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WE CONSTRUCT an eighteen-dimensional orbifold that is in a one-to-one correspon-
dence with the space of SO (3)-orbits of elasticity tensors. This allows us to obtain
a local parametrization of SO (3)-orbits of elasticity tensors by six SO (6)-invariant
and twelve SO (3)-invariant parameters. This process unravels the structure of the
space of the orbits of the elasticity tensors.
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1. Introduction

THE PROBLEM OF CLASSIFYING linear elastic materials — Hookean solids —
goes at least as far back as the work of LORD KELVIN [14, 15|, and has been inves-
tigated by many researchers; notably, by LOVE [16], VoiGT [25], FEDOROV [10],
Backus [1], RyCcHLEWSKI [20], WALPOLE [26], COWIN and MEHRABADI [§],
HELBIG [13], FORTE and VIANELLO [11] and CHADWICK et al. [5].

The behavior of a material governed by Hooke’s law is encoded in its mass
density and elasticity tensor.

In discussing the elasticity tensors, it is often important to make no distinc-
tion between different orientations of the same tensor. Thus, we want to identify
an elasticity tensor with its orbit under the action of the three-dimensional
orthogonal group. The eighteen-dimensional space of these orbits has a compli-
cated structure; it has been studied by BOEHLER et al. [2], who showed that
this space can be embedded into a thirty-seven-dimensional Euclidean space.
BOEHLER et al. [2] states that “what is needed is a parametrization of distinct or-
bits” and for this purpose they construct a set of polynomial invariants that “can
be used to designate a certain set of materials”. Herein, we construct an eighteen-
dimensional orbifold, which is in a one-to-one correspondence with the space of
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orbits of elasticity tensors. Orbifolds are described by THURSTON [24, Chap-
ter 13]. This orbifold is modeled by R'®, modulo the action of certain symmetry
groups that we discuss below. Therefore, the parametrizations will be given up
to the action of these symmetry groups. We propose a local parametrization
of this orbifold by six SO (6)-invariant parameters and twelve SO (3)-invariant
parameters; we note that the SO (6) invariants are also SO (3) invariants.

The complicated structure of the space of orbits of elasticity tensors does
not allow for global charts, and hence a global parametrization.

An elasticity tensor can be viewed either as a fourth-rank tensor in R? with
intrinsic symmetries, or as a second-rank symmetric tensor in R. Examina-
tion of rotations of the elasticity tensor in the context of the first viewpoint
requires the study of fourth-order rotations of orthogonal group O (3) in the
space of elasticity tensors. This approach has been investigated by COLEMAN
and NoLL [7], Popio-GuiDUGLI and VARGA [19], HuO and DEL PIERO [28],
FORTE and VIANELLO [11], CHADWICK et al. [5].

The second viewpoint has been formulated and investigated independently
by WALPOLE [26], RYCHLEWSKI [20, 21], and COWIN and MEHRABADI [17, 9].
LorD KELVIN [15, p. 110] described, albeit without the use of tensors, aspects
of matrix representation of elasticity tensors with respect to an orthonormal
basis of the six-dimensional space. Such a representation was considered also by
FEDOROV [10], who gave an explicit relation between Kelvin’s and Voigt’s [25]
notations. Examination of rotations in the context of the second viewpoint re-
quires the study of second-order rotations of a subgroup of the orthogonal group
O (6) in the space of elasticity tensors, which has been investigated by RyCH-
LEWSKI [20, 21], CowIN and MEHRABADI [17, 9], HELBIG [13], YANG et al. [27],
and BONA et al. [4].

In order to exploit both representations of the elasticity tensor, we build a
group morphism, v, between the special orthogonal groups SO (3) and SO (6)
that commutes with the linear action of these two groups. Matrix representation
of this map was considered first by MEHRABADI and COWIN [17], and used
by HELBIG [13] and CHAPMAN [6]. This morphism allows us to identify the
twenty-one-dimensional space of elasticity tensors, Ela, with a quotient space of
R® x SO (6), via an equivalence relation. Thus, each elasticity tensor is uniquely
represented by a class of pairs (\,.A) € R® x SO (6). Using this morphism, we
can identify the twelve-dimensional quotient space SO (6) /1 (SO (3)) with the
twelve-dimensional Stiefel manifold V3 (RG), which allows us to identify the space
of orbits Ela/SO (3) with a quotient space of RS x V3 (R). Thus, each orbit of
elasticity tensors is uniquely represented by a class of pairs (A, V) € Réx 13 (R6).
Consequently, we propose a parametrization of the fifteen-dimensional group
SO (6) that induces a parametrization of the quotient group SO (6) /¥ (SO (3)),
which will be useful for the parametrization of the space of orbits.
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The construction of parametrization of the space of SO(3) orbits of elasticity
tensors shows the structure of this space. This structure is important in under-
standing many properties of elasticity tensors and thus we believe that our work
can serve to further the research in the field.

2. Notation

As stated above, elasticity tensors can be viewed as fourth-rank tensors in R?
with intrinsic symmetries or as a second-rank symmetric tensor in R®. For either
viewpoint, we present the action of the corresponding special orthogonal groups;
namely, SO (3) or SO (6). We discuss the corresponding orbits and symmetry
groups of elasticity tensors with respect to SO (3) or SO (6).

Consider the Euclidean three-dimensional space, R?, and the three-dimen-
sional special orthogonal group, SO (3), which is the group of rotations in R3.
Also consider Lo 4 (]Rg), the six-dimensional space of symmetric bilinear maps
on R3, which is a Euclidean space with the scalar product given by w -7 =
Tr (th). For an orthonormal basis {e1, e2, e3} of R? we define the orthonormal
basis of Lo s (R3) given by

(2.1) Eaiyg) (€) =27 V@70 (e;@ej+ej®e).

Expression (2.1) is a concise notation for the Cartesian base vectors used by
MEHRABADI and COWIN [17]. Here « : {(4,5) |1 <i<j <3} — {1,2,...,6}
is the bijection given by

(2.2) a(i,j) =10 + (1 = 045) (9 —i—7)

that corresponds to VOIGT notation [25], and d;; is the Kronecker delta. In this
paper, the Greek indices, «, 3, are from 1 to 6 and the Latin indices, 1, j, k, [,
are from 1 to 3. An elasticity tensor is a linear map

¢ Lys (R?) — Lo (R?),

which is symmetric with respect to the scalar product, ¢(w) -7 = w - ¢(7),
and is positive-definite, ¢ (w) - w > 0 for w # 0. We denote the components of
an elasticity tensor with respect to the orthonormal basis given by expression
(2.1) by

(2.3) Cijkl = C (5a(i,j)) “Ca(k,l)s

and by FEla the twenty-one-dimensional space of these tensors. The use of the
components of elasticity tensors (2.3) was suggested first by Lord KELVIN with-
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out using the tensorial notation, which was not known at the time, [15, p. 110].
Each elasticity tensor can be written as

6
(2.4) c= Z AaWa @ Wa,

a=1

due to its symmetry and positive definiteness. This eigendecomposition was
considered by RYCHLEWSKI [20], MEHRABADI and COWIN [17] and HELBIG [13]
to study properties of the elasticity tensors. Recently, BONA et al. [4] proved
that such eigendecomposition provides necessary and sufficient conditions for
identifying each of the eight symmetry classes of elasticity tensors. Herein,
0 < A < A < --- < )Ag are the eigenvalues of the elasticity tensor, which
represent the Kelvin moduli, as referred to by RYCHLEWSKI [20], with the cor-
responding eigentensors {wy }; this means that ¢ (wy) = Aqwa, @ € {1,2,...,6}.
The ordering of the eigenvalues allows us to distinguish between the correspond-
ing eigentensors. We denote the space of ordered positive eigenvalues by

A% =LA, M. ) ERCJO< A < Mg <o < X6}

The six eigentensors w, constitute an orthonormal basis of Ls s (R3).

The action of the special orthogonal group, SO (3), on the space of the
second-rank symmetric tensors, Ly s (R?), is given by (A,w) € SO (3)x Ly s (R?)
= A-wée Ly (]R3), where

(2.5) (A-w) (u,v) = w (Au, Av) ,Yu,v € R3.

Rotation A acts on the six second-rank symmetric tensors of the orthonormal
basis given by expression (2.1) as follows:

(2.6) A-eq(e) = eq (Ae) = 27700 (Ae; © Aej + Ae; © Ae;) .
The action of the special orthogonal group SO (3) on the space of the second-

rank symmetric tensors can be extended to the space of elasticity tensors, Fla,
as follows:

(2.7) (Axc)(w)=A-c(A" w).

Rotation A acts on an elasticity tensor given by expression (2.4) as follows:

6
(2.8) A*CZZAQA-wa(@A-wa.

a=1
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For an elasticity tensor, ¢, consider its symmetry group
Ge={Ae€SO3)|Axc=c}.

A symmetry group is a closed subgroup of the connected three-dimensional
Lie group, SO (3). Therefore, the quotient space SO (3) /G, is a differentiable
manifold and its dimension is given by dim (SO (3) /G.) = 3—dim G,. The orbit
of an elasticity tensor is given by

O.={cd €Ela|3A€ SO(3), ¢ =Axc}.

The orbit is at most a three-dimensional subspace of the twenty-one-dimen-
sional space of elasticity tensors, Ela. More precisely, there is a diffeomorphism
between O, and SO (3) /G., which implies that dimO, = 3 — dimG,. If we
apply this result to each of the eight symmetry classes of the elasticity tensor,
we obtain the dimensions of the corresponding orbits as follows.

If ¢ has isotropic symmetry, then its symmetry group is G. = SO (3) and
therefore its orbit is zero-dimensional; in fact, in such a case its orbit contains
only one element, O, = {c}.

If ¢ has transversely isotropic symmetry, then its symmetry group is G, =
SO (2), which is one-dimensional and therefore its orbit is a two-dimensional
subspace of Ela; hence, it can be parametrized by the two angles that determine
the axis of rotation.

If the elasticity tensor belongs to one of the other six symmetry classes, its
symmetry group is discrete and therefore its orbit is three-dimensional; such an
orbit can be parametrized by the three Euler angles that determine one of the
natural coordinate systems.

Two elasticity tensors, c¢; and co, that belong to the same orbit, which means
that there exists A € SO (3) such that ¢; = A * ¢, have conjugate symmetry
groups; in other words, G., = AG., At. There are elasticity tensors with conju-
gate symmetry groups that do not belong to the same orbit. It has been shown
by FORTE and VIANELLO [11], CHADWICK et al. [5], and BONA et al. [3], that
there are exactly eight nonconjugate subgroups of SO (3), which are the sym-
metry classes of the elasticity tensor.

3. Spaces of elasticity tensors

There is no canonical way of defining a parametrization of the space of elas-
ticity tensors, Ela, that distinguishes between the orbits. In this section, we
construct a twenty-one-dimensional space that is in a one-to-one correspondence
with the space of elasticity tensors and allows us to find a parametrization that
simplifies the recognition of the orbits. Due to the material symmetries, such
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a parametrization is given only modulo the action of certain symmetry groups.
Moreover, the complicated structure of the space of orbits does not allow for
global parametrizations. Therefore the parametrization we propose is only local
and allows for identification of orbits of elasticity tensors that belong to the
same domain of parametrization. We use the fact that elasticity tensors can be
viewed as second-rank symmetric tensors in R®, as it has been described in the
previous section.

For the rest of the paper, we consider the canonical orthonormal basis of
RS: {N,}, the canonical orthonormal basis of R3: {e;}, and the orthonormal
basis of Las (R?): {4}, which is given by expression (2.1). We define linear
map g : Las (R?) — R® by g(ea) = Na, @ € {1,2,...,6}. This map is a
linear isomorphism and preserves the scalar products of Lo 4 (R3) and RS, and
therefore this map is an isometry.

In our approach, we want to relate coordinate transformations in R? to coor-
dinate transformations in R. Thus, we define a map between SO (3) and SO (6)
that preserves the group properties and the linear actions of these two groups.
In other words, we define a group morphism ¢ : SO (3) — SO (6), such that
the following diagram is commutative.

SO (3) X Lo (R?) — Lo (R?)

(3.1) wxgl Jg
SO(6) xR — RS

The commutativity of diagram (3.1) means that — for all A € SO (3) and w €
Lo (R?’) — we have

(3-2) gA-w)=v(A)g(w).

Expression (3.2) determines uniquely the map . If we let g (w) € {Ny,..., Ng},
we obtain ¢ (A) No = g (A-g~' (Na)), and, therefore, the matrix representa-
tion of 1 (A) with respect to the fixed orthonormal bases can be written using
bijection « given by expression (2.2) as follows:

This matrix was considered first by MEHRABADI and COWIN [17] and used by
HELBIG [13], CHAPMAN [6], BONA et al. [4], to study properties of the elasticity
tensors under the action of 1 (SO (3)). Herein, A;; is the matrix representation
of rotation A in SO (3) with respect to the orthonormal basis, {ei, e2, es},
of R3. The next theorem presents algebraic properties of map .
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THEOREM 1. Map 9, given by expression (3.2), or — in terms of coordinates
— by expression (3.3), is a group isomorphism between the special orthogonal
group, SO (3), and its image, ¥ (SO (3)) C SO (6).

P r o o f. Isomorphism g is an isometry and v preserves the action of the
two special orthogonal groups, namely SO (3) and SO (6). Thus, we obtain
P (A) € SO (6) for all A € SO (3). Using expression (3.2), we show that 1
is a group morphism between SO (3) and SO (6). Namely, ¢ (A- B) (g (w)) =
g((AB) - w)=g(A-B-w)=1v¢(A)¢ (B) (g (w)), for all A, B € SO (3).

Since 9 : SO (3) — SO (6) is a group morphism, using expression (3.3), we
see that if A € SO (3) so that ¢ (A) = Is, then A = I3. This means that the
kernel of ¢ is the identity; in other words, ker¢) = {I3}. Consequently, ¢ is a
monomorphism of groups and, hence, it is an isomorphism between SO (3) and
its image ¥ (SO (3)). O

Each elasticity tensor is determined uniquely by its eigenvalues and the cor-
responding eigenspaces. These eigenspaces are defined by an orthonormal frame
in RS identified with an element of SO (6), which might be not unique. The rela-
tion between pairs (A, A) € A% x SO (6) and elasticity tensors can be expressed
by map f : A% x SO (6) — Ela,

6
(3.4) FOLA) =D dag N (AND) @ g7 (ANG) .
a=1

Map f is well-defined; it is onto but it is not one-to-one. For the elasticity
tensor f (A, A), Ao, a € {1,...,6} are its eigenvalues with the correspond-
ing eigentensors ¢! (AN,). The elasticity tensor ¢ = f (A, A) can be viewed
as a second-rank symmetric tensor in R denoted by C' = F (), A), where
F:A°x 50 (6) — Lo, (R%),

6
F (X A) =) AAN, ® AN,.

a=1

The symmetry group of C' = F (), A) is a closed subgroup of the Lie group
SO (6), namely,

(3.5) Growa = {B € SO (6)|F (A, A) = F (\, BA)}.

Using map f, we want to build a new map whose domain will be in a one-
to-one correspondence with the space of elasticity tensors, Ela. To identify the
pairs in A% x SO (6) that correspond to the same elasticity tensor, we define
the following equivalence relation (A, A) ~ (X, A") if f (A, A) = f (N, A’). Each
equivalence class [(A, A4)] = f~1(f (), .A)) corresponds uniquely to an elasticity
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tensor. For each elasticity tensor f (),.A), the corresponding set in A% x SO (6)
is given by

(3.6) FHEOA) = FTHEF (M A) = (A} x GroapA,

due to expression (3.5). We conclude this discussion by the following proposition
and theorem.

PROPOSITION 1. 1. The quotient space A% x SO (6)/ ~ is in a one-to-one
correspondence with the twenty-one-dimensional space of elasticity tensors.

2. Two elasticity tensors, f (A, A) and f (N, A’), coincide with one another
if and only if \ =X and A'- A~! € Gr(xA)-

To understand better the set {A\} x G F(\,4)A, which determines uniquely the
elasticity tensor f (), A), we write G5 4y, which is a subgroup of SO (6), as

(37) GF()\,.A) =50 (ml) X - x SO (mr),

where r is the number of distinct Kelvin moduli, A,, and m, > 1 are the
corresponding multiplicities, with m; + - - - + m, = 6, with SO (m,,) acting on
the eigenspace corresponding to A,.

REMARK 1. Expression (3.6) tells us that each elasticity tensor ¢ = f (), A)
is determined by the pair (), .A) € A% x SO (6) modulo the symmetry group
G p(x,4), Which is given by expression (3.7).

To exemplify this, consider a pair (A,.A), where all Kelvin moduli A\, are
distinct. In this case, the symmetry group of F (X, A) € Lo s (R) is given by

(3.8) Groa) = {diag (m1,m2,...,1m6) ,Na € {£1},m---16 = 1}.

According to Proposition 1, the elasticity tensor f (), .A) is uniquely deter-
mined by its distinct eigenvalues \, and eigenvectors +¢g~1 (AN,). This case
corresponds to one of the following symmetry classes: orthotropic, monoclinic
or anisotropic. Thus, an elasticity tensor ¢ = f (), .A) that is either orthotropic,
monoclinic or anisotropic, is uniquely determined by the pair f ()\,.A4) modulo
rotations by 7 around AN,.

We will treat this case of distinct eigenvalues in more details below, after
we discuss the parametrization of elasticity tensors modulo the corresponding
rotations.

4. Space of orbits of elasticity tensors

In this section, we use the space of elasticity tensors derived in the previous
section, namely,

Ela ~ A% x SO (6) / ~,
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to describe the space of orbits of elasticity tensors, Ela/SO (3). We showed in
the previous section that an elasticity tensor ¢ = f (), A) could be described by
the pair (A,.A) modulo Gy 4). Therefore, its orbit could be described by the
pair (A, A) modulo Gy 4) - ¥ (SO (3)). We show that the actions of the two
groups commute. Using these properties and the fact that the quotient space
SO (6) /¢ (SO (3)) is the Stiefel manifold V3 (R®), we can describe the orbit of
an elasticity tensor ¢ = f (\,.A) by the corresponding element of V3 (R6) modulo

Groa)-
The next theorem gives an explicit form for the orbit and the symmetry
group of an elasticity tensor.

THEOREM 2. For a pair (A, A) € A® x SO (6), the orbit of the elasticity
tensor f (A, A) is given by

(4.1) Osirn) = {f (M9 (B)A) | B SO(3)}.

For a pair (X, A) € A% x SO (6), the symmetry group of the corresponding elas-
ticity tensor f (A, A) is given by

(4.2) Graa ={BeSOB) [ fF(MA) =f(Av(B)A}.

P r o o f. Using expressions (3.4) and (2.8) we obtain
6
(4.3) Bxf(AA)=> MB-g ' (AN.) ®@ B-g ' (AN,).
a=1

If we apply ¢! to both sides of expression (3.2), we obtain B-w= g~ (¢(B)g(w)).
For w = g~! (AN,), this implies that

(44)  B-g ' (ANa)=g ' (¥ (B)g (97" (ANL))) =g ' (v (B) AN,).

Using expression (4.4), one can write expression (4.3) as follows:

6
(45)  Bxf(MA) =) Xag ' (¥ (B)ANa) ® g7 (¢ (B) AN,)
a=1

=f(AY(B)A).

Expression (4.5) implies that the orbit of the elasticity tensor f (A, .A) is given
by Eq. (4.1), while the symmetry group is given by expression (4.2). O

In the previous section, we have seen that each elasticity tensor can be ex-
pressed uniquely by an equivalence class [(A, A)] = {A\} X G 4)A. Using the
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first part of Theorem 2, the orbit of a given elasticity tensor expressed by the
equivalence class [(A,.A)] is

(4.6) Oin) =[N (B)A)]|B € SO (3)}
= {A\} x4 (SO (3)) A C A% x SO (6).

Since the eigenspaces of a second-rank tensor are preserved by its symmetry
group, we write

O] = {(\ ¥ (B)DA) | B€ SO (3), D € Gpiy a)}

= {A} x ¢ (SO (3)) Grpx.a)A.

The one-to-one correspondence between A% x SO (6) / ~ and Ela induces a one-
to-one correspondence between the corresponding orbits Oy 1)) and Oy 4)
under the action of SO (3). Since for a fixed (A, .A),

Y (SO (3)) G A = Gro,a? (SO (3)) A,

we can write
Ela/SO (3) = (4° x SO (6) / ~) /1 (SO (3)) = (4° x 5O (6) 1 (SO (3))) / ~ -

Both groups SO (3) and SO (6) are compact connected Lie groups of di-
mensions three and fifteen, respectively. Map 1, given by expression (3.3), is an
embedding. It follows that ¢ (SO (3)) is a closed Lie subgroup of SO (6) and
therefore the quotient space SO (6) /1 (SO (3)) is a twelve-dimensional mani-
fold. This manifold is diffeomorphic with the twelve-dimensional Stiefel compact
manifold,

(4.7) Vs (R®) = {V € Mox3 (R) | V!V =I5},

of isometries from R?® to RS. Therefore, we can view the space of orbits of
elasticity tensors Fla/SO (3) as

Ela/SO (3) ~ A° x V3 (R%) / ~ .

Note that all the manifolds presented above do not have global charts,
therefore parametrizations of such manifolds will be only local. Our aim is
to find parametrizations of the fifteen-dimensional space SO (6) that induces
parametrizations of the twelve-dimensional space V3 (R%) ~ SO (6) /v (SO (3)).

A local parametrization of the eighteen-dimensional orbifold (A% x V3(R%)/~
will determine a local parametrization of the eighteen-dimensional space of orbits
of elasticity tensors Ela/SO (3).
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5. Parametrization of elasticity tensors

In this section, we propose a parametrization of the eighteen-dimensional
space A% x V3 (Rﬁ) that will result in a parametrization of the space of or-
bits of elasticity tensors. The proposed parameters do not determine uniquely
an elasticity tensor ¢ = f (A, .A), they are given modulo G F(\A)- We propose
a parametrization of the twenty-one-dimensional space of elasticity tensors by
eighteen parameters and the three Euler angles in such a way that the Euler
angles determine the orientation of a natural coordinate system. Six of these
parameters will represent the rigidity moduli A\, of the elasticity tensor, an-
other twelve parameters v, will determine the six orthonormal eigentensors w,
with respect to the three orthonormal eigenvectors of wi. The twelve para-
meters v, and the three Euler angles parametrize SO (6) in such a way that
SO (6) /¢ (SO (3)) is parametrized by . This parametrization is a local chart
of the manifold SO (6) /¢ (SO (3)).

We consider the canonical orthonormal basis {e1, e2, e3} of R? and the cor-
responding orthonormal basis {eq} of Lo (R*) given by expression (2.1). We
define first the six orthonormal second-rank symmetric tensors,

Wa : (Yay A) € R x SO (3) = wy (Ya, A) € Lo (]RB) ,
as follows:

(5.1) wi (7,4) =711A-e1+7A ea+ a1 (7)A-e3.

We note that Ae = {Aej, Aeq, Aesg} are the eigenvectors of the second-rank
symmetric tensor wy, while 1 (7) is chosen in such a way that w; is unitary,
which means that 42 +~5 4% = 1. Second-rank symmetric tensor w; depends on
two parameters 71, v2 and the three Euler angles represented by the orthogonal
matrix A.

The second tensor, wo, is defined by

(5.2) wr (7, A) =73A-e1+7A ea+x2(7) A3
+a3(y)A-eq+y7A 5 + 134 - €.

If 1 (y) # 0, then the function 2 () is uniquely determined from the or-
thogonality condition w; L wg, which implies v1y3 + 274 + x1 () 22 () = 0.
Function z3 () is determined up to the sign by the condition that wo is unitary,
which means that 73% +v3 + ’Y? + ’y§ +x3+ a:% = 1. We observe that ws depends
on four parameters s, 4, ¥7,78-

The remaining four tensors are defined as follows:

(5.3) w3 (7, A) =54 -e1+x4(y)A-ea+x5(7)A-e3
+ 26 () A-ea+79A - 5 + 7104 - €6,
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(54) wi(r,A)=zr(VA-artas(v)A-e2+a9(y)A-e3
+210(y) A-ea+711A €5+ 7124 - €6,

(55)  ws(r,A)=zu(A-ertziz(y)A-e2+a13(7) A3
+z14 () A-ea+ 215 (7) A- €5 + 764 - 6,

(5.6)  we(v,A)=wz6(V)A-er+air(7) A -2+t a18(7) A3
+$19(’}/)A'€4+CC20(’)/)A-€5+1‘21 (’y)A‘ég.

Functions z4 (), ..., x21 (y) are determined up to the sign by the condition that
{wqa} forms an orthonormal basis of L s (Rg).

For a rotation A € SO (6), we consider the orthonormal basis {g~' (AN,)}
of Lo (]R6). One can associate with this orthonormal basis twelve parameters
v and the three Euler angles determined by expressions (5.1)—(5.6) by setting
Wa = g ' (AN,). We note that the parameters v are given uniquely and the
three Euler angles are given up to an element in the symmetry group of w; =
g1 (ANy). Since these spaces do not have global charts, one cannot obtain a
global parametrization of SO (6). One can see that the process of associating
parameters -y described by expressions (5.1)—(5.6) does not cover the case when
x1 (y) = 0 (which corresponds to the case when one of the eigenvalues of w; =
g 1 (ANy) is zero) and for similar cases when x4 (7) = 0, etc. To build another
chart of a complete atlas for SO (6), we have to change v, with z; in (5.1), 75
with x4 in (5.2), etc.

This way we have parametrized SO (6) by twelve SO (3)-invariant parame-
ters v and the three Euler angles contained in A € SO (3). Consider U C SO (6),
the domain of the parametrization described by expressions (5.1)—(5.6), and
let o : U C SO (6) — ¢ (U) C R¥2 x SO (3) be the map that realizes this
parametrization. Due to the nonuniqueness of the three Euler angels, the do-
main of such a map can be defined in several ways. The matrix representation
of A€ SO (6) in terms of v and A is given by

(5.7) A7, A) Ny =g (wa (7,4)), a€{l,2,...,6}.

With respect to this local chart of SO (6), the map f given by expression
(3.4) can be expressed in our parameters as follows:

f=fo(ldx¢™):A°x p(U) c A5 xR x SO (3) — Ela,

6
(5.8) FO7A) =) Aawa (1, 4) @ wa (1, A4) .
a=1
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We note that function f is well-defined, it is onto but not one-to-one. A dif-
ferent approach was proposed by RYCHLEWSKI [20] and COWIN et al. [9], where
the authors start from the space of elasticity tenors and associate with each
elasticity tensor eighteen parameters A, and v, and the three Euler angles. This
process, which corresponds to considering f —1is not well-defined since to an
elasticity tensor with eigenvalues of higher multiplicity one cannot associate an
orthonormal basis of eigentensors w, in a unique way. Also, the Euler angles
corresponding to the basis in which w; is diagonal, are given up to a rotation
form the symmetry group of w;.

For an elasticity tensor ¢ consider the six eigenvalues 0 < A\; < --- < \g with
corresponding eigentensors w,. The eigenvalues are invariant under the action
of the group SO (6) and therefore, they are invariant under the action of the
group SO (3). Consider {Ae;, Aes, Aes}: three eigenvectors of eigentensor wj.
We associate twelve SO (3) invariant parameters 7, that are uniquely defined
by expressions (5.1)—(5.6) with the fixed frame {w, }. We can associate different
orthonormal frames {w, } with the same elasticity tensor ¢, two such orthonormal
frames being connected by a symmetry of the corresponding tensor C.

The relation among different sets of parameters v that are determined by
the same elasticity tensor, can be stated as follows:

PROPOSITION 2. Two triples (\,7v,A) and (N,7', A") represent the same
elasticity tensor, from the domain of the same local parametrization, if and only

if \=X and
(5.9) Ay, A) A (7, A) € Ge.

This is a reformulation of Proposition 1.

We will use the remainder of this section to describe the class of parameters
we associate with an elasticity tensor in more detail. As discussed above, each
elasticity tensor is described by its six ordered eigenvalues 0 < Ay < -+ < Xg
and the corresponding normalized eigentensors wi,...,wg. This description is
not unique: the eigentensors are given up to the multiplication by elements
from G¢ and/or by —1. The set of the six orthonormal eigentensors can be
parametrized by the Euler angles that define a basis in which wy is in a diagonal
form, its two eigenvalues 71, 72, and the ten parameters s, ..., y12 that describe
the orientation of the remaining ws with respect to w;. The Euler angles are not
unique, they are given up to rotations from the symmetry group G,,, C SO (3)
of w1.

In the case when the eigenvalues A, are distinct, the normalized eigentensors
are given up to the multiplication by —1. The space of elasticity tensors with
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distinct eigenvalues can be parametrized by:
{\,..., X6} SO (3) /G,
x { (71,72, 21,0,0,0) |h§ + 73 < 1, (71,72, 0,0,0,0) ~ — (y1,72,0,0,0,0) }
x { (v3,74, w2, 23,77,78) 173 + 73 + 97 + 5 + 23 < 1,
(73,74, 22, 0,77,78) ~ — (73,74, %2, 0,77,78) }
x { (5,4, 5, 76,79, 710) |73 + 25 + 73 + 75 + 1o < 1,
(75> T4, T5,0,79,710) ~ — (75, T4, T5,0,79,710) }
x { (z7, 28, T9, T10, M1, V12) |75 + ¥ + 5 + 11 + 712 < 1,
(z7, 38, T9, 0,711, Y12) ~ — (T7, T8, T9, 0,711, 712) }
x { (w11, 12, 213, T14, 215, %6) |11 + 210 + 273 + 21y +76 < 1,
(z11, 212, 213, 214, 0,76) ~ — (%11, T12, 13, 14, 0, %6) },

where x1,...,z14 are determined by the orthonormality of ws and the last
four braces represent parametrization of ws,ws,ws and ws. From this expres-
sion we can see that parameters A and -y parametrize orbits of SO (3) /G,,,.
To parametrize the orbits of SO (3), we need to identify parameters which de-
scribe w that differ by action of G,,. To do so, we consider the case when the
eigenvalues of wy are all distinct. In such a case,

G, = {A = diag(£1, 41, +1)| det A =1},

and we have to identify

(73)’)/47 2,3, 77, 78) ~ (_755 —Y4,T2, —X3, —V7, _78)
~ (73, =V4, —T2, —x3,Y7,78) ~ (=73, 74, T2, =23, =7, —)8)
for we and similarly for the rest of ws.

This section completes the description of a local parametrization of the space
of orbits of elasticity tensors.

Acknowledgments

The research presented in this paper was done within the Geomechanics
Project. The research of A.B. and M.A.S. was supported also by NSERC. The
research of [.B. was supported also by PN IT ID 398 grant of Romanian Ministry
of Education.



SPACE OF SO (3)-ORBITS OF ELASTICITY TENSORS 137

References

1.

10.
11.

12.

13.
14.

15.

16.
17.

18.

19.

20.
21.

G. BAckus, A geometrical picture of anisotropic elastic tensors, Reviews of Geophysics
and Space Physics, 8, 3, 633-671, 1970.

. J.P. BOEHLER, A.A. KIriLLOV JR., E.T. ONAT, On the polynomial invariants of the

elasticity tensor, Journal of Elasticity, 34, 97-110, 1994.

A. BONA, 1. BUCATARU, M.A. SLAWINSKI, Material symmetries of elasticity tensors,
Quarterly Journal of Mechanics and Applied Mathematics, 57, 4, 584-598, 2004.

A. BONA, 1. BUCATARU, M.A. SLAWINSKI, Coordinate-free classification of elasticity ten-
sors, Journal of Elasticity, 87, 109-132, 2007.

. P. CHADWICK, M. VIANELLO, S.C. COWIN, A new proof that the number of linear elastic

symmetries is eight, Journal of Mechanics and Physics of Solids, 49, 2471-2492, 2001.

C. CHAPMAN, Fundamentals of seismic wave propagation, Cambridge University Press,
2004.

B.D. CoLEMAN, W. NoOLL, Material symmetries and thermostatic inequalities in finite
elastic deformations, Arch. Rat. Mech. Analysis, 15, 87-111, 1964.

S.C. CowiN, M.M. MEHRABADI, On the identification of material symmetry for
anisotropic elastic materials, Quarterly Journal of Mechanics and Applied Mathematics,
40, 451-476, 1987.

S.C. Cowin, M.M. MEHRABADI, The structure of the linear anisotropic elastic symme-
tries, Journal of Mechanics and Physics of Solids, 40, 7, 14591471, 1992.

F. FEDOROV, Theory of elastic waves in crystals, Plenum, 1968.

S. FORTE, M. VIANELLO, Symmetry classes for elasticity tensors, Journal of Elasticity,
43, 2, 81-108, 1996.

S. FORTE, M. VIANELLO, Symmetry classes and harmonic decomposition for photoelas-
ticity tensors, International Journal of Engineering Science, 35, 14, 1317-1326, 1997.

K. HELBIG, Foundations of anisotropy for exploration seismics, Pergamon, 1994.

LorD KELVIN (W. Thompson), On siz principal strains of an elastic solid, Philosophical
Transactions of Royal Society, 166, 495-498, 1856.

LorD KELVIN (W. Thompson), Mathematical and physical papers. Vol III: Elasticity,
Heat, Electromagnetism, Cambridge University Press, 1890.

A.E.H. LoVE, Mathematical theory of elasticity, Cambridge University Press, 1927.

M.M. MEHRABADI, S.C. COWIN, FEigentensors of linear anisotropic elastic materials,
Quarterly Journal of Mechanics and Applied Mathematics, 43 1, 1541, 1990.

A.N. NORRIs, Optimal orientation of anisotropic solids, Quarterly Journal of Mechanics
and Applied Mathematics, 59, 29-53, 2006.

P. Pobio-GuibucLl, E. VARGA, Transversely isotropic elasticity tensors, Proc. Royal
Society London, A 411, 85-93, 1997.

J. RYCHLEWSKI, On Hooke’s law, Prikl. Matem. Mekhan., 48, 3, 303—-314, 1984.

J. RYCHLEWSKI, Unconventional approach to linear elasticity, Archives of Mechanics, 47,
2, 149-171, 1995.



138

A. BONA, 1. BUCATARU, M. A. SLAWINSKI

22.

23.

24.

25.
26.

27.

28.

J. RYCHLEWSKI, A qualitative approach to Hooke’s tensors. Part I, Archives of Mechanics,
52, 4-5, 737-759, 2000.

T.C.T. TING, Generalized Cowin-Mehrabadi theorems and a direct proof that the number
of linear elastic symmetries is eight, International Journal of Solids and Structures, 40,
7129-7142, 2003.

W.P. THURSTON, Three-Dimensional Geometry and Topology, Vol. I, Princeton University
Press, 1997.

W. Voicrt, Lehrbuch der Kristalphysik, Teubner, 1928.

L.J. WALPOLE, Fourth-rank tensors of the thirty-two crystal classes: multiplication tables,
Proc. Royal Society London, A 391, 149-179, 1984.

G. YAaNG, J. KABEL, B. VAN RIETBERGEN, A. ODGAARD, R. HUISKES, S.C. COwIN, The
anisotropic Hooke’s law for cancellous bone and wood, Journal of Elasticity, 53, 125-146,
1999.

Y.-Z. Huo, G. DEL PIERO, On the completeness of the crystallographic symmetries in
the description of the symmetries of the elastic tensor, Journal of Elasticity, 25, 203—246,
1991.

Received March 20, 2007; revised version December 5, 2007.



