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EXPLICIT HARMONIC STRUCTURE OF BIDIMENSIONAL STRAIN-GRADIENT
ELASTICITY

N. AUFFRAY, H. ABDOUL-ANZIZ, AND B. DESMORAT

ABsTrRACT. In the perspective of homogenization theory, strain-gradient elasticity is a strategy to describe
the overall behaviour of materials with coarse mesostructure. In this approach, the effect of the mesostructure
is described by the use of three elasticity tensors whose orders vary from 4 to 6. Higher-order constitutive
tensors make it possible to describe rich physical phenomena. However, these objects have intricate alge-
braic structures that prevent us from having a clear picture of their modeling capabilities. The harmonic
decomposition is a fundamental tool to investigate the anisotropic properties of constitutive tensor spaces.
For higher-order tensors (i.e. tensors of order n >3), its establishment is generally a difficult task. In this
paper a novel procedure to obtain this decomposition is introduced. This method, that we have called the
Clebsch-Gordan Harmonic Algorithm, allows to obtain explicit harmonic decompositions satisfying good
properties such as orthogonality and unicity. The elements of the decomposition also have a precise geomet-
rical meaning simplifying their physical interpretation. This new algorithm is here developed in the specific
case of 2D space and applied to Mindlin’s Strain-Gradient Elasticity. We provide, for the first time, the
harmonic decompositions of the fifth- and sixth-order elasticity tensors involved in this constitutive law.

INTRODUCTION

Strain-Gradient Elasticity. Continuum mechanics is a well-established theory which constitutes the clas-
sical framework to study strain and stress in solid materials. The physics contained in the theory is versatile
enough to describe the inner state of a planet subjected to the force of gravity, as well as to meet the daily
needs of a mechanical engineer. These successes make classical continuum mechanics a fundamental theory of
modern physics. Nevertheless, despite all its successes, situations have arisen in which its classical formulation
reaches its limits and fails to correctly describe the physics at work: mechanics of nano-structures [54, 18, 12],
elastic waves in periodic continua [17, 39], capillarity and surface tension phenomena [11, 32, 43, 22|, etc.. De-
spite their diversities, these examples have in common that they show dependencies to characteristic lengths,
a property that cannot be taken into account within the classical formulation of continuum mechanics.

Since the pioneering work of the Cosserat brothers in the early years of the 20th century [13], many sci-
entists have proposed enriched continuum theories to extend the capabilities of the standard theory. With
the contributions of Koiter [28], Toupin [45], Eringen [19], Mindlin [31, 32, 33] and many others, the 60’ was
probably the most fertile period of this project [29]. At that time, the community of theoretical mechanics
developed many models that are still relevant today. Leaving aside non-local aspects, the classical theory
can be enriched either by including additional degrees of freedom (d.o.f) or by including higher-gradients of
the d.o.f. in the mechanical energy. All these models suffer the drawbacks: 1) to require too many material
parameters to be of practical uses and 2) due to the intrinsic complexity of the equations, the content of the
physics described by these models is difficult to grasp. At that time, except for some applications in physics
to describe the dispersion of elastic waves in crystal [17], or to describe the mechanics of liquid crystals [20],
these models were mostly unused.

The development of numerical homogenization methods that allow the coefficients required by the ex-
tended models to be related to a known mesostructure has changed the situation [21, 7, 46]. There is now
a renewed interest in generalized continuum theories [49, 5, 8, 10]. This renewed interest has also been
supported by the emergence of additive manufacturing techniques that permit specific mesostructures to be
fabricated (almost) on demand [51, 2, 26]. Recently theoretical approaches have been developed to design
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architectured materials in order to maximise the non-standard effects predicted by generalized mechanics [9],
and for the first time the associated materials have been produced and tested [35].

In statics, to have an important contribution in the overall behaviour of strain-gradient effects, the classical
elasticity needs to be almost degenerated [1]. This aspect has been widely studied in pantographic structures
[3, 14], and is also encountered in pentamode metamaterials [30, 27] which also possess quasi-degenerated
deformation modes. In dynamics, the contribution of higher-order effects is easier to highlight and to control.
In some recent contributions [41, 40], it has been shown that for honeycomb materials, higher-order effects
make a significant contribution as soon as the wavelength is about 10 times the size of unit cell size. This
effect has been used in [40] to bend the trajectory of an elastic wave around a circular hole. The control of
this effect in more general situations can find interesting engineering applications [42].

The design of architectured materials in which these higher-order effects are maximised, or at the contrary
inhibited, is at the present time an open and challenging problem in mechanical sciences. An approach to the
optimal design of strain-gradient architectured materials is to use topological optimization algorithms [38, 4].
For isotropic continua, the material optimisation process is formulated by expressing the design functionals
as functions of the isotropic parameters of the different constitutive tensors. For anisotropic materials, the
previous approach cannot be extended without a few precautions. A path to this rigorous extension is through
the use of tensor invariants [38, 37].

Harmonic decomposition. To optimize the material independently of its spatial orientation, design func-
tionals should be expressed as functions of tensorial invariants rather than in terms of tensorial components.
The associated mathematical theory is the invariant theory, which aims at determining the minimal number
of tensorial functions that are invariant with respect to a given group of transformations. Here, since a
material is left invariant by orthogonal transformations (rotations and mirrors), the group of transformations
will be O(d) or SO(d) in a d-dimensional space. If the mathematical theory is clear in any dimension, its
practical and effective application strongly depend on the space dimension. For d = 2 the situation is rather
clear and general results are available [16], while the case d = 3 presents some serious difficulties preventing
general results [34].

In both cases, the effective construction of a basis of invariants lies on a first step which is the knowledge
of an explicit irreducible decomposition of the tensors of the constitutive law. In the case of a symmetric
second order tensor, this decomposition corresponds to the decomposition of a tensor into a spherical and a
deviatoric part. This approach can be generalized to tensors of arbitrary order [6]. If the formal structure
of these decompositions is easy to determine, both in 2D and 3D, when it comes to determining an explicit
decomposition formula, things become more difficult:

e even if the harmonic structure is uniquely defined, the explicit decomposition is, in general, not
unique and hence different, albeit isomorphic, constructions are possible [24];

e without a pertinent choice for the explicit harmonic decomposition, the derived tensor invariants will
not have a clear physical content;

e the complexity of the computation increases quickly with the tensor order. An algorithmic procedure
is therefore mandatory to perform this decomposition.

In the present study, which is devoted to bidimensional strain-gradient elasticity, the constitutive law
involves tensors of order ranging from 4 to 6. If the harmonic decomposition of the fourth-order elasticity
tensor is well-known [50, 15], for the fifth- and sixth-order tensors no decompositions are, to the best of the
authors’ knowledge, available in the literature. Some procedures to perform this decomposition are available
in the literature of continuum mechanics:

e Spencer’s Algorithm [44]: Spencer’s method consists in first reducing a general tensor into totally
symmetric tensors and then decomposing each totally symmetric tensor into totally symmetric trace-
less tensors. It is, at the present time, the most known and used algorithm [23]. However this
approach suffers the following limitations:

— the treatment of higher-order tensors is quickly intractable;

— its numerical implementation is not straightforward.
If efficient in simple situations, the Spencer algorithm seems to be of limited interest to treat more
complicated problems.
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e Verchery’s Method [48, 47]: Verchery’s approach is based on a complex change of variable map, in
a sense analogous to the transformation of Green and Zerna [25]. This method, which was recently
re-explored in [16], is elegant, but its main limitations are:

— the method do not produce a practical formula for the decomposition;
— when different harmonic terms of the same order are present, the pairing of their components is
not direct;
Further, the method is restricted to the 2D cases.

e Zou’s Approach [53]: The Zou’s method exploits a Clebsch-Gordan identity to construct an orthog-
onal harmonic decomposition of a nth-order tensor from the orthogonal harmonic decomposition of
a (n — 1)th-order tensor. This iterative method is powerful to obtain orthogonal harmonic decompo-
sition of high-order tensors without index symmetry. Its application to tensors having specific index
symmetries is possible, but can be cumbersome.

In addition, as a common limitation, none of the three listed methods provides a mechanical content to the
harmonic tensors of the resulting decomposition.

The objective of the present contribution is to introduce a new method for determining explicit harmonic
decompositions that solves the limitations of the previous methods. The algorithm we propose, which will
be referred to as the Clebsch-Gordan Harmonic Algorithm, will be conducted here in a 2D framework, but
can be extended without any conceptual obstruction to the 3D framework.

The main idea of the Clebsch-Gordan approach, and the main difference from all other methods, is first
to decompose not the constitutive tensor (e.g. the fourth-order elasticity tensor for classical elasticity) but
the state tensors on which it acts (e.g. the strain/stress second-order tensors). This first decomposition will
induce a block structure on the constitutive tensor. If the elementary blocks are generally not harmonic, their
harmonic structures are very simple, and their decomposition into irreducible parts easy to proceed. The
combination of these different steps leads to an explicit harmonic decomposition of the constitutive tensor.
With regards to the other methods, the main advantages of the proposed approach are:

(1) the procedure is algorithmic;
(2) the decomposition is uniquely defined;
(3) the elements of the decomposition are orthogonal to each other and have a clear physical content.

Further, since the space of state tensors is first decomposed, the resulting harmonic decomposition implies
a decomposition of the internal energy density. Such a property is valuable to provide a physical content to
the higher-order constitutive parameters of the model.

This article is organized as follows. In Section 1, we introduce notations that we will use throughout
the text. Section 2 is devoted to the description of the strain-gradient elasticity constitutive law. By the end
of this section, the harmonic structure of the model is introduced and detailed. Section 3 is devoted to the
theoretical aspects of the method. Some generals results that will be used all along the paper are introduced.
In Section 4 the method is detailed for the fourth-order elasticity tensor. The purpose of this section is
mainly illustrative and aims a recovering the well-known harmonic decomposition of the elasticity tensor.
This approach is then extended, in Section 5, to the decomposition of the fifth- and sixth-order elasticity
tensors involved in the model. Those results are, we believe, new and not available in the literature.

1. NOTATIONS

Throughout this paper, the Euclidean space £2 is equipped with a rectangular Cartesian coordinate system
with origin O and an orthonormal basis B = {e;,e,}. Upon the choice of a reference point O in £2, and
given a basis B, £2 will be confound with the 2-dimensional vector space R%Z. As a consequence, points will
be designated by their vector positions with respect to O. In the following, x = (21, x2) = x1€; +z2e5 = 2;8;,
where Einstein summation convention is used, i.e., when an index appears twice in an expression, it implies
summation of that term over all the values of the index. Below are provided some specific notations and
conventions used in this article.

Groups:

1 1

e O(2): the group of invertible transformations of R? satisfying g~ = g’, where g~! and g” stand

for the inverse and the transpose of g. This group is called the orthogonal group;
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e SO(2): the subgroup of O(2) of transformations g of determinant 1, called the special orthogonal
group;

e G,,: the group of all permutations on the set {1,2,...,n}, called the symmetric group;

e 1: the trivial group solely containing the identity.

As a matrix group, O(2) is generated by

cosf —sind . (1 0
r(0) = (sin& cos 0 > with 0 <60 <27 and w(ey) = (0 _1) ,
where r(#) is a rotation by an angle 6 and m(n) is the reflection across the line normal to n:

w(n)=i® —2n@n, |n|=1,
with i ® the second order identity tensor, as defined below.

Tensor products:
e ® denotes the usual tensor product of two tensors or vector spaces;
(%) denotes the n-th power of the tensor product, e.g. (%V =V ®---®V (n copies of V);
®° denotes the symmetrized tensor product;
® and ® indicates the following twisted tensor products:

(a@b) = a;1bj1, (a@b) = aibjk;
~ gkl ~ T~/ ikl

e ® indicates the twisted tensor product defined by

(a@b)z%(a@b—i—a@b).

~

Tensor spaces:

e G" = Q%RQ is the space of n-th order tensors having no index symmetries;
e T™ is a subspace of G™ defined by its index symmetries;
e S" := S"(R?) is the space of totally symmetric' n-th order tensors on R?;
o K™ is the space of n-th order harmonic tensors (i.e. totally symmetric and traceless tensors), with
dim(K™) = { 2 ?fn > 0,
1 iftne{0,—-1}.

Among them:
— K9 is the space of scalars;
— K~ is the space of pseudo-scalars (i.e. scalars which change sign under improper transforma-
tions).
We will use tensors which are of different orders. Tensors of order —1, 0, 1, 2, 3, 4, 5 and 6 are denoted by
B, a, v, a, é, B, C, D, respectively. General tensors (i.e. with no mention of their order) are denoted using

bold fonts, as for instance T. With respect to B, the components of T € T™ are denoted as
T="T; 4,
The simple, double, triple and fourth-order contractions are written ., :, i, ::, respectively. Generic k-th order

k
contraction will be indicated by the notation (~). In components with respect to B, for general tensors A and
B, these notations correspond to

(A' B)i1min = Ail"'iijjip+1~~in7 (A : B)hmin = Ai1~~~ipjkBjkip+1min’
(A:B)iy.i, = Aiyipjkt Biktiyyy..ins (A =By i, = AiyipjkimBikimiy gy ..y, -
When needed, index symmetries of both spaces and their elements are expressed as follows: (..) indicates

invariance under permutations of the indices in parentheses and .. .. indicates symmetry with respect to
permutations of the underlined blocks. For example, a € T(;;) means that a;; = aj;.

1By totally symmetric we mean symmetric with respect to all permutations of indices.
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Actions on tensors. We consider the action of two groups on the space T™:
e the orthogonal group O(2): the action of O(2) on T™ is given by

n
Vg € O(2), T := g* T = Gi1j1Gizjo - - - Ginjn Ljnjn..jn€iy @ --- D€ .

This action is the tensorial action, sometimes also known as the Rayleigh product. When clear from

the context, no mention will be made of the tensor order in the product, in this case the notation *
simplifies to *. The set G(T) defined as follows,

G(T) = {g€ 0(2) | g+ T =T}
is the spatial symmetry group of T. A tensor T is said to be isotropic if G(T) = O(2).
e the symmetric group &,: the action of &,, on T" is given by
VeeB,, T =¢xT="1T,;
The set G(T) defined as follows,
G(T):={c€&,|¢+T =T}

is the index symmetry group of T. A tensor T is said to be

— generic if G(T) = 1, elements of G™ verify this property;

— totally symmetric if G(T) = &, elements of S™ verify this property;
The notation G(T™) will also be used to indicate the index symmetry group of a generic element
T eT".

=in "

i@ i(m Cin & - D€

Special tensors:

e IV is the identity tensor on the vector space V. Identity tensors can be expressed using isotropic
tensors:
— IIR is the second-order identity tensor on R?. It is defined from 1 ) whose components are

given by the Kronecker delta d;;:

® = i(2);

- IS = 1(2) ® 1 is the fourth-order identity tensor on S2.
° ¢ denotes the 2D LeV1 Civita tensor defined by

1 ifdij =12,
ey =14 —1 ifij=21,
0 ifi=j.

Miscellaneous notations:

e ~ denotes an isomorphism;

L(E,TF) indicates the space of linear maps from E to F;
L(E) indicates the space of linear maps from E to E;
L2(E) indicates the space of self-adjoint linear maps on E.

Tensor isotropic basis. Let us introduce I" the space of n-th order isotropic tensors:
"={TeT"| VgeO(2), g+xT=T}

Elements of I are denoted iz(,")7 in which n indicates the order of the tensor and p distinguishes among the

different isotropic tensors of the same order. Every isotropic tensor can be expressed as a linear combination
of products of i [52]. Products of i @) will be referred to as elementary isotropic tensors and, by definition,

the element ngp ) is defined as:

i =iPg. . 9i®=i®" ® i@,

For fourth-order tensors, there exists 3 elementary isotropic tensors:

(1.1) i =600, i =60, 1Y =0udj.
~1 ~ ~3
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For sixth-order tensors, there exists 15 elementary isotropic tensors:

© = 6zg§kl6mn> © = 6zg§km6ln7 ©) = 6zg§kn6lm
Nl NQ N3
O =6050mn, 1 =60jmlim, 1 = 8i0jndim
~4 ~s ~6
,L( ) = il(sjkémny ,L( ) = il(sjm(skny ,L(6) = 5il5jn5km
~7 ~g ~o
,L © = 5zm5jk51n7 ,L( = 6zm5jn5kl7 rl.; © = 5zm6116kn
~10 ~1 N2
',L © = - 5zn63k6lm7 ',L(G) - 51n63l6km7 fL(G) = 5in6jm5kl-
~13 N4 ~1s

According to the dimension of the physical spaces, these elementary tensors may not be necessarily inde-
pendent. According to Racah [36], in 2D the number of independent fourth-order isotropic tensors is still 3,
while for sixth-order isotropic tensors only 10 are independent.

2. STRAIN-GRADIENT ELASTICITY LAW

We introduce in this section the constitutive law of a linear strain-gradient elastic material [31, 33]. First,
we present the state and constitutive tensors of the model. And, in the second part of the section, we detail
their harmonic structures, mandatory for constructing the harmonic decomposition.

2.1. Constitutive equations. State tensors describe point-wisely the different physical fields (primal and
dual) of the model. A linear constitutive law can be viewed as a linear map between the state tensors that
characterize a chosen physical model. A linear constitutive law is defined by a set of constitutive tensors

which describe the influence of the matter on these state tensor fields, more precisely they describe how
primal and dual fields are connected by the matter.

In the case of classical elasticity, the state tensors are o, ¢ and characterize the local state of stress and
of strain, respectively?. These state tensors belong to the same space T(ij)- The linearity of the model
implies the use of a fourth-order tensor C as a constitutive tensor, this tensor can be viewed as an element
of L*(T(;;), T(;5y). In summary, for classical elasticity:

e State tensors: o, €;

o Constitutive tensor: C.

The linear strain-gradient elasticity model [32, 33| is obtained by extending the set of state tensors by
including the strain-gradient tensor ni=e ®V and its dual quantity, the hyperstress tensor T. Those tensors
are elements of T ;;),. The constitutive equations of the model define the stress tensor o and the hyperstress
tensor T as linear functions of the strain tensor € and the strain-gradient tensor 1. ThlS coupled constitutive

law requires tensors belonging to the following spaces

g € E1a4 >~ ES(T(Z]),T(”)), ].Z[ € Ela5 =~ E(T(mk,'ﬂ‘(m), é S ]E1a6 >~ LS(T(”)]C,T(Z])k)
In this model we have:
o State tensors: 0, €, T, M;
o (onstitutive tensors: gil\N/I nd é
To be more specific, the constitutive equations read:
o =C:e+Min
2.1 oS T E
where

2In the infinitesimal setting, the strain tensor is defined from the displacement field u as ¢ := %(g ®V 4+ V ®u), where V

denotes the nabla differential operator.
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4
e CeElay := { Te ®R? | T € Tujy } is the fourth-order elasticity tensor;

[ )
<
m
=

o)

ot

I

—

RIS

€ éRQ | T € Tj)kiym } is the fifth-order elasticity tensor;

[}
R=Z
*4
m
&
4
S
Il
—N

5
T e RR? | T € Tijyeam) } is the fifth-order elasticity tensor defined as the trans-

pose of M in the following sense (MT)ijk.lm = Mimijk;

=~

6
° é € Elag := { T e RR? | T € Tujk mn } is the sixth-order elasticity tensor.

Let’s define Sgrd the tensor space of the strain-gradient constitutive tensors as

(2.2) Sgrd = Elay @ Elas @ Elag.
A strain-gradient elastic law is defined by a triplet £ := (Q, M, é) € Sgrd .

2.2. Harmonic structure of constitutive tensors. When a material is rotated® its physical nature is
not affected but, with respect to a fixed reference, constitutive tensors are transformed. Since constitutive
tensors are usually of order greater than 2, the way they transform is not simple and their different parts
transform differently: some components are left fixed while others turn at different speeds. The different
mechanisms of transformation of a tensor with respect to an orthogonal transformation are revealed by its
harmonic structure*. The harmonic decomposition consists in decomposing a finite-dimensional vector space
into a direct sum of O(2)-irreducible subspaces. A subspace K of T™ is called O(2)-irreducible if: 1) it is
O(2)-invariant (i.e., gxT € K for all g € O(2) and T € K); 2) its only invariant subspaces are itself and the
null space. It is known that O(2)-reducible spaces are isomorphic to a direct sum of harmonic tensor spaces
K™ [24, 6]. Such a decomposition is interesting since the O(2)-action on K" is elementary and given by p,
[6], with for n > 1:

(2.3) pu(x(9)) := <Cosn0 _Sinw)’ pn(m(es)) = <(1) —01>'

sinnf  cosnb

The O(2)-action on K° is the identity and the O(2)-action on K~! is given by the determinant of the
transformation:

(2.4) po(Q) =1,  p_1(Q):=detQ.

The harmonic structure of a tensor space can be determined without making heavy computations by using the
Clebsch-Gordan formula. This formula indicates how the tensor product of two irreducible spaces decomposes
into a direct sum of irreducible spaces. Note that this formula only indicates the structure of the resulting
vector space and does not provide an explicit construction of the decomposition. The construction of an
associated explicit decomposition will be undertaken in sections 4 and 5. For the determination of the
harmonic structure, we use the following result, the proof of which is found in [6].

Lemma 2.1. For every integers p > 0 and q¢ > 0, we have the following isotypic decompositions, where the
meaningless products are indicated by X :

® K¢ KO | KT G RTR=T
p+q [p—ql ®° B
KP { K2p EBHf ’_1 P74 KP KP KP | K2 pKY | x X
i KPpK"@K™, p=gq ; _ K° X KO | x
K K4 K K K—l % X KO
K-1! K4 K-1] KO

Using the previous result, we can determine the harmonic structure of the state tensor spaces and consti-
tutive tensor spaces of the strain-gradient elasticity:

3Here rotated is understood in the broad sense of a full orthogonal transformation.
4The explicit harmonic decomposition is just an explicit expression of this harmonic structure.
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- ’ Constitutive tensor space H Harmonic structure
State tensor space H Harmonic structure ‘ N 5 =
El K* ¢ K- ¢ 2K
T(ij) K? @ K" ’ . 5 - 369 1
T K2 & 2K Elas K° @ 3K® @ 5K
(ig)k Elag KS @ 2K* @ 5K2 @ 4K° @ K1

TABLE 1. Irreducible decompositions of state tensor spaces (left table) and constitutive
tensor spaces (right table).

The challenge of future sections will be to explicitly construct the harmonic decompositions corresponding
to these structures. It should be pointed out that as soon as the harmonic structure involves multiple spaces
of the same order, the explicit decomposition is not uniquely defined [24]. As can be seen from the previous
tables, this is the case for all the constitutive tensor spaces considered in this study.

3. HARMONIC DECOMPOSITION: METHODOLOGY

In this section, we present the geometric objects and methods that are at the core of our approach to
decompose tensors. With the exception of the Proposition 3.2 which must be adapted, the results provided
in this section are valid for 2D and 3D physical spaces. The 3D situation will be detailed in a future
contribution, and we will focus here only on the 2D case.

3.1. The harmonic decomposition. Let V and W be two vector spaces, a map ¢ : V — W is said to be
O(2)-equivariant if

Vg € O(2), VWw eV, gxo(v) =d(g*v).
An explicit harmonic decomposition ¢ of a tensor T € T™ is an O(2)-equivariant linear isomorphism between
a direct sum of harmonic spaces V ~ @ K*: and the space T":

¢:V~PKH - T"
(a,...,K") = T = ¢(a,...,K")
Since this isomorphism is O(2)-equivariant [6], it satisfies the following property:
(3.1) Vg e 0(2), gxT=gxo(a,..., K") =¢(grxa,...,g*xK")

which means that rotating T is equivalent to rotating the elements of its decomposition and conversely. Since
the transformations of the harmonic components are elementary (cf. Equations (2.3)), it is generally easier
to study the transformations of the harmonic components rather than the ones of the full tensor. In that
view, Equation (3.1) provides an explicit link between these two representations. The challenge is to obtain
such an explicit expression for ¢.

3.2. A three-step methodology. Consider two spaces of state tensors denoted by E and F. The (linear)
constitutive law is an element T € L(E,F). In the present context, T represents the constitutive tensor
of which we want to obtain the harmonic decomposition. The construction of a Clebsch-Gordan Harmonic
Decomposition (in abbreviated form CGHD) of T is obtained using the following procedure:

1) State Tensor Harmonic Decomposition (STHD): Choose and compute an harmonic decom-
position for elements v € E and w € F. This decomposition implies the definition of harmonic
embedding operators. From these operators, we get a family of orthogonal projectors that will be
used to decompose T;

2) Clebsch-Gordan Decomposition (CGD): Consider an element T € L(E,F) which represents
the constitutive tensor of which we want to obtain the harmonic decomposition. The choice of a
STHD and the use of the associated projectors induce a decomposition of L(E, F) into "blocks". This
decomposition, that will be referred to as the Clebsch-Gordan Decomposition, is not irreducible;

3) Clebsch-Gordan Harmonic Decomposition (CGHD): Each elementary block of the Clebsch-
Gordan Decomposition belongs to a space KP ® K9, the harmonic structure of which is known by the
Clebsch-Gordan formula. The use of harmonic embeddings allows us to break down each block into
irreducible tensors.
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The combination of the last two steps provides the Clebsch-Gordan Harmonic Decomposition of T €
L(E,F). The resulting decomposition is a particular explicit harmonic decomposition of T which is compatible
with the harmonic decompositions of v and w. This decomposition is uniquely defined® by the choice of a
particular form of the harmonic decompositions for the spaces E and F. It has to be noted that different
choices for the decompositions of E and F will lead to different decompositions.

3.3. Harmonic embeddings. The isotypic decomposition of a tensor space T™ can be written in two
different, but isomorphic, ways:

(3.2) T" ~ é ék}Hl("’k) ~ é gpéKf.

k=—1 1=0 k=—1 1=0
in which the involved spaces are:

T™: a space of n-th order tensors with given index symmetries, it is the tensor space we want to
decompose;

H(k): a subspace of T™ isomorphic to K*, it is the embedding space for the elements belonging to K¥;

K*: a space of k-th order harmonic tensors, the elements of this space are used to parametrize the
harmonic decomposition of T € T";

In the first decomposition of Equation (3.2), H(™*) is a subspace of T™ isomorphic to K* with k& < n while
in the second one K* is a subspace of G*, the space of generic k-th order tensors. In both decompositions,
the first direct sum is on the order of the harmonic space while the other one concerns the summation of
the different spaces of the same order. The space H("*) serves as an intermediate space to embed a tensor
K € K* into T € T™. As such elements of H("™*) are parametrized by elements from K*, this parametrization
is what we call the harmonic embedding. This technique will be used repeatedly in our work. As will be seen
in Section 4 it allows us to express the harmonic decompositions in terms of projection operators.

Let us consider more precisely the parametrization of H("*) by K*. The connections of the different spaces
are shown on the following diagram:

(3.3) " _pmh H(n:E)

oink} || ik}
p()
Gk o ]Kk
In this diagram, the associated mappings are:
P(k): g projector from T™ to its subspace H(™*) P("k) is a 2nth-order tensor;
p®): a projector from G* to its subspace K*, p(¥) is a 2kth-order tensor;
Ik} a projector from T to its subspace K¥, IT{F7} is a (n + k)th-order tensor’;
@1kt an harmonic embedding of K* into T™, ®{™*} is a (n 4 k)th-order tensor.

By definition, we have the following fundamental relations:

(3.4) O gtk B pptkny cpen S k) O ginkd ¢ 2k
and, by construction,

(3.5) pnk) — [H™Y k) - [K*

We have the remarkable property that all these different operators are known as soon as ®{"*} is deter-
mined. To see that, let us first define ®{1F7} .= (CD{””"})T to be the transpose of ®1™*} je. the tensor which

5This claimed uniqueness is ensured by the property that in 2D the tensor product of irreducible harmonic spaces decomposes,
as detailed in the tables of Lemma 2.1, into a direct sum of irreducible spaces of distinct orders. Even if the Clesbch-Gordan
formula are different, this property is also valid in 3D.

6 In the notation IIt*"} the order of the bracketed exponents is organized so that the left-most exponent indicates the tensor
order of the image of the map, while the right-most exponent is the tensor order of the argument. This convention does not
apply for in-parenthesis exponents such as those appearing in P("F) which is a 2nth-order tensor and not a (n+ k)th-order one.
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satisfies the following property:

)

k n
WV T, v e KF, (v, ol Wy pten Wy gy

In terms of components,

(3.6) (eten) = (et)
11 Itk tn41---tntkll-..ln

We have the following theorem:

Theorem 3.1. Let ®1™*} be an harmonic embedding of K* into T™. The operators P(™F)  pk) 1rikn}
defined above can be expressed in terms of ®1*} as follows:

ey = Lopteny  pob) Z Lgtniy @ gy o) Z Lgteny @ giny
o e v

in which ®"} denotes the transpose of ®1F} | ~ is defined as

k
ot y2

v = , veKF\ {0},
RAE \ {0}

0
and we adopt the convention that, in the case k =0, © = Q.

Proof. The proof is made by inserting the result of Lemma A.5 into the relations provided by combining
equations 3.4 and 3.5. Intermediaries lemmas are provided in Appendix A. O

The following proposition gives a method to determine ~:

Proposition 3.2. The constant v can be calculated as

1
’)/ZitI'M

in which M is the matriz of the linear map n : KF — K* defined by
n(v) = (<I){k’"} o <I){"’k}> V.

Proof. The proof is detailed in Appendix A, Proposition A.4. O

4. APPLICATION TO CLASSICAL ELASTICITY

The aim of the present section is to detail the method to the well-known situation of the fourth-order
elasticity tensor. Results obtained here can be checked with the results available in the literature [50, 15].
The presentation is here mainly illustrative and will be extended in the next section to the more complicated
situation of strain-gradient elasticity for which results are original and not available in the literature. Let us
begin by the construction of the harmonic decomposition of the state tensor space T

4.1. Step 1: Decomposition of the state tensor space T(;;. As indicated in Table 2.2, T;;) has the
following harmonic structure:

(4.1) T(ij) ~ H®? @ H®O ~ K2 ¢ K°.
The decomposition of an element t € T ;;) is uniquely defined and it corresponds to the partition of t into
a deviatoric tensor d € H(*?2 = K2 and a spherical one s € H*%. The identity tensor on Ty can be

decomposed as a sum of a deviatoric and spherical projectors denoted E(272) and PN’(Q’O):

1T6n — p22) 4 p20)

~ ~ ~
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The structure of the associated harmonic embeddings are described on the following diagrams

p22) p2:0)
(4.2) T(j —=HE? T(ij) — HO
f(m f(m ?{2‘0} g{oa}
p(2 2)
(G2 % K2 KO % KO

Let us build the spherical projector P ﬁrst the deviatoric projector P(2 2) will then be deduced from it.

Following the harmonic embedding method7 the spherical part of t will be parametrized by a scalar o € K.

To construct the associated projector, let us first determine the embedding operator 120},
(4.3) 120 — ;@

where A € R is a free scaling factor. In this simple situation, 102} the transpose of o2} ig equal to 120}

and, as a consequence of Theorem 3.1, (%2} has the following expression:

1 A 1
13{0’2} - ;%{072} - 51(2) - 51(2), since v = ||<E>{270}||2 = 2)\%.

This results in the following expression for E(z,o):

(4.4) PO — 1120} o {02} — 29120} 5 {02} = 2 (@) g 1(2) = _-i@®
~ ~ ~ ~ ~ 2 2~1 ’

where we recognize the well-known expression of the spherical projector. Note that the choice of a specific A
has no consequence on the expression of 13(2’0). The deviatoric projector can then be obtained:

(4.5) P2 . [Tw _p0 — L@ @ @)
= =~ =2 2 ‘= ~3 ~1
Remark 4.1. From Lemma A.0, it appears that the tensors P(2 2 and P(2 9 can be considered as 150tropic

elasticity tensors in Elay. Interpreted as elements of (Elag, ..), these tensors are associated to the following
Gram matriz:

- P2 [ p(20)
@1 9 0
oo 1

Qg @d

Further, it can be noted that lj(z’k) i E(2’k) = dim(K*), k € {0,2}.

Although the value of A has no importance for the expression of the projectors, it has some to construct
an explicit parametrization of t in terms of its harmonic components d and «. For our concern, the value of
A will be chosen by imposing I1{%2} to be the standard trace operator, i.e.

1
{02}, i@ .t =
H b= s g tr(ftv)

which sets A to % Collecting all the previous observations we obtain the following results:

Proposition 4.2. There exists an O(2)-equivariant isomorphism ¢ between T(;;) and K? @ K° such that

t=d+s=d+ 2% = p(d, a)
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with (d, ) € K2 x KO and &> is such that

)
~

s =o2%q  with @120 .= li(2).
~ o~ ~ 2

~

Conversely, we have
a=11"% ¢ =tr(t) with WO =i®),

4.2. Step 2: Clebsch-Gordan Decomposition of Ela,. In this subsection, and in the following ones,
results will be provided under two forms:

(1) the general one which involves embedding operators (as will be used in the next section);
(2) the simplified one, since for the particular case of the elasticity tensor the operators have very simple
expressions.

Using the family of projectors (13(2’2), 2(2’0)) constructed from the harmonic decomposition of T(;;), we

can demonstrate the following result:
Proposition 4.3. The tensor C € Elay admits the uniquely defined Clebsch-Gordan decomposition associated
to the family of projectors (P(Q’Q),PN’(Q’O)):

(4.6) C = 92’2 ) (hQ»O @ ®102} 4 {20} o h2,0) + QQO,OE(z,O)

_ 92,2 i (hz,o 2i® 4 i®g hz,o) + 20[0,013(2,0)

in which (92’2,h2’0,a0’0) are elements of (K? ®@° K?) x K2 x K°. Those elements are defined from C as
follows:
c*2 =p22.c.p32,
{20} _
cpl20h =1

0) — ii@) .

}:2’0 = ;(2’2) : 22 . ¢ i@,

=~ o~

i@,

~

SrieR:

~

e ad

%0 = %g : 13
and IO s defined in Proposition /.2.
Proof. Let consider t and t* in T(;;) such as t* = C: t. The elements t and t* can be decomposed as

t=d+

b

, t*=d" 4+ s,
Using the projectors (13(2’2), 13(2’0)), the following relations can be obtained:
t* =P t* + PEO . t* and t* = (C:P®?): ¢+ (C:PEY): ¢,

Through their combination the constitutive law t* = C: t can be expressed as

d* _ C2,2 . d + CQ,O - d* 02,2 CQ,O d
’;* _ ’80’2 ' 5 N 8070 ' : or using "matrix" notation ;* = 80’2 80,0 : ,
in which:
c*?2=pR2.C. P22,
C20 = p22) ; ¢ pO),
90,2 _ 12(2,0) . C: 13(2,2)’
C%0 =pR0) . . pEo,

Expressed under this form, the symmetry of the constitutive law is not obvious. Using the relation

PE0) _ 9p{20} ¢ 9102} _ L@ 5 @
~ ~ 25 ~

~
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the previous relationships can be rewritten as follows

Cz 2 _ p(22) . C P(z 2)

~

02 0 (P(2 2) C @{2 0}) (b{o 2} — 2h2,0 ® @{0,2}7
CO 2 _ <I>{2 0} g (q){o 2} . C: E (2, 2)) — 2§20} g 2.0
C0 0~ 900 PR, S

where the following intermediate quantities have been introduced:

P20 p2) . 0. pl20} 400 — {02}, . 20} — Lpo)
~ ~ ~ o~ ’ ~ ~ o~ 2~

4@

Therefore, we obtain:

t*

~

d* + S*
_ (92,2 L on20 g <I>{0 2}) d ( op (2.0} ®h20 2@0,02(2,0)> -
= (24> @ol) (PO ¢) 4 (20027 @120 4 2a70P20) ¢ (PEO ;)

= (2 +2(2P @0 4 1?00 0(02) 1 2a00PE0) ;¢

~

and hence, by identification:

@)
Il
3@
v
o

9 (@{2,0} ®h20 1 120 g q){o,z}) i 20‘0,02(2,0).
O

4.3. Step 3: Clebsch-Gordan Harmonic Decomposition of Elay. The Clebsch-Gordan decomposition
given by Equation (4.6) for the elasticity tensor is not irreducible, meaning that some of its components
can further be decomposed. To determine which components can be reduced and how to reduce them, the
Clebsch-Gordan formula is essential. By construction, C2 2 e K2@ K2, h2 e K2@KO and a®? € KO ®° K.

By applying the Clebsch-Gordan formula (c.f. Lemma 2. 1) to each one of these spaces we obtain:
K2®K02K27 KO ®S KozKo’ K2 ®s K22K4@K0,
which indicates that:

e the components (h2’07 a%%) € K2 x K° are already irreducible;

e the component 92’2 is reducible and can be decomposed into a scalar and a fourth-order harmonic

tensor.

To proceed the decomposition of 92’2 consider the following lemma:
Lemma 4.4. Tensors ’IQ’Q € K2 ®° K2 admit the uniquely defined harmonic decomposition
T2 =H + %E(“), with HeK*, o €R

with
=T P, H=T2? - ZpC2),

Proof. 1t is a direct application of the Theorem B.1. O
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Remark 4.5. The structure of the projections is summed up in the following diagram:

%2(2’2)(813(2’2)
(4.7) K? ®° K2 [H(4,0)
?{410}:%13(2-,2) 13{0,4):2(2‘2)
0 1 0
K K

It can be observed that the method provide the intrinsic expression of the projector P40 from K2 @° K2 onto
H*0),

p@0) _ Llpe2 g pe2)
2= ~
The insertion of the result of Lemma 4.4 in the Clebsch-Gordan decomposition demonstrates the following
proposition:
Proposition 4.6. The tensor C € Elay admits the uniquely defined Clebsch-Gordan Harmonic Decomposition
associated to the family of projectors (13(2’2),2(2’0)):

2,2
= Ijz,z i 042 13(2,2) ) <h2,0 ® o102} 4 §{20} h2,0> T 2a0,of~,(2,0)

in which (}NIZ’Q, h?° 22 a%9) are elements of K* x K2 x K° x K° defined from C as follows:

KO K2 K*
a%0 =pP20 . C

~ ~

~ ~

2,2
022 — (22 .. p(2.2) H22 — (022 _ o p2:2)

h>0 =P . C: ot20

where 92’2 = 13(2’2) :C: PN’(Q’Q). The projectors 13(2’2) and E’(Z’O) are defined in Equations (4.5) and (4.4) and
P120h 45 defined in Proposition 4.2.

5. APPLICATION TO STRAIN-GRADIENT ELASTICITY

In this last section we apply the proposed methodology to the fifth- and sixth-order elasticity tensors
involved in strain-gradient elasticity. To proceed these decompositions, in accordance with our method, the
first step consists in decomposing the state space T ;;)), into a direct sum of O(2)-irreducible spaces.

5.1. Decomposition of the state tensor space T(;;),. The space T(;;; has the following harmonic
structure:

Tk = K* @ 2K

Due to the multiplicity of K! in the harmonic structure, the explicit harmonic decomposition is not uniquely
defined [24]. The component in K3 is canonically defined but there are multiple possibilities concerning the
decomposition of the vector parts. Among the different possibilities, some have more physical content than
others. The one considered here consists in partitioning T(;;), into a totally symmetric tensor (§ € §?%) and

a remainder, before proceeding to the harmonic decomposition of each part separately”. The process of the

7Conversely to T(;;y which was direct, the decomposition of T, is two-step: 1) first a splitting according to index
symmetries of the tensor space; 2) the harmonic decomposition of the symmetric elementary part. This approach can be
formalized (Schur-Weyl Harmonic Decomposition), however this is not the subject of this contribution.
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decomposition is described in the following diagram:

T € Tejr
§ c SS ],'i{ c HT(S,l)
iH lH
(H,v*) € (K® x KY) v e K!

where Sym and H stands for the symmetrization and the harmonic decomposition processes, respectively.
The space H"(31) appearing in this diagram is defined as

H Y .= {T € T(ij| Tiji + Tiki + Tiwy = 0}, dim (HT(?”D) =2.
In the strain-gradient literature S describes the stretch-gradient part of the strain-gradient tensor, while R is

the rotation-gradient [31, 33].
We have the following result:

Theorem 5.1 (Harmonic decomposition of T(;;y). There exists an O(2)-equivariant isomorphism be-
tween T ;5 and K> @K' @ K' such that for He K3 and (v¥,v") € K! x K!,

(51) I _ I;I + ?5{3,1}.Xs + ?T{1’3}~2Ta

with (?3{3’1}, ?T{?”l}) the harmonic embeddings of the form:

pel3y _ 1 (i(4> L0 i<4>> oo _ 1 <21<4> @ _ i(4))
= 4 \ =1 9 3 (RS 3 1 X9 ~3 ’
in which (1, i 1 W) are the fourth-order elementary identity tensors defined by Equation (1.1). Con-
~] ~9 ~3
versely, for any Z € Tij)k, (I;I,ys,f) e K3 x K!' x K! are defined from r£ as follows:
K! K3
v =1 T
Xs — E[S{l,S} rIﬂ H=T- (25{3,1}.25 _ (27“{1,3}.27“

with (1;[5{3’1},1;[T{3’1}) the harmonic projectors of the form:
Hs{l,S} — 1
~ 3

Remark 5.2. In the decomposition given by Equation (5.1), v° represents the vector part of the stretch-
gradient tensor and v" represents the vector part of the rotation-gradient tensor.

IO i<4>) L - % (21<4> L@ _ i<4>> .

~3 ~9 ~1 ~3 9 ~q

Proof. The decomposition of T € T ;) is two-step: first T is decomposed according to its index symmetries,

then each elementary part is decomposed into harmonic tensors.
Step 1: Index symmetry splitting
Any tensor T € T(;j);, can be decomposed into a complete symmetric tensor S € S? and a remainder V" as:

(5.2) T = § + \N/r
with

1 1
(5.3) Sijk = 5 (Tijk + Tirj + Tjki) and V5 = §(2Tijk — Tirj — Tjki)-

3

It is direct to check that the tensor V" belongs to H"(31) and that the spaces S and H"1 are in direct
sum. B
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Step 2: Harmonic decompositions
Let us decompose S € §? and V" € H"31) into harmonic tensors. Consider this last case first, the following

map:
1
’U:-‘ — i;'k = 5(26”1)]2 — (5ikv; — 5jk1];)

is an embedding of K! into H"(31), which can be rewritten in an intrinsic form as

, _ 1
(5.4) V=B v with @t = g(2i<4> — i@ i<4>) € T(ijyhi-

~1 9 ~3
Since dim(H"31) = 2 = dim(K?), there is no other harmonic embedding to consider. The expression of the
projection from H"31) to K! is obtained using Theorem 3.1:

sy _ L (21(4) _ i@ _ i(4)> .
~ 2

~3 ~2 ~1
Now consider the decomposition of S € S? into the sum of harmonic tensors. Using Lemma 2.1 the harmonic

structure of S? is known to be isomorphic to K* @ K'. Consider the subspace H*®1) of totally third-order
tensors which are orthogonal to tensors in K3:

(5.5) B0 = {Tes VI e K H: T =0},
Since dim(S?) = 4 and dim(K?) = 2, we deduce that dim(H*1)) = 2. Let us consider the following map:
1
vi = Vi = 5 (0 + Qi + 0jkvy)

which is an embedding ?5{3’1}: K! — H*®:1), given in an intrinsic form by

(5.6) Vo=@ B ¢ with @B = i (1(4) +i® 4 1<4>> e st
~ ~ 23

~ ~1 op)

A direct application Theorem (3.1) provides the expression of the projection from HsG:D onto K!:

18} _ % <i<4> i@y i(4>) .

~ ~3 ~9 ~1

The tensor H € K3 is then directly deduced,

R

=§— @331} s,
O

From the embedding operators involved in Theorem 3.1 a family of projectors can be deduced.

Proposition 5.3. Consider lT“”’“ = % (L(G) + 1(6)> the identity tensor on T(jy,. The following tensors

~ Ns P2

31r)._ 3 T3 pri1s)). (33) ._ [Tups _ p(3.1s) _

5( (3,1s) — é(?s{&l}' 2)5{1,3})7

p p pG3) = | -p
R A 3 N N N

where ?5{1’3} and ?T{m} are the transposes of ?8{3’1} and ?T{B’l} constitute a family of orthogonal projectors

on H'GD  HsGY and K3, respectively.

Proof. The multiplication table of the family (23, 2157 2”) is the following one
,]33 Els EIT
pPIetlo [ o
P[0 [P*] 0
,];lr ’(\)J NO Pr\i/r
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3

b

1s
b

showing that (P, P R”) are projectors. O

Remark 5.4. In Proposition 5.3, the transpose 95{1’3} of ?5{3’1} (in the sense of Equation (3.6)) has been
used. However, since ?5{3’1} € S*, we have in this peculiar case ?8{1’3} = 93{3,1}' Even if it is superfluous

i terms of algebra, the distinction has nevertheless been made Ee’re, and will be made in the following to
ensure consistency of notation in our different expressions.

Remark 5.5. From Lemma A.6, the tensors (2(3’3), 2(3’15), R(S’”)) can be considered as isotropic elasticity

~ ~

tensors in Elag. Interpreted as elements of (Elag, ((?)), these tensors are associated to the following Gram
matriz:
(6) 2(3,3) R(B,ls) R(g,h«)
pG3 8 2 . 0 8 0
§(3’18> 0 2 0
§<3’1T> 0 0 2

on which it can be checked, with a slight abuse of notation, that R(s’k) © R(s’k) = dim(K*), k € {1,3}.

5.2. Decomposition of Elas. Since Elag ~ L£*(T(;;yx, T(;j)%), the construction of Clebsch-Gordan Harmonic
Decomposition of A € Elag follows almost directly the method previously introduced for Elas. As such, we

will begin by considering this case.

5.2.1. Clebsch-Gordan Decomposition. In the following proposition, the tensors %13,3 and %1’"’3 will denote

the transposes of the tensors 33’15 and a3 Ir respectively, in the sense defined by Equation (3.6).
Proposition 5.6. The tensor A € Elag admits the uniquely defined Clebsch-Gordan decomposition associated

(d 3) P(3 15) (3,17")):

N
N

to the family of projectors (P

R

33 56? B} glsts gol1a) 4 Z?r{m}' alrir grils)

<~ (2 s{1, 3}+¢e{3 1} 1@3) _1_3( 3,1r (I)T{l 3}+q>r{3 1} 1r3)

n <(I)s{3 1} glsir (I,r{l 3} 4 (I)r{?) 1} pinls @5{1,3})

~

in which A33 c K3 ®s KS ( 3,1s aS 1r) (KS ®K1) , (als,ls’ alr,lr) c (Kl ®s Kl)Z and a‘15,17‘ c Kl ® Kl

and <I>s{3 1} <I>T{3 1 are defined in Proposition 5.1. Those elements are defined from A as follows:

T? T? 11‘6
alsls . @13 PA 93{3,1} %3,15 — 3(3,3) PA ?5{3,1} é3’3 — 2(3,3) PA E(?, 3)
;ls,lr — ;)S{L?’} Z : ;)r{?:,l} ;3,1r — 3(3,3) : Z 5 ;)r{s,l} ~ ~ ~F
;U,u — ;)r{1,3} 2 Z 3 ;)r{3,1} - ~ =

Proof. The proof follows the steps detailed in the proof of Proposition 4.3, only the main points will be
summed up here. Starting from the decomposition introduced in Theorem 5.1, any T € T(j)r decomposes

as follows:

+Vo+

R
I
R
R<
R<
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Using the projectors (2(3’3), 2(3’15), (3’15)) and following the method used in the proof of Proposition 4.3,

19
the constitutive law can be brought to the following matrix form:

A3 3 A3 1s AS 1r

H* H
\?*S Als 3 Als 1s Als 1r \73
\2/*7” Alr 3 Alr,ls Alr,lr \ZIT
where the quantities are defined as:
A33 P(33) AEP(3’3),
3 1s .__ 4 ,_3,1s 1,3
A = 3a 2 s{ }
A3 1r = %%3 g) r{1, 3} %3,15 — 2(373) é ?5{371}7
A1s,3 — %?5{3 1} 7 %3,17‘ — 2(3,3) : é : ?r{S,l}’
Als 1s — ?623{3 1} alsls @S{l 3} in which 318’15 — 25{1,3} : é : 25{3,1}’
Als 1r — 2(1)5{3,1}. als*”. @T{I,S}, glslr . @S{LS} SA @T{S,l}’
A1T3 = %?T{g,l}.’%ln:i’ alnlr = ?T{1,3} : é : ?T{3,1}.
Alr 1s — 2@7"{3,1}. alrls (I)S{1>3}7
Alr 1r — %gr{S,l}- %1T71T' 21"{1,3},
Using matrix notation, we have
I;I* A3 3 323,13. ®-{1,3} %g:s,w_ orit3} H
\:7*8 %% {3 1} 183 16q)s{3 1} glsls q)s{l 3} 2@5{3 1} glsir (I)r{l 3} \:75
v 3gri® 1} 1r3 Q@T{B Da alrls q,s{l 3) ggf“{?’ a anlr (Iy“{l | \V"

O

5.2.2. Harmonic Decomposition. In the Clebsch-Gordan decomposition of A the non-harmonic tensors belong

to 4 different spaces:
o A% e K?@°K® ~ K¢ @ K

~

° %3,157 %3,17‘) c KS ® ]Kl ~ K4 @D K2;
° als,ls’ alr,lr) c Kl ®s Kl ~ K2 e KO;
° als,lr EKl ®K1 ZKQ@KO@K_l.

Their harmonic decompositions are provided in Appendix B, the associated results are the following:
e Tensors é‘i’d € K3 ®° K? admit the uniquely defined harmonic decomposition

é373 — E + %2(3,3)
conversely,
o= A33 (©) pB3) = A% %P(s,s).

e Tensors §3’1 € K3 ® K! admit the uniquely defined harmonic decomposition

1
atl =H+ o4 th, with (B2 h)jp = 5 (RO + hindje — hadr);

N
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conversely,

h = tryy %3’1, H= 23’1 — 2{4’2} : h.

~

The notation tr;; indicates that the contraction should be done on the ith and jth indices.

all € K! ® K! admit the uniquely defined harmonic decomposition

~

1,1 _ Q. (2)
avt=d+ = —i
~ ~+2£+2~
conversely,
a=abt:i®, f=all:e d:al’l—ge—%i@)

19

e Tensors

In the following proposition, the notation T7=#8 indicates a generalized transposition operation in which, in

components, the first « indices are permuted with the last 8 ones.

Proposition 5.7 (Clebsch-Gordan Harmonic Decomposition of A € Elag). The tensor A € Elag

admits the uniquely defined Clebsch-Gordan Harmonic Decomposition associated to the family of projectors

(P(3’3), P(371$)7 p(3ylr))_,

~

R
|

Es,g i g (I;I3,1s.§s{1,3} Jr(I)s{s,1}.1i[3,1s) n g (133’“.?’{1’3} +?r{3,1}'1~{3,1r)
16 o3} 118,15 gs{1,3} |, dar{3.1} plrmlr gr{1,3}
+ j? S o he, (E =4 Z? S hh, g) ’

+ 4 ((@{4,2} LR, @8 4 g3 (@142 h3,13)T3,1>
3 ™ ~ ~ ~ X ~

+ § ((cI>{4,2} . h3,1r).(I)T{1,3} + or{31} (<I>{4’2} : h3,1T)T3,1>
2\ ~ ~ ~ 5 h
+ 2 (@S{?Ml}. hlS,lT. (I)T'{L?)} + @7-{371}. hl’l“,]s- @3{173})
a3; 9 - - 5 ~
+ TP(S’?’) + gals,lsp(&ls) + Zalr,lrp(&l?”) + alslr (¢s{3,1}. priL3} 4 pris.1}, (I)s{l,g})

4+ gl (@S{B,l}' e pril3y _ ?r{&l}. 6.?5{1,3}) 7

~ &

in which E&?’ € K6, (1;13,151;13,1T) c (K4)2, (hB,ls7 hb’,lr7 hls,lr7 hls,lshlr,lr) c (K2)5, (a3’3,a15’15,alr’lr,a”*ls) c
R ~ ~ ~ ~ ~ ~ ~

(K%)* and p'™1% € K~1. Those elements are defined from é as follows:

K—! K K2 K* K®
Bls,lr — als,Ir . ¢ alsIr — gIs,Ir . 1(2) his:Ir — oTs,1r P(2,2)

almlr — glnlr . i(2) himlr — giridr . P(2’2)

als:ls — gls,ls . 1(2) hls:ls — gl1s,1s :P(2‘2>
h3,lr — tr14(a3’”) HB,IT — a3,1r _ @{4,2} . h3,1r
~ ~ ~ ~ N ~
h3,1s — tr14(a3,ls) HS,ls — a3:1s _ @{4,2} . h3,ls
~ ~ ~ ~ I ~

(6) 3,3
a33 = A33 . p(3,3) H33 = A3:3 p(@3:3)
& r ~ r &

in which intermediate quantities are defined in Proposition 5.6.

5.3. Decomposition of Elas. In this last subsection, the Clebsch-Gordan Harmonic Decomposition of M €

Elas is provided. Since Elag ~ L(T )k, T(i5)), two different state tensor spaces are involved for construct_ing

the decomposition.
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5.3.1. Clebsch-Gordan Decomposition.

Proposition 5.8. The tensor M € Elas admits the uniquely defined Clebsch-Gordan Decomposition associ-
ated to the family of projectors (P(‘3 3) P(3 1s) P(3’1T), 2(2’2),2(2’0)):

~ N

nzZ
|zzz

+;lm2 1s (I)s{l 3}+§m2 Ar (I)r{l 3}+2<I>{2 o}®mo 3+§ (@{2,0} ®H0718) .?3{1,3}_%3 ((I){z,o} ®Ho71r) .g)r{l,3}

in which M23 c K2 ®K3 ( 2, 1s 2,1r) c (KZ ®K1)2, IE}03 c KS ( 0,1s HO,lr) c (Kl)Q, and ?5{3,1}’?7“{3,1}

and 10 2} are defined, respectwely, in Propositions 5.1 and 4.2. Those elements are defined from M as

follows:

T! T3 T>
[0t = P02y . M : 93{3,1} rll2,15 — 13(2,2) : 1}4 : 95{3,1} 1\412,3 — 13(2,2) : 1\4 r13(3 3)
0T ;{0,2} : 1;/[3;)7’{3,1} 1;12,1r — ;(2,2) : &[ ;)T{B,l} - - -
m3 .= {02} . M : 2(3 :3)

Proof. The proof follows the steps detailed in the proof of Proposition 4.3, only the main points will be
summed up here. The constitutive law can be expressed in matrix notation as follows::

H

d* M2,3 M2718 M2,17‘ ~
(;*) = l\g/[o,:z 1\%[0,15 ﬁ(),lr \:/S
~ = = B A%
with
M3 = P32 M PGS,
E2 1 %4 2 ) ?13} S
s s gs{l, ~ ~ 2 =
1\5421 _ ?;l = {1 3}’ m217 .= P22 . M @r{3
Ar . 3.,2,1r T ~ ~ r =
1\3/‘[ TR 2 in which m®? = 102 M PO,
MO,S — 2@{2,0} ® mO 3 = ~ 2N
) ~ ~ 0,1s . §#{0,2} . . Hsis.1}
MOS8 < 120} g ’uo,ls) {13} © = : 1\5/[ : 2
v =3 M . 3 ,LL071T _ @{072} - M: q)T{3,1}
MO .— 3 <(I){2,0} ®,u0’“> .(Pr{l,i%}, = ~ ~
In matrix form, we have
a4 ¥2’3 %@2’15. ?5{1,3} %ILler. gr{l,B} \}?IS
E* 29120} lgl0,3 % (@{2,0} ®HO,1S) _?3{173} 3 (@{270} ®HO,17.) .?r{l,g} ~

From the construction, it can directly be checked that

M2,3 c K2 ® K3, (@2,1571’?2,1r) c K2 ® Kl 0 3 c KO ® KS ( 0,1s MO,IT) c KO ®K1

O
5.3.2. Harmonic Decomposition. In the Clebsch-Gordan decomposition of M the only non-harmonic tensors

are M*? € K2@K?3 and (m?!*, m?!") which belong to K2 ®@K!. Their harmonic decompositions are provided

in A?)pendix B, the associated results are the following:
e Tensors m?! € K? @ K! admit the uniquely defined harmonic decomposition

m2! — [+ ?{3,1}_X

~

with )
(2{3’1}~X)ijk = i(vi(sjk + vj0i — Vkdij);
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conversely,

v = tris mz’l, H=m

e Tensors M2’3 € K? ® K? admit the uniquely defined harmonic decomposition
M?3 =H+ ¢y

with
4(2{5’1}-2)2‘3‘191771 = i(0;k01m — 0ji10km — OjmOki) — V;j0imOs
+  p(—28:01m + 0i10jm + 204m0;1) + ViikOjm + Vmdi;0ki;

conversely,

vV = trig (tr13 M2’3) s H= MQ’?) — 2{5’1}.2.

Using these results we obtain:

Proposition 5.9 (Clebsch-Gordan Harmonic Decomposition of M € Elas). The tensor M € Elas

admits the uniquely defined Clebsch-Gordan Harmonic Decomposition associated to the family of ]grojectors
(P(3’3), 13(3713)7 p@:1s) P(Q»Q), P(Q’O)):

~ ~

M = H2 4 dpris g1} L 3R eri1) | op(20t o HOB 4 g5} (28
~ =~ 3~ =~ 2~ ~ ~ ~ R -
b L@ y2asy g8 | 3 (g0 y2any grine 8 (cp{z,O} @Mo,ls) (13}
3= - ™ 2 = - =~ 3\~ - o~

L3 (@{2,0} ® HO,lr) prins}

in which H*?® € K, (H>'*, H>'" H"?) € (K%)3, (v>3,v215, y21r vOls vO1r) € (K1)5. Those elements are

defined fr;m M as foll(;ws:

KT K3 K®
XO,l'r‘ — MO,IT
XO,IS — ,,0,1s
y2Ir — mz,Tr Ee) g2 — 21 _ @{3,1}'!2,17“
v2ls — ;12,13 :(2) ;I2,ls _ ;12,13 _ ${3,1}.¥2,1s
v23 = tI‘23(tI‘14(M2’3)) - - 1;12’3 _ M2,3 . 2{5,1}&2,3

in which intermediate quantities are defined in Proposition 5.8 and ?5{3’1}, ?T{g’l} and &% gre defined,

respectively, in Propositions 5.1 and 4.2.

6. CONCLUSION

In this paper the harmonic decomposition of the constitutive tensors appearing in the 2D Mindlin’s Strain
Gradient Elasticity has been investigated. Since no method available in the literature was considered sat-
isfactory for the harmonic decomposition of higher order tensors, a new harmonic decomposition, referred
to here as the Clebsch-Gordan Harmonic Decomposition, was proposed. The main results of the paper are
two-fold:

e the explicit 2D Clebsh-Gordan harmonic decompositions of:
— the fifth-order coupling tensor of strain-gradient elasticity;
— the sixth-order elasticity tensor of strain-gradient elasticity.
e the algorithm for the explicit Clebsh-Gordan harmonic decomposition for bidimensional tensors;
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The Clebsch-Gordan algorithm is two-step and based on the explicit construction of the Clebsch-Gordan
harmonic products. This approach, which shares some ideas with the one introduced by Zou in [55], allows
us to easily obtain orthogonal harmonic decomposition of high-order tensors. Since the Clebsch-Gordan
construction generates a new harmonic decomposition from a known one, the procedure can be iterated to
obtain harmonic decompositions of arbitrary order tensors. The approach developed here in the 2D situation
can be extended without any problem to the harmonic decomposition of 3D tensors. The study of this
extension will be the object of a future contribution. It should be stressed that the proposed method for
decomposing tensors that we have introduced is very general and is by no means restricted just to strain-
gradient elasticity. We bet this method will find interesting applications beyond the one considered in the
present contribution.
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APPENDIX A. PROOFS OF THEOREM 3.1 AND PROPOSITION 3.2

This appendix is devoted to the formulation and the proofs of Lemmas required to demonstrate Theorem
3.1 and Proposition 3.2. The main results of this appendix are Proposition A.4 and Lemmas A.6 and A.4.
The other Propositions are intermediate results necessary to demonstrate them.

Proposition A.1. Ifn and k are of the same parity, ®1*} is an non-null isotropic tensor of order k +n,

i.e.
pinky — Z )\iign+k)7

otherwise ®1™*} s the null tensor.

Proof. ®{"*} is an O(2)-equivariant linear map between tensor spaces of order n and k with n > k, as such:

W e KF, Vg e 0(2), g @k Py —gptnmr @ Dy,

k
Using the change of variables v = g7 @ v*, we have

(k)

n k k
wWr e KE, Vg e 0(2), g% @k 8 (g7 @ yryy — ptrm B ox

Moreover,
g %@ DT ) = g g B Gt Vs
= Yiijy -+ ~ginjnglzll1 .- 'ggklk¢j1~~~jnk1~~kkvl*1.ulk
= Givji - GingnIirks - - - Gldor Pivjuber o VL
(oD gl @
Then

n+k
vw* € KF, Vg € 0(2), (g( ) ptnk) _ Pinkhy ® o~ 0
which implies that

n+k
Vg € 0(2)a g( I )(I){n’k} = (I){n’k}

Since the only isotropic tensor of odd order is the null tensor, ®{"*} is null if n and k are of different parity.
If n and k are of the same parity, then &1k} is an isotropic tensor of order n + k, and thus can be expressed
as a linear combination of elements of I("*%) j.e.

Hink} — Z )\iign+k).

3
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Proposition A.2. Consider ®{"* € 1"+%) gnd v € K¥. The image V € H™® of v by &{™*} has the
following form:

k L
V = ik} () v = Z)\jgj * (1&" k) ®vV), withg; € G,.
J

Proof. Since {7+ = > )\iignﬂc), V has the following expression

i

s(n+k) (k)

Since v € K*, v is totally symmetric and traceless, as such any term i; -~ v which implies contraction
within v disappears. The non-zero terms are, up to index permutation, those of the form i(ln_k) ® v, which
gives the announced result. O

Proposition A.3. Let V € H™F) be the image of v € KF\ {0} by &k € IR There exists v > 0
independent of v such that
IVIZ =~
Proof. As
V= NG ("M ev) withq €6,
J

we remark that V is null if and only if v is null. So let us assume that v € K¥\ {0}. Since |V||? and ||v]|?
are strictly positive, there exists v > 0 such ||V||? = v||v||?. Let us show that v is independent of v. We
consider the function p : K* \ {0} — R* defined by

k
et )2

A=
in which the norms are the Frobenius norms associated with the dot product corresponding to the tensor

order, i.e. @ for k-th order tensors. Since K* is irreducible and its elements transform as vectors, any
element of K* can be obtained from a non-null reference one, v', up to a scaling factor and up to a rotation.
We can then write
v=J\g (i) vl, with A e R*, g € O(2),
obviously the scaling and the rotation transformations commute. As a consequence, 7y is independent of v if
the function p is constant on K¥ \ {0}. Let us show that the function p is constant on K* \ {0}.
o We observe that

(k) (k)
et a2 etk vz
V(A7V) # (an), p(>\V) - H)‘V||2 - HV||2 - p(V)

So p is an homogeneous function of degree 0, meaning that p(v) is independent of the norm of v.
e p is an isotropic function, i.e. p(gxv) = p(v) for v # 0 and Vg € O(2). Firstly, ®{™F} is O(2)-
equivariant, hence

k n
V’:g(*)v:>V’:g(*)V;

secondly, norms are isotropic functions, as such
iy () (k) (n)
(k) [2t* (g x v)I* _ g * VI* _ VI _

Vg € 0(2)7 p(g * V) = (k) (k) - ||V||2 - p(V)
g * vi? g * vl

This result means that p(v) is independent of the orientation of v.

Since the scaling and the rotation transformations commute, and since the function is constant for both
actions considered separately, we have

p(v) = prg % V) = p(v') =7, W e KF\ {0}

Hence the constant + is independent of the considered vector v € K*. 0
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The following proposition gives a method to compute the parameter 7, it corresponds to Proposition 3.2
of Section 3.

Proposition A.4. The constant v defined in Proposition A.3 can be also calculated as

1
v = itrM

in which M is the matriz of the linear map n : KF — K* defined by
n(v) = <<I>{k’"} o Q{"’k}) V.

k
Proof. Let v € K*\ {0} and V := ®imk} w v. From Proposition A.3, there exists v > 0 such that
[V||2 = ~||v||?>. Let us consider

MEF) — @ikt ) gln.k}
which can be considered as a symmetric second-order tensor on K*. By introducing IX* the second-order
identity tensor on K*, the relation || V||? = v||v||? can be expressed as:
v. MEFR) v = V. . v.
Differentiating with respect to v we obtain
(M(k’k) - 'yIKk) .v=0.
By considering a specific basis for K*, the former relation can be reformulated in terms of matrix,

(IM] =~[@) . [v] =0.
Since v # 0 the previous relation shows that v is an eigenvalue of [M]. This result can be refined by noting
the following points:
e Vk >0, dim (Kk) = 2, as such [M] has at most 2 different eigenvalues ;

e Since by construction M®*-*) is an isotropic tensor, [M] is proportional to [I], hence v is a double

eigenvalue.

As a consequence,

v = %tr[M].

The next result is fundamental to demonstrate the Theorem 3.1.

Lemma A.5. The tensor ®1*} is invertible, and its inverse (é{”’k})_l has the following expression:
((I){mk})_l _ gt
Y
in which ®F"} denotes the transpose of ®1"*} as defined by Equation (3.6).

Proof. Let v.e KF and V = ®imk} @ v, we have

n.ky (k) n.ky (k) ny (M) ey (F)
V][> = (@tmk v @tk B0 vy = (v, @m0 pink Bl vy,

From Lemma A.3 we have:
V112 =~lvi?,
e (v, oihnt o) oimk} ® V)ge = (v,’yIKk ® V)Kk
which is equivalent to
(v, (@ D @tk 1) ) =0,
We deduce that
olhnd 1 gink} _ (et
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and then

(@{n,k})‘l _ Lpthm}
v
O

Finally, the next result will be used in Appendix B to directly characterize some harmonic embeddings.

Lemma A.6. Consider T™ a space of n-th order tensors and let H"*) be a subspace of T" isomorphic to a
harmonic space K* with k < n. Then the projector P""*) from T™ onto H"™*) belongs to £*(T",T").

Proof. By its own definition, P("*) is a linear map from T to T™. We can therefore consider it as a tensor
. . . . . T 4.
of order 2n, it remains to verify the major symmetry, i.e. that P("F) = (P("’k)) . Since

prk) _ Lginey ¥ (q){n,k})T’
Y
the major symmetry is verified. O

APPENDIX B. CLEBSCH-GORDAN HARMONIC EMBEDDINGS

This section is devoted to the demonstration of the fundamental explicit harmonic decomposition associ-
ated with the embeddings KPT9@K/P—4l — KP ®K? used in the main part of the article. Since the embedding
of the leading component is trivial, the problem reduces to the determination of the unique embedding of
KlP=4l into KP ® K?. Knowing the algebraic characterisation of K? @ K9, this question can be reformulated
in terms of linear algebra.

We have the following result:

Theorem B.1. Forn > 1, let P("™ be the tensor associated to the projector from T™ onto K™ and consider
T™" an element of L5(K" K") ~ K" @° K™. The tensor T™"™ can be parametrized as follows:

T = K + %P(nv")7 (K’ Q) c K2n X KO.

in such way that T™™ .~ P = q.
Proof. First by using the Clebsch-Gordan formula, it is known that £5(K", K") ~ K?" ¢ K°, as such T™" €
L5 (K™ K™) can be written as

™" = K + aq){Qn,O}

with K € K** o € K°, and ®{*™0} is an isotropic tensor of order 2n element of £°(T",T"). As a direct
consequence of Lemma A.6, it can be observed that P(™™ is also an isotropic tensor of order 2n element of
£5(T",T"). Since dim (H™9) =1,

@{271,0} _ )\P(n,n)

The scaling factor A is determined such as T™" e P(™") = o. We have
(2n) (2n) pn)

T P(n,n) — O[AP(n’n)

n,n) (2n) (2n)

Since P = K" (P( P = dim(K") = 2. Then T™" -~ P(™") = 2a)\ and we deduce that
A= % O
Corollary B.2 (Decomposition of K3 ®@° K3). Elements of K3 ®° K3 can be decomposed as follows:

3,3
- (3,3)

AM =l

~ ~ 2

(6)
(3’3), where a®3 = A33 .
~

~

R

3,3)

and where E( is defined in Proposition 5.5.

~

Lemma B.3 (Decomposition of K3®@K! ). There exists an O(2)-equivariant isomorphism between K3 @K?
and K* @ K2 such that for any 1‘3’1 ceK2eK!,

Ig’l =H+ 2{4’2} :h, where h = tryy 113,1’
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with (K,h) € K x K2 and ®1 is such that

1
(2{4’2} : E)ijkl = §(hij5kl + higdji — hidjk)

where
1
(2{4,2})ijklmn = 5 (CSklP‘(‘272) + 5]'lP‘(272) - 5jkp*(272)> .

ijmn ikmn ilmn

Above, 13(2’2) is the standard deviatoric projector defined in Equation (4.5). Moreover, the inverse of 2{4’2}
18 given by

1
(g{274})ijklmn = %{2’4} = 5 (6mnP]5l21’J2) + 5lnP(272) — 6lmP(2’2)> .

~ kmij knij
~klmnij
Proof. From the Clebsch-Gordan formula in 2D it is known that
T3 =H+ 0™ . h  with He K* and h € K%

It can be checked that K* ¢ K® ® K! and the question is the embedding of K2 into K* ® K'. Up to a scaling
factor, there is a unique way to do so. The embedding can be determined by solving a linear system. A

4
general embedding of K? into ®@R? is given by:
(@42, h)ijke = a1hijOr + azhirdji + ashidjr + ashjeda + ashjidin + achrdi;.

It can be checked that, in R?, for a generic h € K2, the family of tensors {h;; 0k, hixd;1, hitdjk, hjrdir, hjiik, hridij

is not free. For instance,

hji6ie = hadji + hjkdi — hikdj.

At contrary, the family restricted to its four first element is free. As a consequence we will consider the
following free parametrization:

(2{4’2} : E)ijkl = b1hijors + bahirdj + b3hydji 4 bahjrds.

{ hii6i; = higdsi + hjndi — hijon

For 2{4’2} : h to belong to K® ® K! the following conditions have to be satisfied:

~

(1) complete symmetry with respect to (ijk):
Szs) * (217 h) — (2{4’2} th) =0, with ¢23) € G3;

~~
~ ~

(2) traceless with respect to (ijk):
i@ (@ h) =o0.

~

As a consequence, 2{4’2} :h € K3 ® K! has the following form

(B2 h)ign = ba(higOr + hardy — hadjn).

P
N

The value of by is determined by the closure condition:

trig <g{4’2} : h) =h

which implies b; = % So, at the end:

1
(B.1) (@12 )y = 5 (higOkt + hadji — hiad).

~
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To obtain <I>{4’2}, observe that

h:lK2:h:13(2’2):h.

Inserting this relation into Equation (B.1), the expression of ®*?2) is obtained. Since ||2{4’2} :h|]? = HEHQ,

the application of the Theorem 3.1 gives

T
z4r — (@4,2})

and a direct computation allows us to check that

I~ ~

4 (e h) =ty <<I>{472} : h> =h.

The structure of the harmonic embedding is summed-up on the following diagram

(B.2) K3 @ K! — H*2)

pl4:2} || 1(2:4)

p(2:2)

GZ—>K2

For the three next lemmas, the proofs follow the same lines and will not be detailed.

Lemma B.4 (Decomposition of K?®K3 ). There exists an O(2)-equivariant isomorphism between K? @ K3
and K®> & K such that for any T>® € K2 @ K?,

T23 = H +

=~

{5’1}.2, where v .= trig <tr13 1‘2’3>

~
~

with (H,v) € K®> x K! and 2{5’1} is such that

- ~

1
B Y ikim = 1 (Vi (6k01m — 0510km — OjmOki) — Vj0imOki

+  UE(—20;01m + 08 jm + 20im651) + V10ik0jm + Um0ijOki) ,

(

P
N

where

@{571}_i<i(6)_21(ﬁ)+ i® 4 16 _ ;6) L9706 4 ;6) _ ;(6) _ 1(6)>.
X, A A ~ ~ ~ ~ ~

~ N3 Ny ~g ~11 N, RNi3 Ny Ry

The inverse of 2{5’1} is given by

(H{1’5})zjklmn = (‘I>{5’1})jklmm‘~

~ ~
~ ~

Lemma B.5 (Decomposition of K2@K! ). There exists an O(2)-equivariant isomorphism between K? @ K
and K3 ® K' such that

T2 =H+ 0By, with v = tr;3 T
with (K,v) € K3 x K. (2{3’1} coincide with 13(2’2) which is the standard deviatoric projector defined in

Equation (4.5). The inverse of ?{3’1} s given by

(I35 = PP ).
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Lemma B.6. There exists an O(2)-equivariant embedding of K=* into G* such that
TH = get~ 1 with =T : ¢

with B € R and 121 = %e. As such IV = ¢ and the projector 13(2’_1) from G2 onto H®~Y has the
following expression:

p-1 —

~
~

1®
3CE 6
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