H] (resp. [GF] < [H]).

Since we are interested in representations of the rotation group SO(3), we will recall the
following result [42].

Lemma 6.7. Every closed subgroup of SO(3) is conjugate to one of the following list:
SO(3), 0(2), SO(2), Dyp(n > 2), Zy(n >2), T, O, I, and1
where:

e O(2) is the subgroup generated by all the rotations around the z-azis and the order 2
rotation o : (z,y,z) — (x,—y, —z) around the x-axis;

e SO(2) is the subgroup of all the rotations around the z-azis;

e forn > 2, Z, is the unique cyclic subgroup of order n of SO(2), the subgroup of rotations
around the z-axis;

e forn > 2,1, is the dihedral group, of order 2n. It is generated by Z,, and o : (x,y,z) —
(xa -Y, _Z);

o T is the tetrahedral group, the orientation-preserving symmetry group of a given tetra-
hedron, which has order 12;

o O is the octahedral group, the orientation-preserving symmetry group of a given cube,
which has order 24;

e [ is the icosahedral group, the orientation-preserving symmetry group of a given dodec-
ahedron, which has order 60;

o 1 is the trivial subgroup, containing only the unit element.

Remark 6.8 (The octahedral group). The octahedral group O is defined as the orientation-
preserving symmetry group of a cube whose edges are parallel to the axes of a the canonical
basis (e1,es,e3) of R3. It corresponds to the subgroup

{g € SO(3); g~e; = te;}
of SO(3) which contains 24 elements:
e the identity [;
e 3 order 2 rotations around the axes ey, es, e3;
e 6 order 4 rotations around the axes eq, es, e3;
[ ]
[ ]

6 order 2 rotations around the axes e; - e, ] + e3, es T e€3;
8 order 3 rotations around the axis e; + ey +es.

It is a classical fact, that for any representation V of a Lie group G, there exists only a finite
number of symmetry classes [59, 54]. These classes have been detailed by IThrig-Golubistky [48]
(see also [62]) for irreducible representations of SO(3). We get, in particular, the following

) For HI': [SO(2)] < [SO(3)].
) For H?: [D] < [O(2)] = [SO(3)].
(3) For H3: see Figure 1.
(4) For H*: see Figure 2 (same as for the elasticity tensor [38]).
(5) For HP: see Figure 3.
The determination of symmetry classes for reducible representations of SO(3) has been achieved
by Olive [62] (see also [23]), who formulated an algorithm to compute theses classes, provided a
decomposition into irreducible representations is known. Using these results and the fact that

SYRH ~H "o H" 2@ --- @ H%", r=[n/2],
by (3.1), we deduce the following proposition.
Proposition 6.9. We have the following results.
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(1) The symmetry classes for n (n > 2) first-order tensors are
{[1],[SO(2)],[SOB3)]} -
(2) The symmetry classes for n (n > 2) second-order symmetric tensors are

(3) The symmetry classes for one third-order totally symmetric tensor are

{[1]; [Z2), [Z5], D3], [Ds], [T], [SO(2)], [SO(3)]} -

(4) The symmetry classes for one fourth-order totally symmetric tensor are (like for the
elasticity tensor)

{[1], [Z2], [D2], D3], D], (0], [O(2)], [SO3)]} -

(5) The symmetry classes for one fifth-order totally symmetric tensor are
{[1), [Z2), [Z], [Z4], [Zs], [Da], D3], [Da], [Ds], [T], [SO(2)], [SOB3)]} -

Remark 6.10. The harmonic decomposition of a totally symmetric tensor (2.1) of odd order
contains only factors H* with k& odd. Moreover, an isotropic tensor in H" vanishes necessarily if
k > 1 odd. Thus any totally symmetric isotropic tensor of odd order vanishes. This is however
not true for an even order totally symmetric isotropic tensor.

[SO@3)]

RN
[T] [Ds] [SO(2)]

| |
[Do] (2]

|
[Z2]

\
1]

FIGURE 1. The poset of symmetry classes for H?>.

7. DIMENSION OF COVARIANT SPACES AND SYMMETRY

Given a linear representation V of SO(3) and v € V, we define Covy(v) as the set of all k-order
polynomial covariants of v (see section 4). Note that whereas Cov (V) is a polynomial algebra,
and Cov(V) is an infinite dimensional vector space, Covy(v) is the set of all evaluations of
these covariants on the vector v. As such, it is a subspace of the finite dimensional real vector
space Py (R3?) of homogeneous polynomials of degree k on R?, or equivalently of the space S¥(R?)
of totally symmetric tensors of order k. In this section, we will focus on polynomial covariants
of order one and two of a vector v € V and relate the symmetry class of Covy(v) and Covy(v)
with their respective dimension.

Recall that, thanks to proposition 6.9, the possible symmetry classes for the space Covy(v)
are

[1], [SO@)], [SOE),
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@ isotropic: [SO(3)]

N

@ cubic: [O]

transversely isotropic: [O(2)] @

@ tetragonal: []D)4]

trigonal: [Dg @ orthotropic: [Dy]

\/

@ monoclinic: [Zo]

. trlchmc

FIGURE 2. The poset of symmetry classes for H* and Ela.

UD)4

3 [Ds
Z4 W
Z2 [Z:s

[]1]
FIGURE 3. The poset of symmetry classes for HP.

whereas, for Cova(v), they are
[, [Zo], [D2], [O(2)], [SOB)].

Proposition 7.1. Givenv € V, dim Cov (v) is either 0, 1 or 3. Moreover, the symmetry class
of Covy(v) is:

(1) [SO(3)] if and only if Covy(v) = {0};

(2) [SO(2)] if and only if dim Covy(v) = 1;

(3) [1] if and only if dim Covy(v) = 3.

Proof. (1) If the symmetry class of Covy(v) is [SO(3)], then, every first-order covariant vanishes
and thus Covi(v) = {0}. Conversely, if Cov;(v) = 0 then its symmetry class is [SO(3)].

(2) Suppose now that the symmetry class of Cov;(v) is [SO(2)]. Without loss of generality,
we can suppose that the isotropy group of Covi(v) is exactly SO(2). Then, dim Covy(v) > 1
but all first-order covariant are colinear to es and thus dim Covy(v) = 1. Conversely, suppose
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that dim Covy(v) = 1 and let u # 0 be a basis of Cov;(v). Then the symmetry class of Covy(v)
is just [Gy] = [SO(2)].

(3) Finally, suppose that the symmetry class of Covy(v) is [1]. Then dim Cov;(v) > 2. But
if w,w are two independent first-order covariants then u x w is also a first-order covariant, so
that dim Cov(v) = 3. Conversely, if dim Cov;(v) = 3, we can find two independent covariants
u,w and thus

GuNGy =1.

O

The case of Cova(v) is more involving. Note first that the Euclidean second-order tensor q
is always in Cova(v), thus dim Cova(v) > 1 for every v € V. Moreover, given two covariants
a,b in Cova(v), then

1
(ab)® := §(ab + ba)
belongs to Cova(v), where ab is the standard matrix product.

Lemma 7.2. Let a € S*(R3). Then,
(1) a is orthotropic if and only if dim(q, a,a?) = 3;
(2) a is transversely isotropic if and only if dim(q,a,a?) = 2.

Proof. Without loss of generality, we can suppose that a = diag(A1, A2, Ag). Then, it is easy to
check that q, a, a? are linearly independent if and only if

(A2 — A1) (A3 — A1) (g — Ag) # 0.

Thus, we get (1). Moreover, if a is transversely isotropic and has thus a double eigenvalue
then dim(qg,a,a?) < 2 but it cannot be one, otherwise, a would be isotropic. Conversely if
dim(q, a,a?) = 2, then a has a double eigenvalue and is hence at least transversely isotropic but
it cannot be isotropic (otherwise dim{q,a,a?) = 1). This achieves the proof. O

Recall that a pair (a,b) of symmetric second-order tensors is either isotropic, transversely
isotropic, orthotropic, monoclinic or triclinic by proposition 6.9. We have, moreover, the follow-
ing result.

Lemma 7.3. Let (a,b) be a pair of symmetric second-order tensors, which is either orthotropic,
monoclinic or triclinic. Then, there exists a linear combination of a and b which is orthotropic.

Proof. 1If either a or b is orthotropic, we are done. Otherwise, both a and b are transversely
isotropic, neither being isotropic. Let a’ and b’ be the deviatoric parts of a and b respectively.
Note that a’, b’ are linearly independent and both transversely isotropic. If we can show that
there exists a linear combination aa’ 4+ Sb’ which is orthotropic, then, we are done, because

1
aa+ b =aa’ + gb’ + 3 (atra+ gtrb)q
is orthotropic. Let
éza/_be, b="b

tr(b’?)

If a is orthotropic, we are done. Otherwise a, b are two linearly independent, transversely
isotropic deviators such that tr(ab) = 0. Now, the discriminant of the characteristic polynomial
of a deviatoric tensor d writes as

(tr(d?))3/2 — 3(tr(d?))%
Hence a deviatoric tensor d is orthotropic if and only if
(tr(d2))* — 6(tx(d*))? # 0.
Let d(t) := ta+ (1 — t)b. Then d(¢) is orthotropic if and only if
p(t) = (tr(d(1)?)? — 6(tr(d(1)*))? £ 0.
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Moreover, a direct computation shows that the coefficient of 2 in the polynomial p(t) is
3tr(a?) tr(b%)% # 0.
Hence, there exists ¢ € R such that p(t) # 0 and for this value, d(¢) is orthotropic. We have thus

found a linear combination of a, b, and therefore of a’, b’ which is orthotropic. This achieves
the proof. 0

Corollary 7.4. Let F be a sub-vector space of S*(R3®) with dim F' > 3. Then, F contains an
orthotropic element.

Proof. Suppose that each element in F' is at least transversely isotropic. Then, by lemma 7.3,
each pair (a,b) of elements in F' is at least transversely isotropic. If each element in F' is
isotropic, then F' is of dimension 0 or 1. If F' contains a transversely isotropic element t, then
for every a € F, the pair (t,a) is transversely isotropic and thus a = at + fq. Thus dim F' < 2.
This achieves the proof. ]

Given an orthonormal basis (e1,es,e3) of R3, we will consider the following natural basis of
S%(R3)
(7.1) e, =e; D e;, €, ‘=e ®e; +e; Xe;, (1 <),
which is orthogonal but not orthonormal.

Proposition 7.5. Givenv € V, dim Covy(v) is either 1, 2, 3, 4 or 6. Moreover, the symmetry
class of Cova(v) is:

(1) [SO(3)] if and only if dim Covy(v) = 1;

(2) [O(2)] if and only if dim Cova(v) = 2;

(3) [Dq] if and only if dim Cova(v) = 3;

(4) [Z2] if and only if dim Covy(v) = 4;

(5) [1] if and only if dim Cova(v) = 6.

Proof. (1) If the symmetry class of Cova(v) is [SO(3)], then, every symmetric second-order
covariant is proportional to q and hence dim Covy(v) = 1. Conversely, if dim Covy(v) = 1 then
q generates Cova(v), and its symmetry class is [SO(3)].

(2) Suppose that the symmetry class of Cova(v) is [O(2)]. Then, without loss of generality,
we can suppose that each symmetric second-order covariant writes as diag(A, A\, 1) and hence
that dim Cova(v) < 2. Since it cannot be 1, otherwise Covy(v) would be reduced the one-
dimensional space generated by q, it must be 2. Conversely, if dim Cova(v) = 2, then, there
exists some non-isotropic second-order covariant a such that (q,a) is basis of Cova(v). Since
a cannot be orthotropic, otherwise (q,a,a?) would be linearly independent, by lemma 7.2, a is
necessarily transversely isotropic and so is Cova(v).

(3) Suppose that the symmetry class of Covy(v) is [D2]. Then without loss of generality we
can assume that each symmetric second-order covariant writes as diag(\1, A2, A3) and hence that
dim Cova(v) < 3. Since this dimension cannot be 1, neither 2 due to points (1) and (2), its must
be 3. Conversely, suppose that dim Covy(v) = 3. Then, by corollary 7.4, Cova(v) contains an
orthotropic tensor ¢, and we are done by lemma 7.2 because the orthotropic triplet (q,c,c?) is
a basis of Cova(v).

(4) Suppose that the symmetry class of Cova(v) is [Zg]. Then without loss of generality we
can suppose that each symmetric second-order covariant writes as

a1 a2 0
aig az 0
0 0 ass

and hence that dim Covay(v) < 4. Since this dimension is necessarily > 3 by (1), (2) and (3), it is
4. Conversely, suppose that dim Covy(v) = 4. Then by corollary 7.4, there exists an orthotropic
covariant ¢ in Covq(v) and without loss of generality, we can suppose that this covariant is
diagonal. Then, by lemma 7.2, (q,c,c?) is a vector basis of the space of diagonal tensors, so
that (q,c,c?) = (e11, e, es3), and thus each e; belongs to Cova(v). Let a be a second-order
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covariant such that (e11,ea2,es3,a) is a basis of Cova(v). Without loss of generality, we can
assume that

a = ajzej2 + ajze3 + assess,
where the a;; do not vanish altogether, for instance a2 # 0. Then

(enna)® + (exa)® — (esza)® = ajzel

belongs to Cova(v) and so does ej2. Hence

(e11, €22, €33, €12)
is a basis of Cova(v) which has therefore the symmetry [Zs].
(5) Suppose that the symmetry class of Cova(v) is [1]. Then
dim Cova(v) > 5,

by (1), (2), (3) and (4). By corollary 7.4, there exists an orthotropic covariant ¢ in Covy(v),
and like in the proof of (4), we can assume that

ei1, e, e33 € Covy(v).

Since, dim Covy(v) > 5, the space Cova(v) contains two linearly independent covariants, which
write

a = apzei2 + aj3e3 + azess,
b = bige1z + bizeis + bazess,
and we can assume (without loss of generality) that the minor

a12b13 — aizbiz # 0.
As in the proof of (4), we conclude then that both ej2 and ej3 belong to Cova(v). But then

1
(e12e13)” = Ses
belongs to Cova(v) and thus dim Cova(v) = 6. Conversely, suppose that dim Cova(v) = 6.
Then the only possibility is that the symmetry class of Cova(v) is [1] by (1), (2), (3) and (4).
This achieves the proof. O

8. COVARIANT CRITERIA FOR TENSOR’S SYMMETRY

In this section, we formulate covariant criteria which restrict the symmetry class of second
and fourth order tensors, using the vanishing of some of their covariants.

8.1. Second order tensors. The main results of this section are formulations of coordinate-free
polynomial conditions to classify the symmetry class of an n-tuple of symmetric second-order
tensors.

Lemma 8.1. Let a be a symmetric second-order tensor. Then, a is at least transversely isotropic
if and only if a x a® = 0.

Proof. Without loss of generality, we can assume that
a = diag(A1, A2, A3).

2. writes

Then, the polynomial form of a x a
()\2 - )\1) ()\3 — )\1) ()\3 — )\2) TYz.

Thus, it vanishes if and only if a is at least transversely isotropic. This achieves the proof. [

Remark 8.2. If a is not orthotropic, then a x a? vanishes and is thus isotropic. Otherwise, the

polynomial form of a x a? writes k zyz, with k = (A2 — A1) (A3 — A1) (A3 — A2) # 0. This form is,
of course, invariant by Dy but it has more symmetries. Indeed, it is invariant by the fourth-order
rotations around Oz, Oy and Oz. Considering the symmetry classes of S3(R?) (proposition 6.9),
and Figure 1, we conclude that a x a? has tetrahedral symmetry [T]. An immediate corollary
of this result is that tr(a x a?) = 0 and thus that a x a? is harmonic, independently of the
symmetry of a.
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Lemma 8.3. Let a,b be symmetric second-order tensors and suppose that a is transversely
isotropic. Then, (a,b) is transversely isotropic if and only if a x b = 0.

Proof. Suppose first that (a,b) is transversely isotropic then a x b is at least transversely
isotropic and since it is a third-order totally symmetric tensor, it must be isotropic by propo-
sition 6.9 and thus vanishes by Remark 6.10. To prove the converse, we will use the poly-
nomial representative a,b of a,b (see Section 2). The linear equation a x b = 0 reads then
det(z, Va, Vb) = 0. Without loss of generality we can assume that Ga = O(2) and thus that

a= 22 +y%) + puz?, \# .
The solution is then
b=ki(z +y?) + ka2,
which is invariant by O(2). This achieves the proof. O

Given two symmetric second order tensors a, b on the euclidean space R?, their commutator,
a second-order skew-symmetric tensor

[a,b] := ab — ba
can be recast as the first-order covariant
tr(ax b) = %e : (ab).
We have thus

Lemma 8.4. The three conditions are equivalent :
(1) the pair (a,b) is at least orthotropic.
(2) tr(ax b)=0.
(3) a,b commute.

Corollary 8.5. Let a,b be symmetric second-order tensors. Then, (a,b) is orthotropic if and
only if tr(a x b) =0 and

axa’#0, or bxb>#0, or axb#0.

Proof. If (a,b) is orthotropic, then the first-order covariant tr(a x b) is necessarily isotropic by
proposition 6.9 and thus vanishes by Remark 6.10. Moreover, either a or b is orthotropic and
thus
axa’#0, or  bxb2#£0,

or both of them are transversely isotropic. In that case we necessarily have a x b # 0 by
lemma 8.3. Conversely, if tr(a x b) = 0, then the pair (a, b) is at least orthotropic by lemma 8.4.
If either a or b is orthotropic, then so is (a, b). Otherwise, both a and b are at least transversely
isotropic, but then the condition a x b # 0 forbids the pair (a,b) to be at least transversely
isotropic. It is thus orthotropic. O

We will now formulate coordinate-free conditions to classify the symmetry class of an n-tuple
of symmetric second-order tensors.

Theorem 8.6. Let (aj,...,a,) be an n-tuple of second-order symmetric tensors. Then:
(1) (a1,...,a,) is isotropic if and only if
a, =0 1<k<n,
where aj}, is the deviatoric part of ay,.

(2) (ap,...,ay,) is transversely isotropic if and only if there exists a; such that

/ 2 _
a; # 0, a; x aj =0,

and
ajxa,=0 1<k<n.
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(3) (a1,...,a,) is orthotropic if and only if
tr(ag xa;) =0, 1<k,/l<n,

and there exists a; such that a; Xa? # 0 or there exists a pair (a;,a;) such that a;xa; # 0.
(4) (ap,...,ay) is monoclinic if and only if there exists a pair (a;,a;) such that w = tr(a; x
a;) # 0 and
(apw) Xxw =0, 1<k<n.

Proof. (1) (ay,...,a,) is isotropic if and only if ay = A\pq for 1 < k < n, which is equivalent to
the condition that aj, =0 for 1 <k < n.

(2) If (ay,...,a,) is transversely isotropic, then, each ay is at least transversely isotropic and
one of them, say a;, is transversely isotropic. Thus a} # 0 and a; x a? = 0 by lemma 8.1.
Moreover, each pair (a;,ay) is at least transversely isotropic and thus a; x a;, = 0 by lemma 8.3.
Conversely, if conditions in (2) are satisfied, then a; is transversely isotropic and each pair
(aj,ay) is transversely isotropic by lemma 8.3. Thus (ay,...,a,) is transversely isotropic.

(3) If (ay,...,a,) is orthotropic, then, the a; commute with each other and thus tr(a; xa;) = 0
(1 < k,l < n) by lemma 8.4. Moreover, either there exists j € {1,...,n} such that a; is
orthotropic and thus a; x a? # 0 or all the a; are at least transversely isotropic. In that case,
a pair of them, say (a;,a;) is orthotropic and thus a; x a; # 0. Conversely, if tr(a; x a;) =0
for all k, [, then, we can find a basis in which there are all diagonal and the symmetry class of
(ai,...,ay) is thus at least [Dy]. If there exists a; such that a; x a? # 0, we are done. Otherwise,
all the a;, are at least transversely isotropic, but there exists a pair (a;, a;) such that a; x a; # 0.
Hence, both a;,a; are transversely isotropic and the pair (a;,a;) is orthotropic by lemma 8.3.

(4) If (ay,...,ay,) is monoclinic, then, its elements have a common eigenvector, w, so that
(apw) xw = 0 (1 < k < n). Moreover, there exists a pair (a;,a;) such that tr(a; x a;) # 0
and thus tr(a; x a;) = Aw with X\ # 0. Conversely, if w := tr(a; x a;) # 0, then (ay,...,a,)
is at most monoclinic. But the condition (ajw) x w = 0 for all k¥ means that w is a common
eigenvector of ay, ..., a, and thus the symmetry group of (aj,...,a,) contains the second-order
rotation around w. O

8.2. Fourth order tensors. The main results of this section are formulations of coordinate-free
polynomial conditions to classify the symmetry class of a family of one fourth-order harmonic
tensor and one or several second-order harmonic tensors.

Lemma 8.7. Let t € S2(R3) be transversely isotropic and S € S*(R3). Then, (S,t) is trans-
versely isotropic if and only if S x t = 0.

Proof. Suppose first that (S,t) is transversely isotropic, then S x t is at least transversely
isotropic and since it is a fifth-order symmetric tensor, it must be isotropic by proposition 6.9 and
thus vanishes by Remark 6.10. To prove the converse, let p,t be the polynomial representatives
of S,t. Then, the linear equation S x t = 0 reads det(z, Vp, Vt) = 0. Without loss of generality
we can assume that Gy = O(2) and thus that

t=AMa?+y)) +puz®,  A#p
and the solution is ,
p=hiz! + ka2 +97)2" + ka(a® + 977,
which is invariant by O(2). This achieves the proof. O

Lemma 8.8. Let t € S?(R3) be transversely isotropic and H € H*. Then, (H,t) is at least
tetragonal if and only if tr(H x t) = 0.

Proof. Suppose first that (H,t) is at least tetragonal, then tr(H X t) is at least tetragonal and
since it is a third-order symmetric tensor, it must be isotropic by proposition 6.9 and thus
vanishes by Remark 6.10. To prove the converse, let p,t be the polynomial representatives of
H,t. Then, the linear equation tr(H x t) = 0 reads A(det(z, Vp, Vt)) = 0, where A is the
Laplacian. Without loss of generality we can assume that Gy = O(2) and thus that

t=Aa?+y)) +puz®,  A#p
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and the solution is
p=k (6272(x2 +92) — (z* + o) + 2z4) + ko (6x2y2 — (z* + y4)) + kszy (3:2 — y2) ,

which is invariant by Z4 and has thus at least the symmetry [D4]. Hence, (H,t) is at least
tetragonal. This achieves the proof. O

The cubic symmetry appears, in practice, as the more subtle to deal with. We will formulate,
in the next lemma, more precise statements which allow to detect the symmetry class of a pair
(H,t) when H is cubic and t is transversely isotropic. In that case, we know from [62] that
the symmetry class of a pair (H,t) is one of the following : triclinic, monoclinic, orthotropic,
trigonal or tetragonal.

Lemma 8.9. Let H be a cubic fourth-order harmonic tensor and t € S*(R?) be transversely
isotropic. Then

(1) (H,t) is tetragonal if and only if
tr(H x t) = 0;
(2) (H,t) is trigonal if and only if
tr(Hxt)#0, and tx (H:t)=0;
(3) (H,t) is orthotropic if and only if
tx (H:t)#0, and tr(tx (H:t))=0;
(4) (H,t) is monoclinic if and only if
tr(t x (H:t)) #0, and tr(t x (H:t)) x tr(t x (H:t)?) = 0.

Remark 8.10. The conditions in (3) are equivalent to the fact that the pair (t,H:t) is or-
thotropic, whereas in (4) they are equivalent to the fact that the pair (t,H:t) is monoclinic.
The cases (1) and (2) cover all the cases where the pair (t,H:t) is transversely isotropic.

Proof. We will first investigate the four equations in lemma 8.9. Without loss of generality, we
can assume that Gy = O and thus that the polynomial form of H is given (up to a scaling
factor) by

p(z,y,2) =t +y* + 2 — 322y% — 32222 — 3222
Now, every transversely isotropic second-order homogeneous polynomial t writes as
t(x,y,2) = (u— N (n-x)*> + \q,
where \ # u, n = (n1,n2,n3) is a unit vector and q = 22 + y% + 22. We get thus:
e tr(H x t) = 0 if and only if
(8.1) ning = ning = ngong = 0;
e t x (H:t) =0 if and only if
2

(8.2) ning (nf —n3) = ning (nf — n3) = nang (nf —n3) =0,
niny (n3 —n3) = ning (n3 — n3) = nang (nj —ni) = 0.

e tr(t x (H:t)) =0 if and only if
(8.3) niny (n —n3) = ning (n} — n3) = nang (nj —nj) = 0;

o tr(t x (H:t)) x tr(t x (H:t)?) = 0 if and only if
2 2

ningn(ng —n3)(n — n3)(ni —n3) =0,
(8.4) ningng(ny — n3)(ni —n3)(nf —n3) =0,
ningni(ng —n3)(n — n3)(ni —n3) =0
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Note also that (8.1) — (8.2) — (8.3) = (8.4). We will now prove each statement of
lemma 8.9.

(1) Suppose first that the pair (H,t) is tetragonal, then tr(H x t) = 0 by lemma 8.8. Con-
versely, if tr(H x t) = 0 holds, then we get (8.1) and n is collinear to either

€1, €2, €3.

Then, both H and t are invariant by the rotation by 7/2 around m and the pair (H,t) is
tetragonal.

(2) Suppose now that the pair (H,t) is trigonal, then the pair of second-order covariants
(t,H:t) is at least trigonal an thus transversely isotropic by proposition 6.9. Thustx (H:t) =0
by lemma 8.3. Moreover, tr(H x t) # 0 by point (1). Conversely, if t x (H:t) = 0 and
tr(H x t) # 0, then we get (8.2) with at least n;n; # 0 for a pair (i,7) (¢ # j). In that case, n
is collinear to either

e +ex+e3, e —ex+es, e +ey—e3, e —eyx—es.

Then, both H and t are invariant by the rotation by angle 27 /3 around n and the pair (H,t)
is trigonal.

(3) Suppose now that the pair (H, t) is orthotropic, then the first order covariant tr (t x (H:t))
is at least orthotropic and thus vanishes. Moreover t x (H:t) # 0 by points (1) and (2). Con-
versely, if tr (t x (H:t)) =0 and t x (H:t) # 0, then we get (8.3) with at least n, = 0 for some
i €{1,2,3}. In that case n is collinear to either

e +e, e —ez, e€;+e3, e —e3, extes3, ezx—es.

Then, both H and t are invariant by the rotation by angle 7 (a second-order rotation) around
a pair of axes e; + e; and the pair (H,t) is orthotropic.

(4) Finally, suppose that the pair (H,t) is monoclinic, then the pair of first-order covariants
(tr(tx (H:t)), tr(tx (H:t)?)) is at least monoclinic and thus collinear. Moreover, tr(txH :t) # 0
by (1), (2) and (3). Conversely, if

tr(t x (H:t)) x tr(t x (H:t)?) =0,
then we get (8.4). Since tr(t x (H:t)) # 0 cases (1), (2) and (3) are excluded and thus the pair
(H, t) is either monoclinic or triclinic, so we are reduced to show that it is monoclinic. If n; =0
for some i, both H and t are invariant by the second-order rotation around e;. Otherwise, we

get n; = £n; for a pair (4,7). In that case, both H and t are invariant by the second-order
rotation around n;e; — nje;. This achieves the proof. ]

We will end this section by formulating criteria for detecting orthotropic and monoclinic
symmetry for a general harmonic tensor H € H*(R3), using second-order covariants.

Lemma 8.11. Let ¢ € S?(R3) be orthotropic and H € H*(R3). Then,

G(C,H:C,H:C2) = G(H,c)-
In particular, (H,c) is orthotropic (resp. monoclinic) if and only if
(c,H:c,H:c?)

is orthotropic (resp. monoclinic).

Proof. Note that the inclusion G(gc) C G H:¢,H:c?) IS Obvious, since (c,H:c,H:c?) are co-
variants of the pair (H,c). To prove the reverse inclusion, we can assume, without loss of
generality, that Ge = Dy (an thus that c is diagonal). Let g € GcH.cH:c2) C Ge. Then, g
is either the identity or a second-order rotation r around either e, ey, or es. Without loss of

generality, we can suppose that r is the rotation around e3. Then, e3 is a common eigenvector
of ¢, H:c and H:c?. Moreover, since H is harmonic, we have H:q = 0 and thus

[(H:d)es] xe3 =0, for d=q,c,c’
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Since (q,c,c?) and (e11, e, e33) generate the same three-dimensional vector space of diagonal
matrices, this last condition can be recast as

[(H : eii)eg] X €3 = 0, for i= 1, 2,3.
and thus
Hi113 = Hi123 = Hi293 = Hi333 = Ho993 = Ho333 = 0,

which means that H is invariant under r, and so r € Gg,c)- O

Note that if a, b are transversely isotropic, second-order symmetric tensors, then the pair
(a,b) is either monoclinic, orthotropic or transversely isotropic (see [62]), and we get the fol-
lowing corollary.

Corollary 8.12. Let a, b be transversely isotropic second-order symmetric tensors and H €
H4(R3).
(1) If (a,b) is orthotropic, then

GapH:aH:b) = GHab)-

In particular, (H,a,b) is orthotropic (resp. monoclinic) if and only if (a,b,H:a,H:b)
is orthotropic (resp. monoclinic).
(2) If (a,b) is monoclinic, then

G(abH:aH:bH:@ab)*) = G(Hab)-
In particular, (H,a,b) is monoclinic if and only if
(a,b,H:a,H:b,H:(ab)’)
s monoclinic.

Proof. (1) Suppose that (a,b) is orthotropic. Then there exists a basis (e;) in which both a
and b are diagonal. Moreover, (q,a,b) and (e, €99, €33) generate the same three-dimensional
vector space and the proof is similar to that of lemma 8.11.

(2) Suppose that (a,b) is monoclinic. Then, by lemma 7.3, there exists a linear combination
c of a and b which is orthotropic. But then, c¢? is a linear combination of q, a, b and (ab)® and
thus

G(a,b,H :a,H:b,H:(ab)s) C G(C,H ic,H:c2) — G(H,c)a
by lemma 8.11. Therefore

G(a,p,H:a,H:bH:(ab)*) C GH,c) N G(ap) C GHab)-

The reverse inclusion being obvious, this achieves the proof. ]

9. CHARACTERIZATION OF THE SYMMETRY CLASSES OF H*

In this section, we formulate coordinate-free conditions using covariants up to order 5 that
identify the symmetry class of a given tensor H € H* and we prove that these conditions are
both necessary and sufficient. The partially ordered set of symmetry classes for H* is the same
as the one for the elasticity tensor, pictured in Figure 2. The notations used in this section
are those introduced in section 5. We will start by connecting Cov;(H) and Covy(H) by the
following lemma.

Lemma 9.1. Let H € H* be a fourth order harmonic tensor. Then
(1) Covi(H) = {0} if and only if Cova(H) is at least orthotropic;
(2) dim Covy(H) =1 if and only if Cova(H) is monoclinic;
(3) dim Covi(H) = 3 if and only if Cova(H) is triclinic.

Remark 9.2. In the proof of lemma 9.1, some arguments are general and relies on Section 7,
others depend on the very special case that, Covy (H*) is generated by commutators of elements
in Covo(H*) (as can be checked in Table 2).
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Proof. (1) If Covy(H) = {0}, then each commutator of a pair of elements in Covy(H) vanishes.
Thus all the elements of Cove(H) commute together and they can be represented by diagonal
matrices in a common basis. All these second-order covariants are thus invariant by Do and
Cova(H) is thus at least orthotropic. Conversely, if Cova(H) is at least orthotropic, then, since
Cov;(H) is generated by the commutators of Covy(H), it vanishes.

(2) If dim Covy(H) = 1, then, by (1) Covy(H) is either monoclinic or triclinic (see proposi-
tion 7.5). However, if Cova(H) was triclinic and thus of dimension 6 by proposition 7.5, then
Covy(H) = S?(R?) and we could build two linearly independent commutators which belong to
Cov;(H), which would lead to a contradiction. Therefore, Cova(H) is monoclinic. Conversely,
if Covy(H) is monoclinic, then, Covy(H) (which is generated by commutators of Covs(H)) is
at least monoclinic and thus monoclinic by (1).

(3) If dim Cov;(H) = 3, then Covy(H) is necessarily triclinic by (1) and (2). Conversely,
if Cova(H) is triclinic, then dim Cov;(H) > 2 by (1) and (2) and thus dim Cov;(H) = 3 by
proposition 7.1. U

The harmonic tensor H, being a particular elasticity tensor, can be represented by a symmetric
endomorphism of the space S?(R?), the so-called Kelvin representation [81]. In the orthonormal
basis

(€11, €2, €33, €23/V2, €13/V2, €12/ V2),

where e;; was defined in (7.1), the matrix of its component writes:

0.1) - (g )

V2Bt 2C
where
Ay + Aj —A3 —As
A= —As  As+A A ;
—A2 —A1 A2 + Al
=X Yi+Yy -2 -\ -Z1 Y
B = —X5 - 1+ 2y |, C=\|-2Z1 —AN —-Xi|,
Xl + X2 —Y2 —Zl —Yi _Xl - A3

and B! is the transpose matrix of B.
9.1. Case I: Covy(H) is isotropic.

Theorem 9.3. Let H € H* be a fourth order harmonic tensor. The following propositions are
equivalent.

(1) Cova(H) is isotropic;

(2) H is either cubic (dg # 0) or isotropic (dy =0);

(3) dy is isotropic.

Proof. We will show that (1) = (2) = (3) = (1).
Suppose first that (1) is true, so that we have dy = %ng and d3 = %ng, since trds = Jo
and trds = J3. Then, the covariants dj defined in (5.1) write as

dy = 1Joq, dgy=1J3q, dy=glo’q
(9.2) d; =0, dg = 5-J2°q, d7 =0,

ds =0, dyg =0, dip =0,
and we get

3Jy =2, 9Js=Jo3, Js=Jr=Jg=Jy=Jy=0.
Now, tr(d3?) is an invariant of degree 6 and should be expressible as a linear combination of the
invariants
%, 3P oy, Je.

In fact, the following relation, satisfied by any harmonic tensor H € H* can be checked directly
by computation:

240 Jg + 39 Jo® + 190 J32 — 198 JoJy — 540 tr(ds?) = 0.



COVARIANTS AND SYMMETRY CLASSES 23

When (9.2) are satisfied, this leads to the relation
30J3% — Jo* = 0.
If Jo =0, then ||H|? = Jo = 0, so that H = 0 is isotropic. Otherwise, we get
3Jy=J0% Js=0, 30J5% =" 9Js=Jo"

9.3)
Jr=0, Jyg=0, Jg =0, Jio =0,

and Jy # 0, which are, according to [5, Proposition 5.3], necessary and sufficient conditions for
a tensor H € H* to be cubic.

The assertion (2) == (3) is trivial because if H is either cubic or isotropic, then da as a
covariant of H inherits its symmetry and is thus necessarily isotropic.

Suppose that (3) is true, so that do = aq, for some scalar «. Then, using the fact that
H:q = tr3y H =0 we deduce first that

CkZO, kZ?).

Now, using remark 5.2, we have cg = 2df and thus d3 = q for some scalar 5. Since all first and
second-order covariants in Table 2 are build from do, d3 and the ¢, we deduce that they are
all isotropic. But every symmetric second-order covariant is obtained as a linear combination
of either a product of an invariant with a second-order covariant from Table 2 or the symmetric
product of two first-order covariants from Table 2. Therefore, Covy(H) is isotropic. This
achieves the proof. O

Remark 9.4. According to [5, Proposition 5.3], an harmonic tensor H € H* is either cubic or
isotropic if and only if the relations (9.3) are satisfied. Surprisingly, a consequence of theorem 9.3
(which uses this result) is that an harmonic tensor H € H* is either cubic or isotropic if and
only if 3.J; = J>2 (one only needs to check the first relation of (9.3)). Indeed, by theorem 9.3,
H is at least cubic if and only if ds is isotropic, which is equivalent to d), = 0. But

1 2 2 1 1
4|2 = tr <d2 - gJQq> = tr (dg = 3da + §ng> =3 (3Js— J2%).

The magic here is that in the proof of theorem 9.3, the knowledge of an integrity basis of Cov (H*)
(given in Table 2) has been used (it was not known when [5] was written). This remark is
important because it has always been pointed out by the elders that the knowledge of covariants,
rather than invariants, is the cornerstone to understand the geometry of a representation. This
statement is thus illustrated here.

9.2. Case II: Covy(H) is transversely isotropic.

Theorem 9.5. Let H € H* be a fourth order harmonic tensor. The following propositions are
equivalent.

(1) Cova(H) is transversely isotropic;

(2) H is tetragonal, trigonal or transversely isotropic;

(3) the pair (da,c3) is transversely isotropic.

Remark 9.6. By virtue of lemma 8.1, lemma 8.3 and theorem 9.5, condition (3) in theorem 9.5
can be recast as

d2, 7é 0, dg X (d2)2 = O, C3 X d2 =0.

Proof of theorem 9.5. We will show that (1) = (2) = (3) = (1).

Suppose first that (1) is true, then, without loss of generality, we can assume that all symmetric
second-order covariants are invariant by the subgroup O(2) and that at least one of them, say
a writes as

a = \q+ ur, uw#0.
Thus, 7 = diag(1, 1, —2) is an eigenvector of H (because H:q = 0 and H: a is traceless) and we
have
Yo =0, X1+ X2 =0, Z1 =0, Ay = As.
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Now we compute dy from (9.1) and write that it must be invariant by O(2) and we get
47, X1 4+ (A +4A3)Y1 = 0,
(A +4A3) X, — 42,7 = 0.
The solutions of this system break into two alternatives:
(1) either Zo =0 and Ay = —4As,
(2) or, X1 =Y1 =0.
In the first case, we get

—3A3 —As 4N —V/2X1 V27 0

—As —3A3 —4A3 —V/2X; —V2Y7 0

H) = 4As 4N  —8As 0 0 0
—V2X;, +V2X; 0 8A;3 0 —2Y;

V2, —V2Y 0 0 8As  —2X;

0 0 0 -2 —2X; —2As

which is at least trigonal since g x H = H for all g € Z3. In the second case, we get

A+ As —A3 —Aq 0 0 —\/EZQ
—A3 A +A3 —Aq 0 0 \/522

_ Ay -\ 24 0 0 0
[H] = 0 0 0 —2A; 0 0
0 0 0 0 —2A4 0

27y 27, 0 0 0 —2A3

which is at least tetragonal since g x H = H for all g € Z4.

The assertion (2) == (3) is trivial because if (2) is true then the pair (dg,cs) is either
transversely isotropic or isotropic, but it cannot be isotropic by virtue of theorem 9.3.

Finally, suppose that (3) is true. Note first that do cannot be isotropic, because of theorem 9.3.
Without loss of generality, we can assume, therefore, that

dy = peT, €3 = paT,
where pg # 0 and 7 = diag(1,1, —2). We get thus
C3 :H:dg :Hd/2 :MQH:T:,U{J,T

leading to
H:m= &T,
12
which means that 7 is an eigenvector of H. But then
2 3
C4:H:C3:&7‘7 C5:H:C4:M—§’7‘7
2 M3

and thus, the triple (dg, c3, ¢y, c5) is transversely isotropic. We deduce then from Table 2, that
Cov,(H) is transversely isotropic. O

We will now formulate conditions which allow to distinguish between the three remaining
cases: transversely isotropic, trigonal and tetragonal.

Corollary 9.7. Let H € H* be a fourth order harmonic tensor. Then
(1) H is transversely isotropic if and only if dy is transversely isotropic and
H x dy = 0;
(2) H is tetragonal if and only if do is transversely isotropic,
Hxd2#0, and tr(H xd2)=0;
(3) H is trigonal if and only if dg is transversely isotropic,

tr(Hxd2) #0, and (H:dg2) xds=0.
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Proof. Note first that if H is either transversely isotropic, tetragonal or trigonal then, ds is
necessarily transversely isotropic, by theorem 9.3.

(1) If H is transversely isotropic, then, H x do = 0 by lemma 8.7. Conversely, if dg is
transversely isotropic and H x dg = 0, then, (H, d2) is transversely isotropic by lemma 8.7 and
so is H.

(2) If H is tetragonal, then, tr(H xds2) = 0 by lemma 8.8 and H xds # 0 by (1). Conversely, if
the conditions in (2) are satisfied, then, (H, d2) is at least tetragonal by lemma 8.8, and so is H.
Since H cannot be isotropic or cubic by theorem 9.3 (because dg is assumed to be transversely
isotropic), it is either tetragonal or transversely isotropic, the later case being excluded by the
condition H x ds # 0.

(3) If H is trigonal, then, the pair (dg, c3) is transversely isotropic and thus

(Hldg)Xd2:C3Xd2:0,

by lemma 8.3. Moreover, tr(H x d3) # 0 by lemma 8.8. Conversely, if the conditions in (3)
holds, then, the pair (dg,c3) is transversely isotropic by lemma 8.3 and H is either tetragonal,
trigonal or transversely isotropic by theorem 9.5. Since H cannot be transversely isotropic by
lemma 8.7, nor tetragonal by lemma 8.8, it is necessarily trigonal. O

We will end this subsection with two lemmas which characterise the symmetry class of a pair
(H, t) where H is a fourth-order harmonic tensor and t is a transversely isotropic second-order
symmetric tensor. This completes the results of Section 8 and will be very useful to prove our
main theorem in Section 10.

Lemma 9.8. Let t € S%(R3) be transversely isotropic and H € H*(R?) be an harmonic fourth-
order tensor. Then, the pair (H,t) is trigonal if and only if

(9.4) (H:t) xt=0, doxt=0, and tr(Hxt)#DO0.

Proof. Suppose first that (H, t) is trigonal. Then the triplet of second-order covariants (H: t, ds, t)
is at least trigonal and thus transversely isotropic by proposition 6.9. We have thus (H:t)xt =0
and dg x t = 0 by lemma 8.3. Moreover, tr(H x t) # 0, by lemma 8.8. Conversely, suppose that
conditions (9.4) are satisfied. Then, ds is at least transversely isotropic by lemma 8.3.
(1) If dg is isotropic, then H is cubic by theorem 9.3 (it cannot vanish because we assume
tr(H x t) # 0). But then, (H, t) is trigonal by lemma 8.9.
(2) If do is transversely isotropic, then df), = At" with A # 0 and thus

(H:d2) xd2 =0, and tr(H xds2) #0.

Therefore H is trigonal by corollary 9.7 and so is the pair (H,t).
O

Corollary 9.9. Let t € S?’(R?) be a transversely isotropic and H be an harmonic fourth-order
tensor. Then, the pair (H,t) is either trigonal, tetragonal or transversely isotropic if and only
if the triplet (do,t,H :t) is transversely isotropic.

Proof. Suppose first that (H,t) is either trigonal, tetragonal or transversely isotropic. Then
the triplet of second-order covariants (da,t,H:t) is at least transversely isotropic and thus
transversely isotropic. Conversely, suppose that (dg,t, H:t) is transversely isotropic. Then we
have
doxt=0, and (H:t)xt=0,

by lemma 8.3. If tr(H x t) = 0, then, the pair (H, t) is either tetragonal or transversely isotropic
by lemma 8.8. If tr(H x t) # 0, then, the pair (H,t) is trigonal by lemma 9.8. This achieves
the proof. O

9.3. Case III: Covy(H) is orthotropic.

Lemma 9.10. Let H € H* be a fourth order harmonic tensor. Then
v5; =vg =10 — Covy (H) = {0},

where v5 := € :(dac3) and ve := € :(dacy).
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Proof. If v5 = vg = 0, then the commutators [dg,cs] and [da,cs] vanish. Without loss of
generality, we can assume that ds and c3 are diagonal matrices. We will now show that

[C3a C4] =0.
(a) If dy is orthotropic, then cy4 is also diagonal (since [dg, c4] = 0) and thus [c3, c4] = 0.

(b) If dy is transversely isotropic, we can assume, without loss of generality, that dy =
diag(A, A, u) where A # p. Then, since ¢ = H:dj is also diagonal, we get

Xi+Xo=Yo=27;=0.
Expressing now that (d2);; = (d2)22 and (d2)i2 = 0, we have
Zo(A1 — Ag) = (As +2A1 +2A9) (A1 — Ag) = 0.
But, since [dg, cs] = 0 where ¢y = H? :dg, we get

(ca)13 = (ca)23 =0,
and thus
(A1 — A2)Y1 = (A1 — Ag) X5 = 0.
o If Ay = Ay, then, (c4)12 = (L — A)(Ay — A1)Zy = 0. Thus ¢4 is diagonal and
[c3,¢4] = 0.
o If Ay £ Ao, then

Xo=Y1=2,=0, As+2A1 +2A5 =0

and, once again, ¢4 is diagonal and thus [c3, c4] = 0.
(c) if dg is isotropic, then all second order covariants vanish (by theorem 9.3).

In each case, do, c3, ¢4 commute with each other and thus all the first-order covariants in Table 2
vanish, leading to Cov;(H) = {0}. O

Theorem 9.11. Let H € H* be a fourth order harmonic tensor. The following propositions are
equivalent.

(1) Cova(H) is orthotropic;

(2) H is orthotropic;

(3) v5 =vg =0 and the pair (da,c3) is orthotropic.
In that case, Ga = G(4y,c5,c4)-

Remark 9.12. Condition (3) implies that the triplet (dg,cs,cy) is orthotropic by lemma 9.10.
Conversely, if the triplet (dg, cs, cy) is orthotropic, then (3) holds because if (da, c3) was at least
transversely isotropic, then so would be Covy(H) by theorem 9.5 and theorem 9.3, which would
lead to a contradiction. Thus, these two conditions are equivalent. However, checking condition
(3) requires less computations than checking that (ds, cs,cy) is orthotropic using theorem 8.6.

Proof. We will show that (1) = (2) = (3) = (1).

Suppose first that Covg(H) is orthotropic and thus of dimension 3 by proposition 7.5. Then,
by corollary 7.4, there exists ¢ € Covy(H) which is orthotropic. By lemma 7.2, we deduce that
Covy(H) = (q, ¢, ¢?), and thus, without loss of generality, we can assume that Covy(H) is the
space of all diagonal tensors. Now, since H:q = 0, H:c and H: c? are second-order symmetric
covariants, we deduce moreover that the space of diagonal matrices is invariant under H, which
has thus the matrix representation

Ao+ Ag —A3 —Ay 0 0 0
—A3 As + Aq —Ay 0 0 0
. —Ay -\ A+ Ay 0 0 0
(9.5) [H] - 0 0 0 —2M\, 0 0
0 0 0 0 —2A5 0
0 0 0 0 0 —2A3

which is the normal form of an harmonic tensor which is at least orthotropic. Since it cannot
be of lower symmetry by theorem 9.5 and theorem 9.3, we conclude that H is orthotropic.
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Suppose now that H is orthotropic. Then, Cov;(H) = {0} by proposition 7.1 and thus v; =
v = 0. Moreover, the pair (dg,c3) is at least orthotropic and thus orthotropic by theorem 9.5
and theorem 9.3. Thus we get (3).

Finally, suppose that (3) holds. Then by lemma 9.10, Cov;(H) = {0} and thus Covy(H) is
at least orthotropic by lemma 9.1 and thus orthotropic since (dg, d3) is orthotropic. U

9.4. Case IV: Covy(H) is monoclinic.
Lemma 9.13. Let H € H* be a fourth order harmonic tensor. Then
v5; =0 = dimCov;(H) <1,
where v5 := € :(dacs).
Proof. If v5 = 0, then ds and c3 commute. We will distinguish 2 cases whether ds is orthotropic
or transversely isotropic (if dg is isotropic, the result already holds by theorem 9.3).

(1) Suppose that ds is transversely isotropic. Without loss of generality we can assume that
dy = diag(A\, A\, i), A\ # u, and that c3 = H:ds is diagonal. We get then
X1+ X =0, Yo =0, Z1 = 0.

Using these substitutions, we have

(d2)11 = 4A3 + 2A0A5 + 4A3 + 423 + 6Y7 + 6X7
da)os = 4A3 + 2MA A3 + 4A2 + 422 + 6Y1 + 6X1
d2)12 = (A1 — A2) 22
do)is = (4A3 — 2A5 + 3A)Y7 +4X,1 2
d2)23 (4/\3 —2A + 3A2)X1 —4Y1 7

(
(
(
(

and thus

(A1 — Ay)Zy =0,

(4As — 2A2 + 3A1)Y1 +4X1Z5 = 0,
(4A3 — 2A1 + 3A9) X, — 4Y1Z5 = 0,
(A — Ag)(2A; + 245 + Ag) = 0.

(a) If Ay = Ao, we get
(4A3 +M)Y1 +4X, 75 =0,
—(4A3 + Al)Xl +4Y17Z5 = 0.

Then either the determinant of the system 16Z3 + (4A3 + A;)? does not vanish, and thus
X1 =Y1 =0. In this case we get

X1 =Xo=Y,=Yy=0

and H is invariant under the rotation by angle 7 around es. Otherwise, we have Zy = 0 and
4A3+ A1 = 0. In that case, c4 is also diagonal and commutes thus with both dy and c3 and we
are done by lemma 9.10.
(b) If Ay # Ay, then Z3 =0 and
Y1(4A3 — 2A0 + 3A1) =0,
X1(4A5 — 2A1 +3A2) =0,
Ag —+ 2/\2 + 2A1 = 0.
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If X1 =0 or Y7 = 0 then, we are done since H is at least monoclinic in either cases. Thus we
can assume that

4A3 — 2Ao + 3A1 =0,
4A3 + 3Ay —2A1 =0,
As +2A5 +2A1 =0,
but the unique solution of this linear system is A1 = Ay = A3 = 0, and then ¢4 = 0. Again, we
are done by lemma 9.10.

(2) Suppose that dy is orthotropic. Our strategy will be to show that vg = £:(dz2cy) is a
common eigenvector of both dg, c3 and ¢4, in which case dim Cov;(H) = 1 (if vg = 0, then
Covi(H) = {0} by lemma 9.10). Note that, if we can prove that vg is an eigenvector of dj,
then, we are done because

da(c3v6) = c3(davs), da(cav6) = c4(davs)

and da (which is orthotropic) has only simple eigenvalues. Now davg can be recast as a product
of covariants in Table 2. Indeed, we have

(9.6) dove = Jovs — vsp,
where
Vg =€ 2(d2C4), and Vgp = € I(d%C4).
Without loss of generality, we can assume that ds is diagonal, and hence that (q, ds,d3) is a
basis of the space of diagonal matrices. Therefore

(9.7) c3 = aq + fdy + ~d3.
If v =0, then

¢y =H:c3 = p(H:d2) = fics
and we are done by lemma 9.10. Therefore, we can suppose that v # 0. Contracting with c4
both sides of (9.7), we get

c4C3 = acy + Begdy + yeuds,
and contracting with e leads to
(9-8) vy, = €:(cqc3) = — g — Vs
Now, contracting H with both sides of (9.7), we get

cs=H:c3 :ﬁH:d2+7H:d% = BC3+7H:d%.
But H:d3 can be recast as a product of covariants in Table 2. Indeed
SH:d2 = (—2J3J3 + 8J5)q — 2J3dy + 7Jocs + 10cs — 12(dacs)’.

Therefore (remember that ds and c3 commute), we have

[ JoJ3 Y i 37
- 9 Js— 253) q = D pdo + Doy — 4
C4 <ﬁ+8 2>C3+’Y<5 A 432—1-465 5 d2¢3
and thus
7 JoJ: 5 3
cye3 = ( B+ lJz i+ Js— 23 ) ey — 1J3d203 + lC503 - ld2C§-
8 4 4 4 2
Hence

5y
vy, = €:(cyc3) = 36 :(cse3).
But €:(c5c3) can be recast as a product of covariants in Table 2. Indeed
(9.9) 15¢ :(C5C3) = 4J3v5 + 15Jovg + 18vg, — 24vg,

where
Vs =€ :(dgCg) = O, and Vgq = € :(d2C32) =0.

‘We have thus . g
WJQUG — l”Sb-

=y 3



COVARIANTS AND SYMMETRY CLASSES 29

Using (9.8), we deduce that

5 8
%JZUG — %v8b = vy = — Vs — Vs

3
vy = (JQ + —/8> Vg.
5

3
dovg = Jovg —vgp = 7 V6
Y

and hence that

Therefore

and vg is an eigenvector of ds, which achieves the proof. O
Corollary 9.14. Let H € H* be a fourth order harmonic tensor. Then,

(9.10) v5 X [(vs - H-vs)vs] =0 and vs x [(v5 - H* - ws)v5] =0,

if and only if H is at least monoclinic.

Proof. Suppose first that (9.10) is satisfied. If v5 = 0, we are done by lemma 9.13. Otherwise,
we can suppose, without loss of generality, that vs = ke; with k& # 0. But then we get

Hii12 = Hi113 = 0, (H?)1112 = (H?)1113 = 0,
and thus

Yi+Y,=0,

Zy =0,

2X,Ys — (As — A3)Z1 =0,
(Ao — A3)Ya +2X, 21 = 0.

If 4X2 + (Ay — A3)? # 0, then Yo = Z; = 0 and we are done (since then, H is a normal form
of a monoclinic tensor). Otherwise, we get A3 = Ay and X; = 0. Then dy and c3 commute
so that vs = 0, which leads to a contradiction. Conversely, if H is at least monoclinic, then
dim Cov;(H) < 1 by proposition 7.1, and thus we get (9.10). This achieves the proof. O

Theorem 9.15. Let H € H* be a fourth order harmonic tensor. The following propositions are
equivalent.

(1) H is monoclinic;

(2) Cova(H) is monoclinic;

(3) the triplet (da,c3,cq) is monoclinic.

In that case, G = G(ay,c5,c4)-

Proof. We will prove that (1) = (2) = (3) = (1).

Suppose first that (1) holds. Then, Cova(H) is at least monoclinic. But Covy(H) cannot be
orthotropic, transversely isotropic, nor isotropic by Theorems 9.11, 9.5, and 9.3. Thus Covy(H)
is monoclinic.

Suppose now that (2) holds. Then, the triplet (ds,cs,c4) is at least monoclinic. Since it
cannot be at least orthotropic by lemma 9.10 and lemma 9.1, it is thus monoclinic.

Finally, suppose that (3) holds. Then, H is either monoclinic or triclinic. Moreover, there
exists a basis where each element of the triplet (ds, cs,c4) can be written as

S % ¥
S % ¥
* O O

and using the results of Table 2, we can conclude that dim Cov;(H) = 1. But then, H is at
least monoclinic by corollary 9.14 and thus monoclinic. U
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9.5. Case V: Covy(H) is triclinic.

Theorem 9.16. Let H € H* be a fourth order harmonic tensor. The following propositions are
equivalent.

(1) H is triclinic;

(2) Cova(H) is triclinic;

(3) the triplet (da,c3,c4q) is triclinic.
Proof. We will prove that (1) = (2) = (3) == (1). If (1) holds, then (2) holds by
Theorems 9.3, 9.5, 9.11 and 9.15. If (2) holds, then (3) holds because if (da,c3,cy4) is at least
monoclinic, then dim Cov;(H) < 1 and thus Covy(H) is at least monoclinic by lemma 9.1.
Finally, if (3) holds, then H is necessarily triclinic. O

10. CHARACTERIZATION OF THE SYMMETRY CLASS OF AN ELASTICITY TENSOR
The harmonic decomposition of the elasticity tensor was first obtained by Backus [6] (see
also [26, 7]) and is given by
Ela~ H°’ @ H® @ H? @ H? @ H*.

More precisely (see [15] for instance), given an orthonormal frame (e, eq,es3), each elasticity
tensor E can be written as
Eijii = Mijop + p(0indjs + 0416k)

+ dijan + drag;

+ 0irbji + 0j1bik + 0itbjx + 01by

+ Hjjp.

(10.1)

In this decomposition, A, u (the generalized Lamé coefficients) and the deviators a, b are related
to the dilatation tensor d := trio E and the Voigt tensor v := tri3 E by the following process [26].
Starting with (10.1), we get

d=3B\+2u)g+3a+4b, v=(\+4u)q+ 2a—+5b.
Taking the traces of each equation, one obtains
tr(d) = 9A + 6p, tr(v) =3\ + 12y,
and, finally:

A= L 2ur(d) ~r(v)), = (-~ tr{d) + Bix(v).

1 1
a= ?(5d’—4v'), b= ?(—le—i—?)v’),

whered’ :=d— % tr(d)q and v/ := v — % tr(v) q are the deviatoric parts of d and v respectively.
The fourth-order harmonic component H is obtained using S := (E)*, the total symmetriza-
tion of E, given by

1
Sijkl = g(Eijkl + Eiji + Eij)-
The traceless part of S, H, is then given by

2 1
H:S—;q@(d’+2v/) —1—5(trd+2trv)q®q

where )
(a®b)jp = G (aijbri + bijar + aibji + bixaj + aibjr + buajy)

if a and b are two symmetric second order tensors.
Remark 10.1. An elasticity tensor E can thus be written as
E = (H7 a, b7 )‘7 M)a

where \, 1 are scalars, a,b € H? and H € H* This decomposition is however not unique.
Indeed, substituting for (a,b) any invertible linear combination of them would lead to a similar
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decomposition and the same is true for the pair of scalars (A, u). In particular, in the following
theorem, one can use (d’,v’) instead of (a,b), for instance.

We will now state our main theorem, which characterizes, using polynomial covariants, the
symmetry class of an elasticity tensor.

Theorem 10.2. Let E = (H,a,b,\, ;) € Ela be an harmonic decomposition of an elasticity
tensor E, where H € H*, a,b € H? and \, u are scalars. Then

(1) E is isotropic if and only if a=b =ds = 0.

(2) E is cubic if and only ifa=b =d, =0 and dy # 0.

(3) E is transversely isotropic if and only if (da,a,b) is transversely isotropic and

Hxdo=Hxa=Hxb=0.
(4) E is tetragonal if and only if (de,a,b) is transversely isotropic,
tr(H x dg) = tr(H x a) = tr(H x b) = 0,

and
Hxdy#0, or Hxa#0, or Hxb#0.

(5) E is trigonal if and only if (d2,a,b) is transversely isotropic,
dy x (H:dg) =ax (H:a)=bx (H:b) =0,

and
tr(Hxdg) #0, or tr(Hxa)#0, or tr(Hxb)#0.
(6) E is orthotropic if and only if the family of second-order tensors

F, = {d27a,b,c3,C4,H:a,H:b,H:aZ,H:b2}

is orthotropic.
(7) E is monoclinic if and only if the family of second-order tensors

Fm = {dg,a,b,c3,cq,H:a,H:b,H: a’,H:b* H:(ab)®, H:(ad2)*, H:(bd>)*}

s monoclinic.
(8) E is triclinic if and only if none of the preceding conditions holds.

Remark 10.3. Explicit covariant relations on a finite family F of second-order tensors which
characterize its symmetry class are provided by theorem 8.6.

Remark 10.4. Note that if the family F, is transversely isotropic, then, the triplet (dz,a, b) is
transversely isotropic. Otherwise, it would be isotropic but then, E would be either isotropic
or cubic by points (1) and (2), and F, would be isotropic itself, because covariants of E cannot
have less symmetry than E itself. This would lead to a contradiction. Hence, if the family F, is
transversely isotropic, then, (da,a,b) is transversely isotropic and thus E is either transversely
isotropic (3), tetragonal (4), or trigonal (5).

Proof of theorem 10.2. Note first that the symmetry class of E is the same as the symmetry
class of the triplet (H,a,b) (see Section 6).

(1) If E is isotropic, then, H,a,b are all isotropic and thus vanish, since they all belong
to irreducible representations. Conversely, if a = b = dy = 0, then, H vanishes because
|H||> = trdy. Thus, (H,a,b) is isotropic.

(2) If E is cubic, then, all second-order symmetric covariant are isotropic. Thus, a = b =

L = 0 but dy # 0 (otherwise, (H,a,b) would be isotropic, by point (1)). Conversely, if
a=b=d, =0 and dy # 0, then, H is cubic according to theorem 9.3 and so is (H, a, b).

For the sequel of the proof, note that, so far, that we have proved that E is either isotropic,

or cubic if and only if the family of second-order covariants

E = {d27 a, b}

is isotropic.
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(3) If E is transversely isotropic, then, the triplet (a,b,ds) is thus transversely isotropic.
Moreover, each pair (H,ds), (H,a), (H,b) is at least transversely isotropic and thus

Hxdys=Hxa=Hxb=0,

by lemma 8.7 and Remark 3.9. Conversely, if the conditions in (3) are satisfied, then, at least
one of the covariants a, b, da (call it t) is transversely isotropic and

Hxt=0.

Therefore, the pair (H,t) is transversely isotropic according to lemma 8.7 and so is the triplet
(H,a,b).
(4) If E is tetragonal, then, each pair of covariants (H,ds), (H,a), (H,b) is at least tetragonal
and thus
tr(H x d2) = tr(H x a) = tr(H x b) =0,
by lemma 8.8 and Remark 3.9. Now, since (a, b, dy) is transversely isotropic, at least one of the
covariants do, a, b is transversely isotropic and thus

Hxdy#0, or Hxa#0, or Hxb#0,

by lemma 8.7 (otherwise, one of the pairs (H,ds), (H,a), (H,b) would be at least transversely
isotropic and so would be (H,a,b)). Conversely, if conditions in (4) are satisfied, we can find a
covariant t among a, b, ds such that

tr(Hxt)=0, and Hxt#0.

Then, t is necessarily transversely isotropic by Remark 3.9 and thus (H, t) is at least tetragonal
by lemma 8.8. Moreover, (H,t) cannot be transversely isotropic, nor isotropic by lemma 8.7.
Since it cannot be either cubic (since t is transversely isotropic), it is in fact tetragonal, and so
is the triplet (H,a,b).

(5) If E is trigonal, then, Covy(E) is at least transversely isotropic and we get, in particular,

dy x (H:dg) =ax (H:a)=bx (H:b) =0,

by lemma 8.3 and Remark 3.9. Moreover, (a,b,ds) is transversely isotropic and thus at least
one of the covariants a, b, da (call it t) is transversely isotropic. But then,

GE =Gmap) = GuNGa,,ap) = Gu NGt

Thus, the pair (H, t) is trigonal and tr(H x t) # 0 by lemma 9.8. Conversely, if conditions in (5)
are satisfied, we can find a covariant t among a, b, dy (and thus at least transversely isotropic)
such that
tx (H:t)=0, doxt=0, and tr(Hxt)#0.

Then, t is necessarily transversely isotropic by Remark 3.9 and thus (H,t) is trigonal by
lemma 9.8, and so is the triplet (H,a,b).

For the sequel of the proof, note that, so far, that we have proved that E is either transversely
isotropic, tetragonal or trigonal if and only if the family of second-order covariants

-;Eti = {dg,a,b,03, H: a, H: b}

is transversely isotropic.
(6) If E is orthotropic, then, the family of second-order covariants F, is at least orthotropic.
Since, moreover,

Fi C Fii C Fo,
F, cannot be isotropic by points (1) and (2), neither transversely isotropic by points (3), (4) and
(5). Tt is thus orthotropic. Conversely, if F, is orthotropic, then (H,a,b) is either orthotropic,
monoclinic or triclinic because (H,a,b) cannot have higher symmetry than its covariants. If
either a or b is orthotropic, then, (H,a, b) is orthotropic by lemma 8.11. The same conclusion
holds if either ds or c3 is orthotropic by theorem 9.11. Otherwise, a, b, ds and c3 are each at least
transversely isotropic. In that case, if either (a,b), (a,d2), (a,c3), (b,ds2), (b,c3) or (dg,c3) is
orthotropic, then, (H,a,b) is orthotropic by corollary 8.12 and the fact that cs = H:ds and
cy = H:c3 . Thus, we can assume that the quadruplet (a,b,ds,c3) is transversely isotropic
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(it cannot be isotropic, otherwise, so would be F,, because H:q = 0). Note that, in this case,
the alternative dg transversely isotropic is excluded, otherwise, (dz,c3) would be transversely
isotropic and so would be F, by theorem 9.5. Therefore, d, = 0 and H is either isotropic or
cubic by theorem 9.3. The case where H is isotropic (and thus vanishes) is excluded because
then, F, would be at least transversely isotropic. We can thus finally assume that H is cubic.
Then, either a or b is transversely isotropic. Let suppose it is a. Then b is collinear to a (since
a and b are deviators) and the pair (a, H:a) has the same symmetry group as F, and is thus
orthotropic. Th erefore,

tr(ax (H:a)) =0, ax (H:a)#0,

and (H, a) is orthotropic by lemma 8.9, and so is (H, a, b).
(7) If E is monoclinic then the family of covariants F,, is at least monoclinic and thus
monoclinic, by points (1)—(6) and because

Fi CFi CFo C Fne
Conversely, suppose that
Ggr, ={id,r},
where r is a second-order rotation. Then, (H,a,b) is at most monoclinic, because it cannot
have higher symmetry than its covariants. Besides,
re G]:m - G(a,b),
so we have only to check that r € Gy, to prove that
reGg=Gun G(a,b)-
Now, since
r 6 G]:m C G(d2,03,04)7
H is at least monoclinic by theorem 9.16. If H is either monoclinic or orthotropic, then, we are
done by theorem 9.15 and theorem 9.11, because, in these cases we have
Gu = G(ay.c3.04)-

If H is either transversely isotropic, tetragonal or trigonal, then (dg, cg) is transversely isotropic
by theorem 9.5. Thus ds is transversely isotropic and ds x ¢g = 0 with cg = H:ds. But
then, the triplet (dz,a, b) is at most orthotropic, otherwise the family F,,, would have the same
symmetry group as (dg, H:dj3) and would be transversely isotropic. Therefore, either a or b
(let call it c) is orthotropic, and we are done by lemma 8.11, because

re G]:m - G(c,H:c,H:c2) - G(H,c) C Gm,

or a and b are both transversely isotropic but one of the three pair (a,b), (a,ds) or (b,ds)
(let call it (t1,t2)) is either orthotropic or monoclinic, and we are done by corollary 8.12 (since
c3 = H:ds), because then
re G]:m C G(H,tl,tg) C Gyg.
Suppose now that H is cubic. If either a or b is orthotropic, then, we are done by lemma 8.11
and the same conclusion holds, by corollary 8.12, if a and b are transversely isotropic but the
pair (a, b) is orthotropic or monoclinic. We can thus assume that the pair of deviators (a, b) is
transversely isotropic (it cannot be isotropic otherwise, so would be F,,). In that case, either a
or b does not vanish and is thus transversely isotropic. Suppose, for instance, that a # 0. Then,
b is collinear to a and
Gr, = G(a,H:a)'

Thus, (a,H:a) is monoclinic and

7€ GaH:a) = Gan),

by lemma 8.9 and Remark 8.10. Finally, if H is isotropic, H = 0 and we are done. This achieves
the proof. O
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APPENDIX A. COVARIANTS OF BINARY FORMS

A binary form f of degree n is a homogeneous complex polynomial in two variables u,v of
degree n:
f(&) = apu™ + au” M+ ap_u™ ! + apo™,
where £ = (u,v) € C? and a;, € C. The set of all binary forms of degree n is a complex vector
space of dimension n + 1 which will be denoted by S,,. The special linear group

SL(2,C) := {7:: (‘CL Z) ad—bc:l}

acts naturally on C? and induces a left action on S,,, given by

(y*£)(€) = £(v1€),

where 7 € SL(2,C). The spaces S, are irreducible representations of SL(2,C) (see [78] for
instance) and every complex algebraic linear representation V' of SL(2,C) can be decomposed
into a direct sum

VS, @...®S,,.

Definition A.1. The transvectant of index r of two binary forms f € S,, and g € S, is defined
as

_(n=r)(p—n) a (T o'f 0'g
(A1) {f.g} = n! p! ;( 1 i) O~ tudtv OludT iy’

which is a binary form of degree n + p — 2r (which vanishes if » > min(n, p)).
Ezxample A.2. For two n-th powers binary forms
(A.2) (a)" = (aru+azv)”, (D&Y := (byu+ byv)?,
we get the particularly simple form

[(a)", (b€)7}, = (ab)"(ag)"~" (BE)"",
where by definition (ab) := a;by — agb;.
Definition A.3. The covariant algebra of V is defined as

Cov(V) := C[V & C?PH20),

The degree of a covariant h € Cov(V) is the total degree d of h in f € V, whereas the total
degree k of h in £ € C? is called the order of h.

The key point is that the transvectant of two binary forms is SL(2, C)-equivariant and that
Cov(V) is generated by the infinite set of iterated transvectants [44, 68, 62]:

fla--'afp {f’iafj}T’7 {fi7{fj7fk}7’}87

Remark A.4. A consequence of this observation is that for every integer n > 1, the covariant
algebra Cov(Ss,) is generated by even order covariants.

The remarkable achievement of Gordan is that he was able to provide a constructive (and
extremely efficient) way to obtain a finite generating set of transvectants for the covariant algebra
of finite dimensional representation of SL(2,C). This algorithm is now known as Gordan’s
algorithm (see [62]). There are in fact two versions of this algorithm; one of them produces
a basis for Cov(S,,), provided we know bases for Cov(Sy), for each k& < n. The other one
produces a basis for Cov(V; @ V43), if we know bases for Cov(V}) and Cov(V3). More precisely,
if {f1,...,f,} and {g1,...,8¢} generate respectively Cov(V;) and Cov(V3), then the covariant
algebra Cov(V; @ V3) is generated by the finite family of transvectants

{f{ll o fz?p’gfl T ggq}r’
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where the integers («y, 8;,u,v,r) are the irreducible solutions of the Diophantine equation

p p
Zaiai:u—i-r, ijﬂj:v—l—r
i=1 j=1

and a;, b; are the orders of f;, g;.
Using this algorithm, we will formulate a theorem which connects generating sets for Cov(Say,)
and Inv(Sg, @ Sg). First, observe that there is a natural covariant mapping
1/1:(C2—>Sg, 0= Wy,
where
w,(€) = (mv —nou)®, &= (u,0).
By pullback, this mapping induces an algebra homomorphism

P* 1 C[San @ So) S0 5 C[S,, @ CPLZO) = Cov(San)
given by
W (p)(£,€) = p(f,wy),  p € C[Sz, ® S0,
Consider now the covariant linear mapping
(A.3) ¢ Cov(San) = ClS2n @ So*"*®) his p(f,w) := ) {hoy, wh}a
k=0
where h(f,€) = >, ho(f,§) is the decomposition of h into homogeneous covariants of order
2k (see remark A.4). We have the following result.

Lemma A.5. The algebra homomorphism ¢* is surjective and < is a linear equivariant section
of v*. In other words

V¥ o = 1Id.

Proof. Note first that ¢ is linear but is not an algebra homomorphism. We will show that ¢ is
a section of 1* (as a linear mapping) and the surjectivity will follow. If h is homogeneous of
order 2r, we have

s(h) = {h,w"},
and hence
[(¥" o) (M))(E,m) = {h, wy }a.
Thus, if h(f,€) = (a€)* = (aju + azv)?" is a 2r-th power binary form, we get

(¥* o ¢)(h)(£, 1) = {(aru+ azv)™", (mv — n2u)* }or = (a1 + aznz)®” = h(f,n),

by virtue of (A.2). Since every binary form of degree 2r is a linear combination of 2r-th power
binary forms, this achieves the proof. O

Theorem A.6. Let {hy,...,hy} be a minimal basis for Cov(Sa,). Then a minimal basis for
the joint invariant algebra

C[SQn D SQ]SL(Z’C)
is given by
{s(hy),...,s(hy), A}
where A(w) = b? — boba, if w(£) := bou® + byuv + bav? € Sy.
Remark A.7. The result is still true if we replace, in the theorem, Sy, by a direct sum of binary
forms of even degree Sa,,, @ -+ @ Sap, .

Proof. Applying Gordan’s algorithm to obtain a basis for Inv(Sy, @ S2), and since Cov(S2) is
generated by the binary form w itself and the invariant A, we deduce that a generating set for
Inv(Sa, @ S2) is given by A and transvectants

{htlll e h?VN,Wr}%”
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where (a4, 2r) is an irreducible solution of

N
(A.4) Z oja; = 2r
i=1
and hy,... hy are generators for Cov(Ss,), all of them being of even order.

Now observe that, if a product h{" ---h$" contains more than two factors, then (o, 2r) is
reducible. Indeed it can be written as a sum of two non-trivial solutions (a},2r1) and (a2, 2r)
of (A.4), where 2rq + 2ro = 2r. Thus, a finite set of generators for Inv(Sy, @ Sy) is given by A
and

{hi,W”}Qri, izl,...,N
where 2r; (see remark A.4) is the order of h;. To achieve the proof, it remains to show that if
{hy,...,hy} is minimal the same is true for {c(hy),...,s(hy),A}. To do so, observe that if for
some i € {1,..., N}, there exists a polynomial P such that

s(hi) = P(A,¢(hy)),  j#4,

then using the fact that ¢* is an algebra homomorphism, we get
h; = 4% (c(hi)) = " (P(A,<(hy))) = P(¥*(A), ¢ (c(hy))) = P(0,hy),
because ¢*(A) = A(wy) = A((nv — neu)?) = 0, which leads to a contradiction. O

APPENDIX B. COVARIANTS OF HARMONIC TENSORS

There is a closed relation between covariant/invariant algebras of harmonic polynomials of
three variables and those of binary forms which is recalled in this section (see also [66, Appendix
B]).

The complexification of the SO(3)-representation on the real space of harmonic polynomials
H,(R3) extends to a representation of the complex algebraic group

SO(3,C) := {P € M3(C); P'P =1, det P = 1}

on the space of complex harmonic polynomials H,(C?), which remains irreducible. There is,
moreover, a group homomorphism [66, Appendix B]

7 : SL(2,C) — SO(3,C), v+ Ad,,
where

Ad,: M —~yM~y™t 4 €SL(2,C), M €sl(2,C)
is the adjoint action of SL(2,C) on its Lie algebra sl(2,C). When restricted to the real Lie group
SU(2,C) := {vy € SL(2,C); 7'y =1},

it induces the well-known two-fold covering

7w :SU(2,C) — SO(3,R), v = Ad, .
Using these constructions, H,(C?) becomes an SL(2, C)-representation if we set
(B.1) yxh:=7(y)xh,  heH,(C?, ~ecSL?2,0C),
and H,(R?) becomes an SU(2, C)-representation if we set

vxh:=m(y) xh, h € H,(R%), ~€SU(?2,0),

both of them remaining irreducible.

Now, there is an equivariant isomorphism between the space H,,(C3) of complex harmonic
polynomials of degree n and binary forms of degree 2n. This isomorphism derives from an
equivariant mapping introduced first in Cartan’s theory of spinors going back to 1913 (see [18,
Chapter 3]) and rediscovered later by Backus [6]. More precisely, let us introduce the Cartan
map

(B.2) ¢:C2 5 sl(2,C), E—EE9= (‘“” “2> :

—’1)2 uv
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5:@, &= (v u),

and £€“ means the covariant version of the vector &, defined using the determinant w on C?
(a nondegenerate bilinear form). The main property of this mapping is that it is SL(2,C)-
equivariant, meaning that

where

P(v€) = Ad, ¢(§),  Vyesl(2,C).
Choosing the following basis

Go) Ca) 6

of the Lie algebra sl(2,C) (corresponding to multiplication by i of Pauli matrices), allows us to
identify s[(2,C) with C3, using the parametrization

12 T+ 1y
—x 4y —iz )

In this basis, the Cartan map (B.2) writes
2,2 2 _ .2
(B.3) $:C? - C3, (u,v)r—><:c:u ;U,y:u??},z:iuv).
i
By pullback, the Cartan map ¢ induces an equivariant isomorphism
¢ Hp(C3) = Sop, h~ hod,
which is equivariant in the following sense (using (B.1))
¢*(Ad, xh) = yx ¢*(h),  h € H,(C?), v € SL(2,C).
Theorem B.1. The linear mapping ¢* : Hn(C?) — Sa,, defined by
W42 w2 —? )
Jiuv | .

(@ W) o) = (=

is an SL(2, C)-equivariant isomorphism. The invariant algebras C[H,,(C3)]3°G:C) and C[S,,]S“2C)
are thus isomorphic.

Remark B.2. The equivariant isomorphism ¢* : H,,(C?) — Sa, is unique, up to a scaling fac-
tor, thanks to Schur’s lemma. A different basis and thus a different representation has been
considered by Backus in its study of the elasticity tensor, as [6, Eq. 50]

(u,v) = (u? — v, —i(u? +v?), 2uv) .

Note also that a different representation was given in [66, Theorem 5.1], as
(u,v) — <UQ_U2 u’ + o uv> .
7 2 ) 2’L )
However, expression (B.3) seems to be finally more convenient, especially when one works with
transvectants.

Let S5 := ¢*(H,(R?)) be the space of binary forms which correspond to real harmonic
polynomials. This space is characterized as follows

S5, = {f € San; Sf =f},
where S is the linear involution of Sy, defined by
(Sf) (ua ’U) = f(_va u),

and where f(u,v) := f(u,v). This means that if

2n
f= § akuk,l)ank’
k=0
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then,
fesSs, < ani=(-1)ar, k=0,...,2n.

Note that S5 is invariant under the action of SU(2,C) and that the decomposition of the
space Sgy,, into irreducible components of SU(2,C) writes

Son = S]§n @ ng%n?

where iSl§n is characterized by the functional equation Sf = —f. Moreover, since we have the
following commuting relations

0y 0 S =8500,, Oy 0 S =—500,,

we deduce that
{Sf7 Sg}T’ — S{f7 g}r7
by (A.1). Therefore, we have the following result.

Lemma B.3. Let f € S5 and g € S§p. Then {f,g}a, € S]§n+2p_2r.

In particular, an iterated transvectant of order 0 (i.e. an invariant) is necessary real when

evaluated on binary forms in S5 . because S§ = R. Therefore, if I1,..., Iy are invariants of
binary forms in Sg,, @ -+ @ Sa,, obtained by such a transvectant process, they become real

R

polynomials when evaluated on S§, @& - ® San,-

Consider now the covariant algebra
Cov(V) = R[V & R%]30C)
where
Vi=Hn, (R?) @ -+ & Ha, (R?).

Then, using the group morphism 7 : SU(2,C) — SO(3,R) and the isomorphism introduced in
theorem B.1, we deduce an explicit real algebra isomorphism

Cov(V) ~R[S5,, ®--- &S5, @S550e0),
where we have made the trivial identification R3 = H;(R?) and we have the following result.
Theorem B.4. Let {g1,...,gn} be a minimal generating set of the complex covariant algebra
C[S2n, @ - - ® San, ® So) 510

obtained by iterated transvectants. Then, by restriction, the set {g1,...,gn} defines a minimal
generating set of the real invariant algebra

R[SE,, @ --- @S5, @ SFSUE0),
In practice, to obtain an explicit basis of the covariant algebra
Cov(Hp, (R*) & -+ & Hp, (R?))
starting from the knowledge of a basis
{hy,...,hy}
of the covariant algebra

COV(SQn1 DD San)a

obtained by iterated transvectants, one can use lemma B.5 to translate these iterated transvec-
tants and obtained tensorial expressions (or their polynomial counterparts, using the results of
Section 3) for the generators of

COV(Hnl(R3) SPRRRNNY %np(R3))’
don’t omitting to add q := 22 4+ y? + 22 to this list.
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Lemma B.5. Let H; € H*(R3) and Hy € HP(R?) be two harmonic tensors. Then we have

(B.4) [6"Hy, 6" oo, = 277 6% ((H 7 H);)

and

(B.5) {¢"H1, ¢"Ha}or 1 = k(n, p, r)o"((tr" (Hi x Hz))o)
where

1 (n+p-Dln—r-Dlp—r—1)
A T) = e = 1= 3~ 1)1p — 1))

APPENDIX C. INVARIANTS OF THE ELASTICITY TENSOR

An integrity basis of 297 invariants for the elasticity tensor E = (H, a, b, A, 1) was produced for
the first time in [66], using Gordan’s algorithm [62]. In this appendix, we provide an alternative
integrity basis, using the covariants of H given in Table 2. All present computations have been
done first using Macaulay?2 [45], and then, independently with Mathematica software. A minimal
integrity basis of 294 invariants is finally obtained here. It turns out that the integrity basis
produced in [66] is not minimal: indeed, the computations achieved here show that the three
joint invariants of degree 11 in [66, Table 5] are superfluous.

This basis has been checked to be correct using the Hilbert series of Inv(Ela) and using the
method which was outlined in section 5. This basis consists in:

(1) 15 simple invariants:
o\
e the simple invariants of a and b: tra?, tra®, trb?, trb?:
e and the nine simple invariants of H, computed first in [15]:

trdy, trds, trd3, tr(dods), trds,

tr(d3ds), tr(dod3), trd3, tr(d3d3);
(2) 4 joint invariants of (a,b):

tr(ab), tr (a2b) , tr (abQ) , tr (a2b2)

(3) 52 joint invariants of (H,a), and similarly 52 joint invariants of (H,b) given in Table 3,
where

O =tr(Hxdy), *°C=(H?)"xdy, v5=e6:(dscs).
(4) 171 joint invariant of (H,a, b) given in Table 4, Table 5 and Table 6, where
Y =Hx (H?)", *C=(H -H)’xH),
35C =H xdy, *'C=(Hx (H*"), ws, =¢e:(dacs?).
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COVARIANTS AND SYMMETRY CLASSES

# | Cov. | Deg. | Ord. Formula

1| b 2 0 tr(dg)

2 I3 3 0 tr(dg)

3 I 4 0 tr(ds?)

4 I 5 0 tr(dgdg)

5 I 6 0 tr(dy?)

6 I 7 0 tr(do?ds)

7| Iy 8 0 tr(dads?)

8 I 9 0 tr(ds®)

9 Lo 10 0 tr(dy2ds?)

10 5’10 ) 1 Vs =€ :(dgCg)
11| %c | 6 1 v = £ :(dacy)
12 | ™lc | 7 1 V7, = € :(da’c3)
13 7b’10 7 1 Vp =€ :(C4C3>
14 8‘*’10 8 1 Vgq = € :<d2C32>
15 | »c | 8 1| wg =e:(dy%cy)
16 | ¢ | 9 1 | vy, = e:(dacycs)
17| ™c | 9 1 | wvgp =e:(c3dacy)
18] %c | 9 1 | wvg.=e:(daczey)
19 10&’10 10 1 V10q = € Z(d22032)
20 IOb’lc 10 1 Viop = € :(C32C4)
21 | >l | 11 1 | i =€:(c3c4?)
22 | UMl 11 1 | v =e:(d22cscy)
23 12’10 12 1 Vg =€ :(d203204)
0| %2C | o 2 q
24 | %%C 2 2 d,
25 | 32C | 3 2 c3
26 | 1*2C | 4 2 4
271 | 2C | 4 2 d,?
28 | 220 | 5 2 cs
29 | 2C | 5 2 (dac3)®
30 | %2C | 6 2 (dacy)®
31| ®2C | 6 2 c3?
32| ™2C | 7 2 (da%c3)?
33| ™| 7 2 (csc3)’

43
7# Cov. Deg. | Ord. Formula
34| ®2C 8 2 (dac3?)?
35 | ¢ 8 2 cy?
36 | %2C 9 2 (dy%cs)?
37| *C 3 3 tr(H x d)
38| 3¢ 4 3 tr(H x c3)
39 | 30 5 3 dy x c3
40 | P3e 5 3 tr(H x dy?)
41 | %3¢ 6 3 dy x dy?
42 | 3¢ 6 3 dy X ¢4
43 | Ge3C 6 3 tr(H x c5)
44 | ™3¢ 7 3 do? x c3
45 7b’3C 7 3 C3 X C4
46 | "C 7 3 dy x c;
47 | %3¢ 8 3 ds x c32
48 | 3C 8 3 c3 X Cs
49 [ Mo =H| 1 4 H
50 | *C 2 4 (H?)*
51 | 3C 3 4 (H?)*
52 | e 4 4 (H*)®
53 | *C 5 4 (H - dy?)s
54 | S4C 6 4 (H? - dy?)*
55|  *°C 3|5 H x d,
56 | °C 4 5 H x c3
57 | 1HSC 4 5 (H2)5 x dy
58 | S*5C 5 5 H x dy?
59 | SHSC 5 5 H x ¢4
60 | °“°C 5 5 (H?)® x c3
61 | 55C 6 5 H x c;
62| 2C 2 6 (H-H)*
63 | *°C 3 6 (H?-H)*
64 | *°C 4 6 (H? - H?)®
65| *7C 307 H x (H?)
66 | *7C 4|7 H x (H3)®
67| >'C 5 7 | (H?)® x (H?)®
68| *C 3 9 (H-H)*xH
69 | *C 4 9 | (H-H)* x (H?)

TABLE 2. A minimal covariant basis for Cov (H*)
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# | Deg. | M. deg Inv. 4 | Deg. | M. deg. -
0 IO v | 7| (130) | (e (a <
jas | 4| (2.20) tr (a2dy) Jazo | T (43.0) | ai(a: (HF- HE):a)
Jaa | 4 ] (3,1,0) tr (ads) Ja30 7 | (5,2,0) a:(H-d})":a
Ja5 4 (1,3,0) a:H:a? Ja31 7 (5;270) Cs: a’

Jas | 4 | (2,2,0) a:(H?) :a Jaz2 | 7 | (5,2,0) (dacs) : a?

Jar | 5 | (1,4,0) a2:H:a2 Jas | 7 | (6,1,0) (d2cy):a

Jas 5 | (2,3,0) a: (H?)":a? Jasa | 7 | (6,1,0) c2:a

Jao | 5 | (230) | a:(a:(H-H):a) Jazs | 8 | (7,1,0) (d3cs) :a

Jawo | 5 | (3,2,0) a:(H%)?*:a Jase | 8 | (7,1,0) (csc3):a

Ja1 | 5 | (3,2,0) tr (a?ds) jazr | 8 | (6,2,0) (dacs) :a®

Jaz | 5| (41,0) tr (ads) jas | 8 | (62,0) c2:a’

Jats | 5| (41,0) a:(H?)":d, Jazo | 8 | (620) | a:(H?-d3)*:a
ZE 2 Egﬁ:g; g :T::((II{;.)H:;i ) ]:a40 8 (5,3,0) | tr (H xd3) 2 (32 >; a)
jas | 6 | (3,3.0) a:(a:(H2-H):a) ].a41 8 (5,3,0) a;b(I: d2) ‘a
jar | 6 | (3,3,0) a:(H?) a2 ].a42 8 (4,4,0) | a:(*™ 02; (az2 ><S a)l
Jaig | 6 (3,3,0) | tr(Hxds):(a? x a) @43 8 (4,4,0) a2: (a:2(H '2H ) S:a )
jatg | 6| (42,0) d3:a? Jot |81 (35.0) | a%:(a®: (HE- H) :a)
Ja20 | 6 | (4,2,0) a:(HY) :a ].a,45 9 (6,3,0) | (33C:a)-a- (*3C:a)
Ja21 6 (4,2,0) aZ:cy Jad6 9 (7,2,0) (C4CS) :a

ja22 6 (5,1,0) a Z(dzdg) ja47 9 (77270) (d%C?)) :32

Ja2z | 6 (5,1,0) a: (H3)S :dy Jasg | 9 (8,1,0) (dgcg) ‘a

Ja2a | 7 (2,5,0) a:(a?: (H- H)": a?) Jaso | 9 (8,1,0) c2:a

jazs | 7 | (340) |a:((Hxdy):(a? xa)) | | Jas0 | 10| (8,20) ci:a’

ja2e | T | (3,40) | a:(a:(H?-H) :a? Jaz1 | 10| (9,1,0) (d3cs) :a

Ja2r | T | (4,3,0) a: (H*):a? Jas2 | 11 | (10,1,0) v5-a-vs

TABLE 3. Joint Invariants of (H,a)
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+# Deg. | M. deg. Inv.

Ji 3 (1,1,1) a:H:b # Deg. | M. deg. Inv.

Jio | 4 | (1,1,2) a:H:b? Jiza | 6| (2,1,3) b: (H?)":(ab?
Ji3 4 (1,1,2) b:H:(ab) Jizz | 6 | (2,1,3) b?: (H?)": (ab
Jis 4 | (1,2,1) b:H:a’ Jiza | 6 | (2,2,2) b:(H?)":

Jis |4 | (1,2,1) H:(ab) Jizs | 6| (222) (ab):(HQ) (ab
Jie | 4 | (211 a:(dsb) Jizs | 6| (22.2) a’: (H?)":b?
Jo | 4 | (21,0) a: (H?)":b Jigr |61 (231) H ()

Js | 5 | (1,1,3) b%:H: (ab) j@s 2 gi’;; an&fI(I){ | S[‘
Jig 5 | (1L,L,3) b:H: (ab?) JZZ 6 (2:1:3) b:(b: (H ‘H)”:
Jito| B (1,2,2) a’:H:b? T | 6 | (222 b (b: (H. H)’
Jin | 5] (1,2,2) b:H: (a’b) Juz | 6 | (231) | a:(a:(H-H):
Jiz | 5| (1,2,2) (ab):H: (ab) Jus | 6 | (231) | a:(b:(H-H
Jas | 5| (1,3,1) ?:H:(ab) Jas | 6 | (222) | a:(b:(H-H)":
Jita | D (1,3,1) a:H: (a’b) Jus | 6 | (2,2,2) a:(a:(H-H
Jas | 5 | (2,1,2) a:(H?):b? Jus | 6 | (31,2) | tr(Hxdy):

Jag | 5 | (2,1,2) | a: (b (H-H):b) | |7 | 6 | (321) |tr(Hxdy):(

Jar | 5| (221) | b:(a: (HzH)S'a) Jus | 6 | (312) |tr(H xdy): (b x (ab)*)
Jas | 5| (21.2) a: (b dz) Juo | 6 | (321) | tr(Hxdy):(a?xb)
Jio | 5| (22,1) (bdg) Jso | 6 (312) a: (HY)®

Ji20 5 (2,2,1) b: (H2)s Jis1 6 (3,1,2) b (H3>S (ab)
Jii | 5 | (221) | a:(H?)":(ab) Js2 | 6| (321) b: (H*) :a

Jioz | 5 | (3,1,1) a: (H?)":b Jiss | 6| (32,1 a: (H%)": (ab)
Jios | 5 | (3,1,1) (ab):d3 Jiss | 6 | (31,2) | b:((Hxdy):(a
Jio4 ) (2,1,2) b: (H2)S : (ab) Jiss 6 (3,2,1) a ((H % d2) (a
Jios | 5 | BL1) |[tr(Hxds)i(axb)| |Jse | 6 | (312 | a:(b:(H>-H
Jiog | 6 (1,1,4) b?:H:(ab?) Jist | 6| (3,2,1) b:(a:(H* H)’
Jir | 6| (1,2,3) b:H:(a2b?) Jiss | 6| (41]) d3: (ab)
Jos | 6| (1,2,3) (ab): H :(ab?) Jiso | 6 (411) cq:(ab)
Jioo | 6 | (1,32) (ab): H:(a%b) Jio | 6 | (411) | tr(Hxcs)i(axb)
Jiso | 6| (1,3,2) a:H:(ab?) Jsw | 6| (411 a:(H')":b
Jisi | 6 | (1,41) a’:H:(a’b

TABLE 4. Joint Invariants of (H,a,b) (degree < 6)



M. OLIVE, B. KOLEV, R. DESMORAT, AND B. DESMORAT

# Deg. | M. deg Inv

Juz| 7 | (214) | b:(b:(H-H) :(ab?)) # | Deg. | M. deg. h;V _—
Jis | T | (214) | a:(b?:(H-H):b?) Jio |71 (322) | be(b:(H*-H)":a’)
Jor| T | (214) | br(b2:(H-H):(ab)) | |[Jor | 7 | 33D | a:(b:(H-H)":a)
Jus | 7 | (223) | br(b:(H-H)':(a?b)) | |Jie2 | 7 | 331) | a:(a:(H?-H) :(ab))
Jio | 7 | (223) | a:(b?:(H-H)":(ab)) Jigs | 7T | (313) | b:(*Ci(axb)):b
Ji67 7 (27372) b: (a2 : (H : H)S (ab) ) Ji94 7 (3a2’2) a: (37705 (a X b)) :b
Jigs | T (2,32) | a:(b:(H-H)":(a’b)) 7 7 (3,3,1) a:(®>C: (axb)):a
Jeo | T | (232) | a:(a2:(H-H)*:b?) 0 " o '
Joo | 7 | @41) | ar(@:(E-H) :@b)) | |Jes | T | (412) | tr(Hxey)i(axb?)
Jin | 7 (24,1) | a:(a:(H-H)":(a’b)) Jig7 7 (412) | tr (Hxc3): (b x (ab)®
ji72 Z géé; ?( (Zj : EII; : Eg: 1?22))) Jios 7 (421) | tr(Hxc3):(ax (ab)?)
i73 s a a sl a Jigo | 7 | (4,21) | tr(Hxc3)i(a? xb)
Tl e |y | [T T 42 b

475 - N ' J; 7 4,21 a:(HY)’: (ab
Jae | 7 | (3,1,3) | b:(*C:(bx (ab)*)) Jiz; 7 E 4’2’15 b:((Hl)sfag)
Jir | T (322) | a:(*°Ci(bx(ab)’)) Jios | T | (4,1,2) a:(HY)":b?

Ji78 7 (37272) a (3’502 (a X b2)) Ji104 7 (47172) b ((H X C3) (a X b))
Ji79 7 (372a2) b (jzo (32 X b)) Ji105 7 (47271) a: ((H X C3) (a X b))
Jiso | T ] (3,3,1) a 3(5’ C (a® x b)s) Jios | T | (41,2) b: (*"°C:(axb))
jm : gig ab< ’( gé(é(x2<ab>) ))) Jaor | T | (421) | a: <4b75025 (a; b))

; 3, (70 (a% xa J; 7 4,1,2 a:(b:(H?>-H?)":b
Jizz 7 1 (3,1,3) b: (*°C (ax b?)) Jizz 7 E4,2,1§ a: Ea: EHQ : H2))3 : b;
Jiga | T | (3,1,3) a: (>°C:(b? x b)) Jiwo | 7| (5,1,1) cs: (ab)

Ji85 7 (3,2,2) (ab) : (HS)S : (ab) Jilll 7 (5’1’1) (d203)s : <ab)
Jse | 7 | (3,1,3) | b:(b: (H22- H)S; (al;)) Jaa | 7 | (5,1,1) (d2 x c3) i (axb)
?87 Z g,;;; a:. ((b Eg2 E;s :32; Jas | 7 | (5,1,1) | tr (H x d3) 2 (axb)

88 = a:(a: : : : a: . %

Jeo | 7 (32.2) | a:(b:(H2-H):(ab)) Jitta |7 (5,1,1) (H-d3)":b
TABLE 5. Joint Invariants of (H,a,b) (degree 7)
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# Deg. Inv.

Jins |8 b:(b%: (H? -H)’:(ab))
Jine |8 (ab): (H? - H)":(ab))
Jinr | 8 t(a?: (H?-H):a?)
Jins |8 :(a%: (H*-H)’: (ab))
Jiatg | 8 37C1 (b x (ab)®)):b
Jio |8 :(*"C:(bx(ab)*)):b
Jioar | 8 :(*"Ci(ax (ab)*)):b
Jitz2 | 8 :((*°C:(axb)):b):b
Jizs | 8 ((*°Ci(axb)):a):a
Jiroa | 8 :((*?C:(axb)):a):b
Jizs | 8 (((*Ci(axb)):b):b
Jitge | 8 :(*Ci(ax (ab)*)):a
Jitar | 8 a: (""°C (ax (ab)*))
Jitos | 8 a: (*°C:(a? x b))
Jitzg | 8 b: (**°C(a% x b))
Jiso | 8 (b: (H?-H?)":b?)
Jiz1 | 8 a:(b:(H? H?)":a?%
Jinzz | 8 :(a: (H?-H?)":(ab))
Jitgz | 8 :(b: (H?-H?)":(ab))
Jitza | 8 :(b: (H?-H?)":(ab))
Juzs |8 b:(b:(H? - H?)":a%
Jitze | 8 a:(a: (H?-H?)":b?)
Jigr | 8 b: (*"Ci(axb)):b
Jigs | 8 a:(*"Ci(axb)):a
Jinzg | 8 b: (*'C:(axb)):a
Jitao | 8 b: (**°C: (b x (ab)*))
Jinan |8 a: (*°C: (b x (ab)®))
Jitaz | 8 b: (**°C1 (ax b?))
Jitaz | 8 a:(H-d3)": (ab)
Jitaa | 8 b:(H-d3)’:a?
Jitas | 8 b:(H-d3})": (ab)
Jitag | 8 a:(H-d3)":b?

# Deg. Inv.

Jiar | 8 b:((Hxd3}):(axb))
Ji148 8 a:((HXC4)E(aXb))
Jitag | 8 b:((Hx 04) E(ax b))
Ji150 8 :(((HQ)S ><C3)E axb
Jis1 | 8 (((H?)® x ¢3) i (a x b))
Jis2 | 8 a:((Hxd3):(axb))
Jitss | 8 tr (H x d3): (a® x b)
Jitsa | 8 tr (H x d3) : (a x b?)
Jitss | 8 (d2cs)”: (ab)

Jitse | 8 c3:(ab)

Ji1s7 8 tr (H X C5) : (a X b)
Jase | 8 c3:(ab)

Jitsr | 8 tr (Hx c;5): (axb)
Jitss |8 (d2 x c4) i (a x b)
Jitsg | 8 a:(H?-d3)’:b
Jiteo | 9 vs-a- (Hi(axDb))
Jirer | 9 vs-b- (H:(axb))
Jaez | 9 #3C:b) -a- ((*°C):b)
Jirgs | 9 (*3C:a)-b- ((**C):a)
Ji164 9 b:((HXC5)E(aXb))
Ji165 9 a:((HXC5)E(a><b))
Jites | 9 da>:((axb)-vs)
Jiver | 9 (c3 x cs)’(axb)
Jites | 9 (csca)”: (ab)

Jiteo | 9 (d3c3)”: (ab)

Jitro | 10 v, - (€: (ab))

Jir | 10 c2:(ab)

TABLE 6. Joint Invariants of (H,a,b) (degree 8 to 10)
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