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Abstract

Ericksen’s problem consists of determining all equilibrium deformations that can be sustained
solely by the application of boundary tractions for an arbitrary incompressible isotropic hyperelastic
material whose stress-free configuration is geometrically flat. We generalize this by first, using a
geometric formulation of this problem to show that all the known universal solutions are symmet-
ric with respect to Lie subgroups of the special Euclidean group. Second, we extend this problem
to its anelastic version, where the stress-free configuration of the body is a Riemannian manifold.
Physically, this situation corresponds to the case where nontrivial finite eigenstrains are present. We
characterize explicitly the universal eigenstrains that share the symmetries present in the classical
problem, and show that in the presence of eigenstrains, the six known classical families of universal
solutions merge into three distinct anelastic families, distinguished by their particular symmetry
group. Some generic solutions of these families correspond to well-known cases of anelastic eigen-
strains. Additionally, we show that some of these families possess a branch of anomalous solutions,
and demonstrate the unique features of these solutions and the equilibrium stress they generate.

Keywords: Universal deformation, nonlinear elasticity, eigenstrain, residual stress, Lie group symmetry,
Riemannian geometry, material manifold, commutative algebra.
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1 Introduction

Universal deformations in nonlinear elasticity are deformations that exist for all members of a particular
class of materials in the absence of body forces. Given any member of a particular class of materials,
any universal deformation for that class can be maintained by the application of surface tractions alone.
For instance in unconstrained isotropic elastic materials, only homogeneous deformations are universal.
However, adding material constraints, i.e., restricting the class under consideration, expands the set of
universal solutions. In particular, under the imposition of incompressibility, there are five known families
of universal deformations in addition to the universal homogeneous deformations, swhieh-+s now restricted
to isochoric homogeneous deformations in keeping with the material constraint.

The process of obtaining and classifying all universal solutions is a highly nontrivial task. This line of
research originates in the seminal work of Jerald Ericksen. In 1954, he made the first systematic attempt
to classify all universal deformations in isotropic incompressible elasticity [Ericksen, 1954]. His work re-
vealed four families of universal solutions in addition to homogeneous solutions. In 1955, he completely
solved the analogous problem for unconstrained elastic bodies, proving that the only compressible uni-
versal solutions are homogeneous deformations [Ericksen, 1955]. In the case of incompressible elasticity,
another family of universal solutions was then discovered by Singh and Pipkin [1965], with a special
case of this family discovered by Klingbeil and Shield [1966]. Additionally, Fosdick [1966] noted that
a different special case of this deformation represented a universal solution with constant invariants, a
special case not addressed by Ericksen’s initial work. Further contributions and specializations of this
problem were made by a number of authors [Fosdick and Schuler, 1969, Kafadar, 1972, Knowles, 1979,
Marris, 1982, Martin and Carlson, 1976] and the current conjecture is that no other solution to Ericksen’s
problem exist but a proof of it remains an outstanding open problem of rational mechanics [Antman,
1995].

Here, we are interested in generalizing Ericksen’s problem to nonlinear anelasticity. In anelasticity,
we consider geometric deformations combining both elastic deformations and an additional anelastic
component to the deformation, i.e., one that does not contribute to the strain energy. Such theories are
known to be relevant in many situations that generalize classical nonlinear elasticity [Epstein and Maugin,
1996a] such as thermal effects [Stojanovié¢ et al., 1964, Ozakin and Yavari, 2010], plastic flows [Kondo,
1949], dislocations and defects [Nye, 1953, Bilby et al., 1955, Yavari and Goriely, 2012], growth and
remodeling [Goriely, 2017, Naumov, 1994, Rodriguez et al., 1994, Takamizawa, 1991, Yavari, 2010], and
swelling [Pence and Tsai, 2006, 2005]. Such processes are characterized by the presence of eigenstrains
[Mura, 2013] that do not produce corresponding stresses or, equivalently, by changing the intrinsic
geometry of the reference configuration from Euclidean to Riemannian. These eigenstrains are generally



incompatible, and therefore further elastic strains are typically required to embed bodies with nontrivial
eigenstrains into Euclidean space, with the resulting self-equilibrating elastic stresses generated by this
strain referred to as residual stresses.

The first step in this research program was to generalize Ericksen’s theorem for compressible isotropic
materials to anelastic deformations. By using a geometric formulation, it was proved that only covari-
antly homogeneous deformations are universal [Yavari and Goriely, 2016]. The second step, considered
here, is to extend the current classification of isotropic incompressible nonlinear elasticity to isotropic
incompressible nonlinear anelasticity. This general problem is more involved than the classical Ericksen
problem as we have to determine simultaneously both the anelastic and elastic components that render
the solutions universal.

While anelastic deformations can be modeled through a multiplicative decomposition [Sadik and
Yavari, 2017], it is equivalent but more appropriate in our context to model them as a stress-free evolution
inte of a general Riemannian manifold, the material manifold, via some anelastic process [Noll, 1967,
Epstein and Maugin, 1996b, Yavari and Goriely, 2012, Goriely, 2017]. This non-Euclidean material
configuration contains all the information of the anelastic processes. It can then be mapped by an elastic
deformation into the current Euclidean configuration. Only the strain induced by the elastic component
appears in the strain-energy formulation, which models the notion that the anelastic deformation changes
the relaxed geometry of the material, and that only the further elastic deformation stores energy by
straining the material. In looking for universal solutions, both the Riemannian metric of the material
manifold and the elastic deformation are unknowns to be determined.

In this paper, we extend the currently known families of incompressible universal solutions to the
anelastic setting in an appropriately symmetric way, which will be precisely defined shortly. In the
process of doing this, we discover that under these symmetry conditions, all families exhibit a branch of
generic universal solutions that contain arbitrary functions as parameters, but some families also contain
anomalous universal solution branches outside of these, whose form is fixed up to a finite number of
constants. Additionally, we find that the six classical families of universal solutions merge into three
distinct anelastic families, characterized by their respective symmetry groups. The Cauchy deformation
tensors of the generic branches of these families can all be expressed in the forms presented here in Table
1, with the standard forms of the anomalous branches presented in section 8, as they are more involved.
In §2, we provide an overview of the geometric features of anelasticity and provide the relevant governing
equations of elasticity in this context. The known universal solution families are summarized in §3.
Then, in §4 we compute the appropriate symmetry group for each family and impose this symmetry on
the metric tensor field a priori. We then formulate the problem of extending the universal families to
the anelastic setting and outline the techniques used in our analysis in §5. In §6 we derive the form of
the generic solutions for each family and obtain the constant invariant conditions that are necessary for
anomalous solutions to exist. In §7 we present the general form of the anomalous solutions, relegating
the explicit calculations to +he appendix B. In §8, we examine the overlap of these families of solutions.
Finally, we present some visualizations of the Riemannian geometry of strains and stresses induced
by these anomalous solutions in §9, and summarize our results in §10. We have provided two other
appendices, Appendix A containing summaries of the algebraic and group theoretic tools we employ in
our analysis, and Appendix C, detailing particular features of the Lie algebra se(3), which plays a key
role in our analysis.

2 Nonlinear Elasticity and Anelasticity

In the geometric formulation of nonlinear elasticity, we define the ambient space to be a Riemannian
manifold (S, m), where m is a fixed background metric. Since we are interested in universal deformations
that take place in Euclidean space we assume that the ambient space is Euclidean. Then, a body is defined
as a Riemannian manifold (B, M). We define a motion as an isotopy ¢

p:BxR—=CCS, (1)

parameterized by time t that gives a homeomorphism at each time t between the reference configuration
B and the physical configuration at time t defined by ¢(B,t) (see Figure 1): We use coordinate charts
{X4} and {2} for B and C, respectively. We utilize uppercase Latin letters to denote most quantities



Family Coordinates Generic Cauchy Tensor Incompressibility
¢y () 0 0
Uy Cartesian {z,y, z} [e.] = 0 Coq () C93 () detc,, =1
0 Co3 () 33 ()
cqp (1) 0 0
Us Cylindrical {r, 6, z} [ca] = 0 Coq (7)) Cog (1) detc,, = r?
0 Co3 (1) c33(r)
g(r)~? 0 0
U, Spherical {r,8,¢} | [c,;] = 0 g (r)r?sin® ¢ 0 Identically Satisfied
0 0 g(r)r?

Table 1: Standard forms of the Cauchy deformation tensors for the generic branches of the three sym-
metric anelastic incompressible isotropic universal deformation families.

and indices in the reference configuration, and lowercase Latin letters to denote most quantities and
indices in the physical configuration.

The homeomorphism at time ¢, p(B,t) can be interpreted physically as determining the position of a
small piece of material at time ¢, given its position in B, which is interpreted as an initial position, though
the important feature of the reference configuration is that it specifies the relaxed geometry of the bodys;
it is not necessarily the initial configuration of the body. While in elasticity, (B, M) is Euclidean, for an
anelastic system, (B, M) may not be Euclidean and, in such case, ¢o = ¢(—,0) is not the identity map.
Since po(B) and ¢(B,t) correspond to physical configurations, we model them as subsets of Euclidean
space, and hence, we identify positions with vectors.

Since we are interested in equilibrium states, we restrict our attention to a finite time t* > 0 and
suppress the explicit time-dependence so that we define, with a slight abuse of notation, p(B) = ¢(B, t*).

Figure 1: General motion from B to C; ¢ maps a point in B to its corresponding point in the current configuration ¢(13).

2.1 Kinematics

The local properties of deformations are encapsulated in the derivative of the map ¢ that we explore
next. The tangent space of B at X € B is denoted by Tx 3. The tangent space of the corresponding
point = (X)) in the ambient space is denoted by T,,(x)C. The deformation gradient F is the derivative
map of ¢:

F(X)=Tp(X):TxB = Tyx)C. (2)
With respect to the coordinate charts { X4} and {2}, F it is defined as follows
e 9 A
F = X
9x4 on 4 8)



The adjoint of F is
FI(X,t): T,x)C—>TxB, gFV,v)=M(V,F'v), YV eTxB,veT,xC. (4)
In components, (FT)4, = MAPm,, F®5. Note that the adjoint explicitly depends on the metrics M and
m. The right Cauchy-Green deformation tensor is defined as
C(X)=F"(X)F(X): TxB — TxB. (5)

It is straightforward to see that C° = ¢*m, which has components Cap = F®4F®gma [Marsden
and Hughes, 1983]. The Jacobian relates the material and spatial Riemannian volume elements as
dv(z,m) = JdV (X, M), where J is given by

det m

= F.
J ot M det (6)

2.2 Equilibrium Equations

The balance of linear momentum in the absence of body and inertial forces in terms of the Cauchy stress
tensor reads

dive =0, (7)
where div is the spatial divergence operator, defined in components as
) ao.ab
(leO’)a — a-ablb o W + U&C,ybcb + O_Cb,yacb’ (8)

and %y is the Christoffel symbol of the Levi-Civita connection V™ of the metric m in the coordinate
chart {z%}, defined as V™y,0. = 7*pc0,. The local form of the balance of angular momentum reads
0% = g ie., the Cauchy stress is symmetric.

The first Piola-Kirchhoff stress is defined as P = JoF~*, and in components, P4 = Jo®(F~1)4,.
F~* is the deal of F, and is defined as F* = g)f: dX4 ® aia' The balance of linear momentum in terms
of P reads DivP = 0. In components

op*A
T oxA
where T'4 g is the Christoffel symbol of the Levi-Civita connection VM of the metric M in the coordinate

chart {X A}, defined as VM, 00 = I'“5cd4. The balance of angular momentum in terms of P reads
PFT = FP".

PaAlA + PG,BFAAB _|_ PCAFbA,yabc — 07 (9)

2.3 Constitutive equations

In this paper we restrict ourselves to bodies that are isotropic in the absence of eigenstrains. We also
assume that the elastic deformations are incompressible. The left Cauchy-Green stretch tensor is defined
as Bf = (¢7'), (m™') and has components BAB = (F~1)A,(F~ 1B, m?, where m® are components
of m~!. The spatial analogues of C* and B? are defined as

&= (0™) M. e = (F) "o (F)") Mg, and b — . (M), 4% = FO, P02, (10)

where b? is called the Finger deformation tensor. The two tensors C and b have the same principal
invariants, which are denoted by Iy, I, and I3 [Ogden, 1984]. In the case of an isotropic solid the energy
function W depends only on Iy, I5, and I. If the material is incompressible (I3 = 1), W = W (I3, I5),
and the Cauchy stress has the following representation [Simo and Marsden, 1984]!

ow ow

— ow ~1 #
cr< p+2128]2)m +2811b 28]2C’ (12)

where p is a Lagrange multiplier that is associated with the incompressibility constraint J = 1.

1As p is a scalar field to be determined the stress representation can equivalently be written as

oc=—-pm !+ Qa—vvbﬁ - 2B—Wcu,

11
oI ol (11)



2.4 Ericksen’s problem

The classical elastic Ericksen problem is stated as follows: Determine all equilibrium deformations ¢ :
B — C with B,C C E? that can be sustained by an arbitrary incompressible isotropic hyperelastic solid
with suitable boundary tractions.

The emphasis of the classical problem is that both configurations are Euclidean. Here, we consider
a generalized version of this problem applicable to anelastic systems. The anelastic Ericksen problem
relaxes the requirement that B C E? and is stated as follows: Determine all Riemannian manifolds
(B,M), and all maps ¢ : B — C with C C E? that can be sustained by an arbitrary incompressible
isotropic hyperelastic solid with suitable boundary tractions.

These problems are treated locally in the sense that the equilibrium equations are locally satisfied
by these deformations for arbitrary incompressible isotropic hyperelastic materials. We do not address
non-local problems such as self-intersection or self-contact beyond requiring that our solutions be locally
homeomorphisms, which is guaranteed by the condition detF > 0. This condition ensures that over
some domain our solution is an embedding, rather than an immersion.

3 The Known Universal Deformations

We begin with the known families of incompressible universal solutions in the absence of eigenstrains.
We merely present them and direct the reader to the original papers for their derivation [Ericksen, 1955,
1954, Klingbeil and Shield, 1966, Singh and Pipkin, 1965]. The corresponding deformation gradients
are derived explicitly in Goriely [2017]. The emphasis and novelty here is in the particular type of
symmetry associated to each family as they will play a key role in the generalization of the problem
to anelastic systems. Expressed in terms of the standard Cartesian coordinates {z,y,z}, cylindrical
polar coordinates {r, 6, z}, or spherical polar coordinates {r, 8, ¢} (letting capital letters denote reference
configuration coordinates, and lower case letters denote current configuration coordinates), we have the
following six universal families.

Family 0: Homogeneous Deformations. Using the Cartesian coordinates {z*} = {z,y,z} and
{X4)} = {X,Y, Z}, this family is most compactly expressed as

z% = F X4 4 ¢, (13)

where F'*, is a constant tensor with det *y = 1, and ¢ is a constant vector. A deformation of this type
is depicted in Figure 2. The form of equation (13) immediately reveals that the deformation gradient
is F'*, , as evidenced by the induced tangent map dz® = F'*, dX 4. Since the deformation gradient F is
spatiatly constant, %, (X4) = F%, , the transformation

XA - X4=x44+C4, vCeR, (14)

leaves the deformation gradient unchanged, and hence, C 5 remains unchanged. In terms of symmetry
group, we notice that the action X4 — X4 4+ C4 is precisely the action of T(3) C SE(3) on E3.

Figure 2: All homogeneous deformations amount to a combination of stretching, shearing, and rotation. The shearing
vanishes on a specific set of principal basis vectors by virtue of the polar decomposition of F'¢, .



Family 1: Bending, Stretching, and Shearing of a Rectangular Block. When expressed using
cylindrical polar coordinates {r,8, z} and Cartesian coordinates {X,Y, Z} in the current and reference
configurations, respectively, universal deformations in this family take the form

Z
r=+A(2X+D), 0=B(Y+E), z= E—BCY—i—F (15)
though the parameters E and F enly correspond to rigid motions, and hence, can be safely disregarded.
These parameters generate rotation around and translation along the r = 0 axis, as seen in Figure 3.
We can compute the deformation gradient, which when expressed on mixed orthonormal frames, takes
the form

A
F_—eT®EX+B7“e9®Ey—BCeZ®Ey+ —e, QE 4, (16)

AB
or in terms of a mixed coordinate bases, we have the components

A _ A
" ox® T =\ 2X+D 0 0
Fa=3xa| = 0 B 0| (17)
0 -BC =

Working in terms of the mixed bases will often be advantageous when computing symmetries and the
components of arbitrary metric tensors, as these bases are automatically induced by the coordinate map.
Additionally, we demand AB # 0 to ensure the deformation is invertible; the incompressibility condition
is automatically satisfied. We compute C 45 as

2X1L-‘-D 0 0
[Cuagl=1| 0 B? (A(2X +CD) +C?) 71% , (18)
0 —a ATE?

and note that this remains unchanged under the transformation
Y—>Y:Y+C’1, Z—)Z:Z+CQ, vCy,Co € R. (19)

This is precisely the action of T(2) C SE(3) on E3.

Figure 3: The stretching, shearing, and bending of a rectangular block around a cylinder.

Family 2: Straightening, Stretching, and Shearing of an Annular Wedge. Deformations in
this family are most naturally expressed using Cartesian and cylindrical polar coordinates {z,y, z} and
{R,©, Z} in the current and reference configurations respectively, and take the form

1 6] Z Ce
= ZAB’R%2+ D — +E, Z 4+ =4 F 2
T=3 R*+D, y= 5t mptagt (20)

An example of one of these deformations is depicted in Figure 4. The corresponding deformation gradient
is

c
F=ABZRex®ER+ABRey®E@+ABReZ®E@+BeZ®Ez, (21)



or, in terms of the induced coordinate bases

AB2R = \/2AB? (z — D)
0

0

[Fa] = (22)

SiesiE
oo o

We demand AB # 0 to ensure the deformation is invertible, and as in the previous case, the incompress-
ibility condition is automatically satisfied. Thus

A2B*R? 0 0
[Capl= 0 4o % (23)
0 ed L
AB2 2
The transformation - -
0-0=04+0, Z->Z=7+K, VO KER, (24)

leaves these components unchanged. This is the action of SO(2) x T(1) C SE(3) on E3.

Figure 4: Straightening and subsequent stretching and shearing of an annular wedge.

Family 3: Torsion, Extension, and Shearing of an Annular Wedge. When expressed in cylin-
drical polar coordinates, deformations in this family take the form

" =AR’+B, #=CO0+DZ+G, z=FEO+FZ+H, (25)

and an example of a deformation from this family is depicted in Figure 5. The deformation gradient can
be naturally expressed on orthonormal cylindrical polar bases as

AR C E
F:Ter@ER—s—%eg@E@—kDreg@Ez—f—Eez®E@+Fez®Ez, (26)

or equivalently on the coordinate bases, it has components

[A?-B) _ [_A2Re
r2 - AR?+B

0

0

[F4] = (27)

no o

0
c
E

We have the incompressibility condition A (CF — DE) = 1, which also ensures invertibility. Thus, C 45
is written as

Ats 0 0
[Cagl=1] 0 C?(AR*+B)+E?  CD(AR*+B)+EF|, (28)
0 CD(AR*+ B)+EF  D?(AR*+ B) + F?

and notice that C'y 5 does not depend on © or Z.



Figure 5: The twisting, extension, and axial shearing of a cylindrical sector.

Family 4: Inflation/Eversion of a Sphere. In spherical polar coordinates {r,0, ¢} and {R, ©, D},
deformations in this family take the form

P =4+R*+ A% 0=40, ¢=07. (29)

An example of one of these deformations is depicted in Figure 6. The deformation gradient on orthonor-
mal bases reads

R? r
F=ir—ger®ER+§(e¢®E¢ie9®E@). (30)
or, in terms of the coordinate bases, we have the components
R2 _ (ir%FAS)% 0 0
(Fo,]= | ERrans (31)
Al 0 +1 0
0 0 1
Incompressibility and invertibility are trivially satisfied. Thus
R4
e EvaL 0 0
[Capl= 0 (£R3 + 4%)**sin? @ 0 : (32)
0 0 (£R® + 4%)*°

We can then represent this tensor on an orthonormal spherical basis (using the standard Euclidean

metric) as
R4 +R3 + A3)/°
O = s Bt - me ) @

where I is the identity tensor, and Ep = % This obeys the symmetry transformation

C(QX)=QC(X)Q", vQeS0(3), (34)

which is symmetry under the prolonged action of SO(3) C SE(3) on TE? @ T*E?.

Figure 6: Inflation of a spherical cap.



Family 5: Inflation, Bending, Extension, and Azimuthal Shearing of an Annular Wedge.
When expressed in cylindrical polar coordinates {r, 8, z} and {R, ©, Z}, deformations in this family take
the form

r=AR, 0=BlogR+CO+D, z=EZ+F (35)

An example of one of these deformations is presented in Figure 7. The deformation gradient expressed
on orthonormal bases is written as

F = Ade, @ Egr + ABey ® Er + ACeg  Eg + Fe, @ E, (36)

or, on the coordinate bases

A 0 0 A 0 0
Fyl=12 Cc o|=|48 C o (37)
0 0 E 0 0 E

In order to satisfy incompressibility, we have A2C'E = 1. This family is peculiar, as the stretch generated
by the other inhomogeneous families has an eigenvector along the direction of inhomogeneity, but this
one does not. Additionally, the invariants of b for this family are spatially constant.

Figure 7: The inflation, bending, extension, and azimuthal shearing of an annular wedge.

When we generalize these deformations to include an anelastic component, we have to change the
incompressibility condition from det F =1 to

det m
J =4/ ot M det , (38)

to reflect the fact that we are only constraining the elastic component of the deformation to be isochoric.
It is easier however, to consider square of this equation in the form

detb =1, (39)

which in components reads
det (F*y MAPF" ) = det m*®. (40)

This is because when we move to the anelastic setting, the stretch b is a more natural object to work
with, since it captures geometric data about the material manifold, but itself lives in Euclidean space.
The right Cauchy-Green strain reads

A2 4 A2B? A2BCR 0
[Capl=| A2BCR  A2C?R* 0 |, (41)
0 0 B2

which is invariant under changes in Z or ©.

3.1 Summary of the symmetry groups.

The symmetries we have calculated are all generated by the usual action of Lie subgroups of the special
Euclidean group on the reference configuration. For each family, there is some continuous family of
rotations and/or translations, which once prolonged, leaves the right Cauchy-Green stretch tensor field
unchanged. In a similar manner, we can compute symmetries of the left Cauchy-Green stretch tensor

10



Family | C* = (FTF)b Dimension | b = FFT Dimension
0| T(3) 3 T(3) 3
1] T(2) 2 SO(2) x T(1) 2
2 | SO(2) x T(1) 2 T(2) 2
3 1 SO(2) x T(1) 2 SO(2) x T(1) 2
4 | SO(3) 3 SO(3) 3
5 | SO(2) x T(1) 2 SO(2) x T(1) 2

Table 2: Symmetry of the universal stretch tensor fields; these are subgroups of SE(3) = SO(3) x T(3).

field, which also happen to be Lie subgroups of the special Euclidean group but, acting now on the
current configuration. These groups are summarized in Table 2, expressed in terms of the group of
n-dimensional rotations SO(n) and the group of n-dimensional translations T(n).

Interestingly enough, for each family, the symmetry group of C does not necessarily match the
symmetry group of b, but the dimensions of these two groups do match, as their actions are related
through the maps relating the coordinates in the two configurations. Additionally, when we impose the
symmetries of C on the material manifold, families with 3-dimensional Lie symmetries automatically
satisfy the equilibrium conditions, but those only containing a 2-dimensional Lie symmetry require
additional constraints to satisfy equilibrium. This seems to suggest that the dimension of the symmetry
group plays a role in constraining the material response, and sufficiently high dimensional symmetries
are sufficient for guaranteeing equilibrium.

These symmetries can be summarized as a single key property, namely that for a given universal
deformation and its associated deformation gradient F and right Cauchy-Green tensor, C = F'F =
M~ lo*m, we have that C° = *m is invariant under the prolonged action of a Lie subgroup of the special
Euclidean group acting on the reference configuration. We will use this key property when studying the
anelastic Ericksen problem, and accordingly refer to the symmetries of C” as ‘universal symmetries’.

4 General construction

The previous section demonstrated a remarkable symmetry property of the known universal solutions in
the absence of eigenstrain. We can use these symmetries to generalize Ericksen’s problem to anelastic
systems. The problem is then to find a suitable metric on the material manifold that preserves both the
symmetry and the general functional form of the universal deformations. The eigenstrains and metric
associated with this new metric are referred to as ‘universal’. This can be achieved by the following
construction:

e First, in the absence of eigenstrains, the body is embedded in the ambient space with an induced
metric M. The material manifold is the flat Riemaniann manifold (B, M) and the deformation is
a map from this manifold to the ambient space.

e Second, in the presence of eigenstrains the natural configuration of the body is a Riemannian
manifold (B, M), where M has non-vanishing curvature [Yavari and Goriely, 2013, 2015, Golgoon
and Yavari, 2018]. In this case, the deformation is a map from (B, M) to the ambient space (S, m).

e Third, we choose curvilinear coordinates {X“} on B and curvilinear coordinates {z®} on C C S.
These coordinates are not necessarily associated with the metrics M and M. We know of the
previously presented classes of universal deformations 2% = ¢(X4) for (B,M). We fix these
functional dependences ¢ on the coordinates and determine the the metrics M compatible with
these solutions.

e Fourth, we pull back m under the deformation ¢, and consider the three manifolds: (B, M), (B, M),
and (B, ¢*m). We have two candidates for determining the symmetry to apply to M: M and ¢*m.
We use p*m since it captures information about the deformation. We compute its symmetries,
and demand M to have these same symmetries. Explicitly, since both M and m are Euclidean
metrics, both are invariant under the full action of SE(3) acting on their respective base spaces. By

11



Figure 8: Here we have prescribed the coordinate transformations for each family at every stage of the motion. The
unknown quantity to be determined is the metric tensor field M of the material manifold, which dictates the stress-free
geometry.

considering Euclidean symmetries of ¢*m, we are identifying Euclidean symmetries in the current
configuration that are mapped to Euclidean symmetries in the reference configuration when pulled
back under the classical universal deformation in question.

e Fifth, we compute the deformation mapping (B, M) to (C,m), where now M is restricted by the
derived symmetries, and compute the specific metrics M that generate universal eigenstrains.

4.1 Universal equilibrium equations

We fix the coordinate labels for the anelastic component of the local deformation; if X4 are coordinates
for the material manifold, we write the anelastic deformation in terms of coordinates as

XA =57X", (42)

where 52 is the Kronecker delta, and use the metric tensor field to reflect the change in geometry (see
Figure 8). In other words, we convect the referential coordinates along with the anelastic motion onto
the intermediate configuration. This allows us to trivially pull the material metric tensor back to the
reference configuration using

A B

and treat M 4 5 as our unknown quantity. Since M ;5 and C; 5 live in the same space, we can immediately
impose the symmetry of C' ;5 on M 5, which naturally imposes a symmetry on M, via (43).

After determining the most general form of a metric tensor field obeying these symmetries, we can
compute the general form of the elastic left Cauchy-Green tensor

bt = F2 MAPFY, | (44)

and its inverse in terms of the undetermined components of the metric tensor field. Both of these appear
in the Cauchy stress of an incompressible isotropic elastic solid, which has the following representation

0% = —pm® £ 2Wb% — 2Wypc, (45)

in terms of W; = OW /JI;, where I and I> are the two non-trivial invariants of b, and p is the Lagrange
multiplier corresponding to the incompressibility constraint. We seek equilibrium solutions, hence we
must satisfy

V0™ = —m®V,p + 2V, (W16*) — 2V, (Wac™) = 0. (46)
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We wish to eliminate the pressure field from the analysis, so we take a second covariant derivative,
lower the upper free index, and compute the antisymmetric part. This operation eliminates the pressure
identically and yields the condition

MgV Vo™ = %madvcvba“b - %macvdvbo“b =0, (47)
which must be satisfied for arbitrary choices of the strain energy function W. Because W is arbitrary, we
can freely vary its partial derivatives independently, so in order to satisfy (47) for any W, we require each
of the terms multiplying a partial derivative of W to vanish independently. This yields nine independent
conditions that must be satisfied, corresponding to the nine independent mixed partial derivatives of
W that appear: Wy, Wy, Wiy, Wio, Was, Wi11, Whiia, Wigs, and Wass. These universal equilibrium
equations are

MgV V™ —m, V Vb =0, (48)
MgV V™ —m, V V™ =0, (49)
madvbbabvcll + madvcbabvbll + madbabvcvbll (50)
—m, VbV I —m, VbV, I —m, bV VI, =0,
Mg VbV Iy — m V™V I +mggV b0V, I
— MgV oV I +m g™V VI — my ¢V, V, I (51)
— M VbV Iy +m, V¢V I — m, VbV, I
4+ My V¢V Iy — my bV Vi Iy +my, VYV, 1 = 0,
Mg ViV Iy + MgV NV Iy + My yc®V VI (52)
— My V'V Iy — m, V™V Iy — my, PV VI = 0,
m b’V LV, I, —m, bV [V, I} =0, (53)
My gb®*V LoV, I +m, bV [V, Iy —m, ¢V [V, I, (54)
—m, bV LV, I — m, bV 1V, Iy +m, V[V, I} =0,
Mogb®V oV Iy — m ¢V LV, I — my g™V 1V, 1o (55)
— My bV IV Iy + My ¢V LV Iy +my NV 1V, I = 0,
MgV IoV Iy — m, YV 1,V I, = 0. (56)

Each of these nine equations is antisymmetric in the two free indices. Therefore, each equation has
three independent components providing an overdetermined system of 27 scalar conditions that must be
satisfied. Imposing the universal symmetries lead to two different situations depending on the symmetry:

Case I: For two universal families (the homogeneous and spherical deformations) these equations
are trivially satisfied and do not lead to any new conditions.

Case II: For the other families, these equations will either require particular off-diagonal components
of the metric tensor to vanish? (Case Ila) or the invariants to be constant (Case IIb). For Case Ila the
equilibrium equations are trivially satisfied. This is the so-called generic case for all the remaining
families analysed in Chapter 7. Case IIb corresponds to the anomalous solutions. In this case the
symmetry condition generates a set of ordinary differential equations constraining these components in
terms of a single independent variable. In addition to satisfying these, we also must satisfy three algebraic
constraints, namely that the invariants of b are spatially constant. This leaves us with an overdetermined
system of four linear differential equations, one linear algebraic equation and two nonlinear algebraic
equations for the six unknown components of the metric tensor field. We can integrate the differential
equations, and use the linear algebraic equation to express the other two algebraic equations in terms of
the following 15 < n < 18 variables: a single unknown component of the metric tensor, the remaining
independent variable in space (e.g. radius), the integration constants introduced by our integration of the

2More precisely, in Family 5 one off diagonal component vanishes, and another becomes fully determined by the other
metric components; it does not vanish, but its indeterminacy is eliminated nonetheless.
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ordinary differential equations, the deformation parameters, and the two constant invariants. Therefore,
the remaining algebraic conditions are polynomial equations in these n variables that are quadratic in
the unknown component of the material metric tensor field. We compute the resultant (see appendix
A.1) of these polynomials in this component, and demand it vanish for the two equations to have a
common solution, since our metric tensor must simultaneously satisfy both. This resultant is itself a
polynomial in the dependent variable that must vanish. Because we seek solutions that are universal
over an open set, we can send each of the coefficients of the resultant to zero identically. This leaves
us with a set of algebraic equations relating the integration constants, the deformation parameters, and
the invariants that must be necessarily satisfied in order for these anomalous solutions to exist. These
algebraic equations are solved in Chapter 8.

5 Symmetries of the Material Metric

Family 0: Homogeneous Deformations. Recall that the action X4 — X4 4+ C4 is the action of
T(3) C SE(3) on E3. We seek to impose this symmetry on the material metric tensor field, and hence
demand

Mup (XP) = Myp (XP +CP) = M,p (XP). (57)

Taking the derivative of this with respect to CP gives

OM,, OM,, 0XE  OM,,
acP ~ 9XE 9CcP ~ 9xP

=0, (58)
and hence, we consider constant metric tensor fields. It is however, more useful to express this condition
in terms of the current configuration variables, which we can do via the chain rule

OM,;  OM,, 9z°  OM,,
XD — 9ze 9XP 9z

FaD = O. (59)

Since F is invertible, this implies that M, is constant when expressed in terms of the current config-
uration coordinates as well. Additionally, it is more useful to consider the inverse metric tensor field
MAEB | which also must be constant in order for the identity

My MPC =64, (60)

to hold.

Family 1: Bending, Stretching, and Shearing of a Rectangular Block. Recall, that the sym-
metry associated with this deformation is the action of T(2) C SE(3) on E3. We therefore require the
same invariance for M ,p5:

Myp (XY +C, Z+Cs) = Myp (XY, Z). (61)
Taking the derivative with respect to C7 and Cs independently gives the conditions

OM,5 (X.Y,2)  OM,y (X,V,2) 0V _ OM,y (X,V,2)

a0, oY o0, oY =90, (62)
OMyp (X,Y,Z)  0Mup (X,Y,Z) 0Z 0M,p (X,Y,Z) 0 63
90y - 07 0Cy YA o (63)

Therefore, we assume that the metric tensor is of the form M , 5 (X)), which because of the form of the
deformation, can be recast into the form M, (r), and equivalently MA5(r).

Family 2: Straightening, Stretching, and Shearing of a Sector of a Cylinder. Here, we require
that the metric is invariant under the action of SO(2) x T(1) C SE(3) on E3:

My (RO +®,Z+K)=M,p (RO,72), (64)
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and hence, by the same reasoning as before one finds

oM,y (RO, 2)  0M,, (R.0,2)
00 N YA

= 0. (65)

Note that this does not imply %—g = 0, since the basis vectors of C do change with ©. Rather, the

components M , 5 do not change with © when M is represented with respect to a cylindrical polar basis.

Wi th tion M, MBC = 6§ to show that 257 = 2277 _ () Hence, we write MAB(R)
e can use the equa AB 4 36 A ,

or equivalently M A5 (z). This symmetry of MAB is precisely the action SO(2) x T(1) C SE(3) prolonged

to TE3? ® TE3, with ® denoting the tensor product bundle, the bundle formed by taking fiberwise tensor

products.

Family 3: Inflation, Bending, Torsion, Extension, and Shearing of an Annular Wedge. As
with Family 2, we demand that M, be invariant under the transformation

©-50=0+d, Z—-Z2=7+K, VO KER, (66)
which renders the conditions

OM,p, (R,©,2)  0M,, (R,6,2)
00 N 07z

=0. (67)
So we consider metric tensor fields of the form M, 5 (R), or equivalently, M4 (r).

Family 4: Inflation/Eversion of a Sphere. Here, we demand the invariance of M(X) under the
prolonged action of SO(3) C SE(3) on T*E? ® T*E3. We then seek the most general positive-definite
symmetric tensor field that satisfies

M (QX) = QM(X)Q", vQ € SO(3). (68)

Because M(X) is positive-definite and symmetric, we can represent it in spectral form on an orthonormal
basis {u,} as

3
M(X) = > mi(X)u;(X) @ u;(X). (69)
1=1

We then consider the subgroup of rotations leaving X fixed. Under this one-parameter family, we have
the symmetry condition

M(X) = QM(X)Q', VQ such that QX = X. (70)
This implies that (suppressing the X dependence)
m?u; = Mu; = QMQ'u; = m?Q"u; = MQ'u;, (71)

i.e., the rotated vector QT u; lies in the same eigenspace as the eigenvector u;. For this to hold for all Q
in this one-parameter family, the eigenspaces of M at the point X must be unchanged by these rotations,
i.e., the swept vector Q"u; remains in the eigenspace. Generally, a rotating vector sweeps out a cone,
which not being an affine space, cannot be the eigenspace of a linear operator, as depicted in Figure 9.

However, there are two degenerate cases where cones become affine spaces, where the rotation axis
and swept vector are coincident, and where they are perpendicular, which means that the eigenspaces of
M at X must contain the axis of the rotation, and the plane orthogonal to it, as depicted in Figure 10,
forcing M(X) to be of the form

M(X) = mi(X)Er(X) @ Er(X) + m3(X) (I - Er(X) @ Er(X)), (72)

because for each X, the axis of rotation is Ex(X). Imposing the more general symmetry condition (68),
on this spectral form, we get the condition

mi (QX) Er(X) ® Er(X) + m3 (QX) (I - Ez(X) ® Ex(X))

= mi(X)Egr(X) ® Er(X) +m3(X) (I - Eg(X) ® Eg(X)), 73)
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Figure 9: The set of orthonormal eigenspaces at a point X are affine spaces that must be preserved under all rotations
fixing the origin and X, but these swept areas are generally not affine spaces, but rather cones.

Figure 10: When the eigenspaces are parallel and perpendicular to the position vector of X, they can remain invariant
under these rotations, provided that the eigenvalues of the two orthogonal eigenvectors are equal.

which implies that
mi (QX) =mi(X), m3(QX)=m3(X), VQ € SO(3). (74)

This ultimately requires that m; and mso depend on X solely through its norm, R = |X]|, since for any
two points, X; = Rnj, and X5 = Rns, where n; and n, are unit vectors, we can construct orthogonal
transformations such that ny = Qn;. Hence, because the functions m; and ms take on the same values
whenever their arguments have the same norm, these functions must only depend on their argument
through its norm, as shown in Figure 11. We then have

M(X) = m}(R)Ex(X) @ Er(X) + m3(R) (I - Eg(X) ® Eg(X)), (75)

which is the general form of the pullback of our material metric tensor.> Computing the components of
M, then gives

m?(R) 0 0
[M4g(R)] = 0 m3(R)R?sin® ® 0 . (76)
0 0 m3(R)R?
Since my and my are arbitrary, and R is only a function of r, this can be rewritten as
m3(r) 0 0
[Map (R)] = [Map(R(r))]=1{ 0 m3(r) sin® ¢ 0 1, (77)
0 0 m3(r)

3The methodological difference in the symmetry calculation for this family is due to the topology of SO(3). This group
is not the product of Lie groups, and hence, we cannot express its action by independently varying coordinates as we do
in the other families; while © — © + ¥, is a rotation, ® — ® + U5 is not.
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and equivalently

m3(r) 0 0
[MAB()] = | o s 0 (78)
0 m3(r)

Figure 11: As we rotate the point X, we see that the eigenspaces are unchanged when expressed on an orthonormal
spherical basis, i.e., they rotate with X, hence their associated eigenvalues must be constant on concentric spherical surfaces.

These metrics are precisely the form considered by Ben Amar and Goriely [2005], and Yavari and
Goriely [2013], though the first represents this tensor on an orthonormal spherical basis, and the second
works with the components of the metric tensor rather than its inverse, as we have done.

Family 5: Inflation, Bending, Extension, and Azimuthal Shearing of an Annular Wedge.
As in other cases, we have the following symmetry relations for M:
OM,, (R.O.Z) 0M,, (R.6.2)

00 B 07z

=0, (79)
so we ultimately consider inverse metric tensor fields of the form MAB(r).

In conclusion, we note that the application of the symmetry condition leads to a reduction of the
independent variables to a single one (either the radial variable r in cylindrical or spherical coordinates,
or z for the deformation of rectangular blocks).

6 Generic Universal Solutions

Having established the symmetry conditions on the material metric, we can express the universal equi-
librium equations under these restrictions. For all families (Case I and Ila), these equations will have
generic solutions, and in some cases, these solutions are the only ones satisfying the symmetry conditions.
Other families also have anomalous solutions (Case IIb)) outside of these generic branches that occur
only when the invariants of the tensor b, or equivalently C, are constant; these will be addressed in the
next section. The nature of the anomalous solutions differs markedly from the generic solutions found
here: generic solutions contain arbitrary functions as free parameters, while the form of the anoma-
lous solutions is determined up to a finite number of undetermined constants. Additionally, for generic
solutions, the eigenvectors of b are contained within or perpendicular to the span of the infinitesimal
generators of the symmetry group, while for anomalous solutions, this alignment does not occur. While
the invariants, and hence, their gradients could be calculated explicitly in terms of the unknown inverse
metric components, it is easier to keep these functions unevaluated at the moment, because we will
ultimately show that they must be constant for the anomalous solution to exist.

We then fix an orthonormal frame on these constructed intermediate configurations, and express the
anelastic deformation required to generate these intermediate configurations in terms of these frames. We
note that since we are in reality only determining the elastic component of these motions, the factor A
corresponds to the universal motion, while the factor G corresponds to the stretch required to obtain the
universal intermediate configurations from the classical reference configurations, which play no dynamic
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role. Hence after computing A = FG™!, so long as the geometry of the intermediate configuration is
retained, the factor G can be discarded, which corresponds to the fact that we can prepend an arbitrary
compatible anelastic deformation onto our universal deformations. As this is supplementary to our main
results, we will simply give G on some orthonormal anholonomic frame, leaving further computations to
interested readers.

Family 0: Homogeneous Deformations. The deformation mapping written in Cartesian coordi-
nates is given by (13), and the deformation gradient F'*, is constant. We compute the left Cauchy-Green
tensor as

b = F MAP 'y, (80)

which is also constant, and hence its invariants are constant. The Cauchy stress takes the form
o (z,y,2) = —p(z,y,2) m*® + 2W16%° — 2Wyc?, (81)
and the equilibrium equations read

V0 = —m®V,p(2,y,2) = 0. (82)
Because m® is invertible, this implies that p is constant, and the equilibrium equations are satisfied
simply because of the assumed form of MAZ. The only remaining condition is the incompressibility
condition which, in the chosen coordinate systems, reads

det b®® = det m®® = 1. (83)

We can express this constraint as a condition on MAE, or as a condition on F' “4 . In reality, these
conditions are equivalent, since we have

(det F%4)* det MMN =1, (84)

and one can be freely transformed into the other by changing coordinates. However, for the other families,
it will be easier to express this condition as a restriction on the inverse metric tensor, so for consistency
we choose the invertible tensor ', and then enforce

1

det MAB = —_—,
(det F9, )

(85)

which ensures that the volume form in the material manifold agrees with that in the current configuration.

Because the material metric is constant, its Levi-Civita connection produces no curvature, and thus
the material manifold is Euclidean. This is useful when using a multiplicative decomposition of the
deformation gradient into elastic and anelastic factors F = AG, as we can choose a Cartesian frame
{eq} in the material manifold and its corresponding coframe {*}, in which case the anelastic factor must
satisfy G* AGﬁ BOap = M, p. Since the matrix of components M, is positive definite and symmetric,
we can take the matrix of components G*, to be its unique positive-definite symmetric square root,
in which case we satisfy G AGﬁ Blap = M,p. Alternatively, we may prescribe the anelastic factor in
such a way that the induced material metric is valid. In this case, since M 45 is constant, any constant
invertible anelastic factor will furnish a valid material metric. The incompressibility constraint becomes
det(AaaAbﬁéaﬁ my,.) = 1, which furnishes a differential equation constraining the volume in the current
configuration to agree with that in the material manifold.

Family 1: Bending, Stretching, and Shearing of a Rectangular Block. The deformation for this
family is given in (15) with the deformation gradient (16). We compute the quantity ma[lvk]vbaab =0,
which for this family, only has two independent nonzero components, and we take the coefficients of
the partial derivatives of W to vanish independently. The W71 coefficient of this equation gives the
conditions

T

ABrM*Y2(r
B(N113(T)AC§41)2(T))] I(r)? = {8] : (86)
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The first equation implies that either M'2(r) = 0, or I; is constant, because AB # 0 to ensure the
invertibility of the deformation. If I; is not constant, we have M'2(r) = 0. The second component then
becomes M3 (r) = 0. Therefore, if I; is not constant, we have that M*2(r) = M13(r) = 0.

If I; is constant, we can examine the Wy95 component, which implies the conditions

ABrM*2(r
B(M13(1')—AC§41)2(7'))] Iﬁ(r)2 = {8] . (87)

T

Therefore, I is constant, or M'2(r) = M'3(r) = 0 and we have established that either M'2(r) =
M*'(r) = 0, or all the invariants of b are constant, which is the condition for the anomalous solution.
Hence, in this section, we take M12(r) = M'3(r) = 0 and we consider the constant invariant case in the
next section. With M12(r) = M13(r) = 0, we have the equilibrium equation satisfied, i.e., all of its
terms identically vanish. We only have to satisfy incompressibility. Demanding det b*® = det m®, we
have the condition

MY () [ME()MF () = (M*(r)?] = 1. (88)
Since M1 (r) # 0, and M?2(r) # 0, the relation
23(,.))2

M (r) = Mll(r)1M22(r) + (]\]\4422((72)) ) (89)

ensures that the incompressibility is satisfied. Hence, we have the generic solution

M1(r) 0 0
[MAB(T)] _ 0 M?(r) M?(r) ol (90)
0 M*(r)  srreameey + J\]\4/[22((Tr))

which, by writing M48(X) = M4 (r(X)), can finally be written in terms of the referential variables as

MUE) .
[MAB(X)} — 0 M (X) M (X) ) . (91)
23 1 (M?%(x))*
0 M=3(X) MO MZ(X) T MPE(X)

The current form of M, automatically captures incompressibility because we imposed a particular
form of r(X). If we leave this unspecified, we can simply say that M, is of the form

My, (X) 0 0
[MAB (X)} = 0 My, (X) My (X) ) (92)
0 My3(X)  Msz(X)

and use the incompressibility constraint to determine r(X). This is equivalent to introducing a change
in coordinates rescaling X.

When using a multiplicative decomposition, F = AG, we can choose an orthonormal frame {e,}
and its coframe {¥*} in the material manifold, and require GaAGﬁB(SaB = M,p. Since M 45 is block
diagonal, positive definite, and symmetric, we can take G, to be its unique positive definite symmetric
square root. Because the components M , 5 are arbitrary functions of X, we can take G, to be of the
form

G (X) 0 0
[GUAX)] =] 0  G%(X) G*%(X)|, (93)
0 G%HX) G%(X)

which will yield a suitable M ,5. Additionally, we can multiply G by an arbitrary local rotation Q
yielding QG, which may be more useful depending on the particular problem.* This is equivalent to
choosing a different orthonormal frame in the material manifold, which being non-Fuclidean in general,
does not possess a preferred orthonormal frame to begin with.

4For example, if the eigenstrain corresponds to anelastic simple shear, it may be more natural to express G in an upper
triangular form, rather than a symmetric form.
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Family 2: Straightening, Stretching, and Shearing of a Sector of a Cylinder. Recall that any
deformation in this family is given by (20) with deformation gradient (21). We compute the equilibrium
condition ma[lvk]vba“b =0, and to aid computations, we use the incompressibility constraint det b* =
det m“® by evaluating c® as ¢** det (b",,) = c*® det (b"Pmy,,,, ).
The Wi11 coeflicient of the equilibrium equation has two independent components giving the condi-
tions
2(z—-D) M"(zx) (N2 0
T2 | canas + hs| B2 = o] (94)

If I; is constant, we satisfy these equations, but if I; is not constant, we have M'2(x) = M13(z) = 0,
since A (z — D) # 0.
If I is constant, we then consider the Wi95 component of the equilibrium condition to obtain

T eanagey a0 = o] )

which again implies that either M1%(z) = M'3(x) = 0, or I3 is constant. Therefore, unless the invariants
of b are constant, we have M1%(z) = M'3(x) = 0. Setting these components to 0 satisfies equilibrium,

and so we compute the incompressibility condition det 5%’ = det m®®. This becomes
2(x—D
%Mﬂ(@ M?2(z) M (z) — (M%(x))?} =1, (96)
which implies that
2
M33 ($) — A32 + (M23 (I)) (97)
2(x— D) M (z)M??(x) M?22(z)
Bringing all of these together we have
M (x) 0 0
MAP@)] = | 0 MEE) MR | (98)
AB? M?3(x)
0 M?(x) Sa—D)M I (@) M= @) T M)
or in terms of referential coordinates, writing MAZ(R) = M4E (z(R)),
MY(R) 0 0
(MAB(R) = | O M®(R) M*(R) . (99)

| L Qrw)”
RZMM(R)M?2(R) M?2(R)

0  M2?*(R)

This is the generic solution, and we have set up the conditions for the anomalous solution, namely that
the invariants of b must be constant.

As before, we can introduce a coordinate rescaling, treating x as an unknown function of R, which
allows the tensor M4 to take the form

M (R) 0 0
[MAB(R)] = 0 M?*(R) M?*(R)|, (100)
0 M?*(R) M33(R)

and turns the incompressibility constraint into a differential equation that can be integrated to determine
z(R). If a multiplicative decomposition of F = AG is used, we can express G on an orthonormal frame
in the form

GL(R) 0 0
[G*4(R)] = 0 G*(R) G*(R)|, (101)
0 G*%(R) G%(R)

which guarantees that M, 5 = G AGB p04p is of the proper form. As before, an arbitrary local rotation
Q can be imposed yielding the factor QG, where G is as above, and this new factorization will yield a
material metric of the proper form.
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Family 3: Inflation, Bending, Torsion, Extension, and Shearing of an Annular Wedge. This
family of deformations can be written using cylindrical polar coordinates in both configurations as given
in (25) with deformation gradient (26).

As before, we compute the W13 coefficient of the equilibrium equation and obtain

var=sne? [ 3] M| = o) (102

T

The matrix on the left-hand side is invertible, since its determinant, CF — DFE, being a factor of the
determinant of F, is nonzero to ensure invertibility. Therefore, we have either I; being constant, or both
M*'¥2(r) and M*3(r) must be 0.

If I is constant, we examine the Wiss coefficient of the equilibrium equation and obtain

[y 2] -1

which as before implies that M'2(r) = M3(r) = 0, or I, is constant. Therefore, to satisfy equilibrium,
we must have all of the invariants of b being constant, or M12(r) = M'3(r) = 0. The latter of these
conditions is also sufficient to guarantee equilibrium. We only have to satisfy incompressibility, which
amounts to the equation

A(CF - DE)? (2 = B) M*(r) [M??(T)MBS(T) - (M23(7~))2} =1, (104)

which we can do by setting

2
PO o) o
A(CF — DE)® (r2 — B) M1Y(r)M22(r) ~ M?*(r)
This gives the generic solution
MY (r) 0 0
AB(N] _ 0 M?2(r M2(r
[MAB(r)] = 23( ) 1 (r) | (106)
0 M=(r) ACF-DER (@B M (M=) T 320
or in referential variables, writing MA45(R) = MAB(r(R)),
M (R) 0 0
[AB(R)] = | 0 MEE) MR | 00D
23 1 M?**(R)
0 M*(R) A2R2(CF—DE)2?M1(R)M?2(R) M?2(R)

As in the other families, we can introduce a coordinate rescaling to express the material metric in the
form

My, (R) 0 0
[MAB (R)] = 0 My, (R) My (R) ) (108)
0 My3(R) M3 (R)

which means that on some orthonormal frame, the anelastic factor of a multiplicative decomposition
F = AG takes the form
G, (R) 0 0
[Gp(R)]=| 0  G*%(R) G*%(R)|. (109)
0 G%(R) G%(R)

Doing this turns the incompressibility condition into a differential equation for the unknown function
r(R), and as before, any other compatible anelastic factor can be expressed as QG, where Q is an
arbitrary local rotation and G is as above.
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Family 4: Inflation/Eversion of a Sphere. For this family, the symmetry enforced on the met-
ric tensor automatically satisfies the universal equilibrium equations without additional restrictions.
Demonstrating this, under this symmetry, the left Cauchy-Green tensor reads

+r3F A3 3
b (T)m%(r) O 0
= ZER (110
0 0 m3(r)
and its inverse is X
o 0 0
o (£r3FA3)5 m2(r) X
(] = 0 e orr = B (111)
0 0 mg(lr)r‘1
We can compute the invariants of b as
4
iT?’ A3 3
b= ETEAD ) 4 ),
4
m3(r) [2 (:tr3 F A3) S m2(r) + r6m§(r)} (112)
12 = 2 )
r

Iy = (4% F A%) 5 m2(r)mi(r) = 1.

Notice in particular, that these invariants only depend on r. The Cauchy stress is diagonal with compo-
nents
4
11 2 (i’l‘3 F A3) 3 m%(r)Wl 27‘4W2
= ) T P (113
" (3 5 A%)3 mi(r)

522 2rim3(r\Wy — 2Wo — r2m3(r)p

- , 114
m3(r)risin’ (¢) (114)
P 2W.
0% = =5+ 2mi ()W 7r4m%ir). (115)
Taking the divergence of this tensor and setting it equal to zero gives
4W- drtm! (r)W- 0
VbUlb =3 22 + : ml(rz 2 — drmj(r)W, — = (116)
rima(r) (43 A3)3 mi(r) or
273 ((iQrQ F 6A3) Wo+r (ir3 F A3) (I5(r)Wag + I} (T)W12))
(r® F 4%)% mi(r)
1
n 2(r* =A%) mi(r) (2(r3 + A3 Wy 7 (r® — A3) (I5(r)Wia + I{ (r)W11))
5
4(+r3 F A3)% ma (r)my (r)Wy
rd =0,
1 Jp
V 2b — i 07 117
b7 r2 sin? ¢ 90 (117)
1 dp
30 _ _

Therefore, the undetermined pressure must only depend on r, and the components of V,0% only depend
on r. Using % =0 and g—p = 0, and defining v* = Vbaab, we can compute V% = V v For simplicity,
we will only compute the off-diagonal components of this tensor. Note that

=1 0 |, (119)
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and V%4 =0,v* + Ud’ycd“. Computing the off-diagonal components, we get

1 Ov? ov®

v
Vi = W‘Lvlﬁll =0, V5= 374”’17312 =0, Vi = 374“117113 =0,

¢ g 120

2 w® 1, 2 3 w® 1, 3 1 o' 1, 1 (120)
V1:W+U711 =0, szw‘f'“?’m =0, V3:87¢+U’731 =0.

Therefore, V% is diagonal. Because m,,, is also diagonal, we conclude that V,_ is diagonal, and hence, is
identically symmetric. Recognizing V;, as m,, V% = m,, (V.V, o), this means that the equilibrium
equations are automatically satisfied for an appropriate pressure field, because the antisymmetric part
of my, (chdoad) vanishes simply due to the symmetry of the tensor field MA5.

We now only need to satisfy the incompressibility condition det b = 1. Computing this yields

(£r° £ A%)5 m2(r)md(r) = 1, (121)

or in referential variables, writing m;(R) = m, (r(R)), R*m3(R)m3(R) = 1. Therefore, the final form of
the inverse material metric tensor for this family is

m2(R) 0 0
1
[MAB] = 0 m1 (R)R2 sin® ® 0 (122)
0 0 . S—
ml(R)Rz

Alternatively, introducing a coordinate rescaling as before, the material metric tensor takes the form

m1(R) 0 0
[Mag]l= 0 ma(R) sin? ¢ 0 ) (123)
0 0 mo (R)

and we obtain a differential equation that can be integrated to determine r(R). Then, taking a mul-
tiplicative decomposition of F = AG, we can express G using an orthonormal frame in the material
manifold yielding

G1(R) 0 0
[GY4] = 0 G2(R) sin @ 0 ) (124)
0 0 Ga(R)

which again can be left multiplied by an arbitrary local rotation Q if desired.

Family 5: Inflation, Bending, Extension, and Azimuthal Shearing of an Annular Wedge.
For this family, we have the deformation as given in (35) with deformation gradient (36). Again, we
compute the equilibrium condition ma[lvk]vbaab = 0, and look at the Wyq; coefficient. This contains
two independent equations:

AEM'(r) A [
[Ar (ABM' (r) + CrM ()| 10" = o) (125)
If I, is constant, this equation is satisfied, and if I; is not constant, we require M'3(r) = 0, and
11
M12(7") = —ABAC{iT(T). If I is constant, we examine the W9y coefficient in the equilibrium equation and
obtain 13(7)
AEM r / 2 0
[Ar (ABMll(r)+ch12(r))] L) = [0} : (126)
which implies either I is constant, or M13(r) = 0 and M*2(r) = _%:(r)_ Hence, we either have all
__ABM''(r)

of the invariants of b constant, or we have M13(r) = 0 and M12(r) =
the generic solution.

The conditions on the components of the metric are sufficient to satisfy equilibrium, so we only have
to satisfy incompressibility. The incompressibility condition in this case reads

c—» which characterizes

APEPMMY (r) [(CPr*MP2(r) — A2B MM (1)) MP3(r) — C*r*M*(r)?] = 1. (127)
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We solve this for M?%(r) to obtain

2
M%(r) = ! T ) 0 ) (128)
AZC2E2p2 M (1) M33(r) M33(r) O2r2 ’
which gives the generic solution
Mll(r) _ AB]\é:_I(T) 0
AB - 1 14A2C2E2r2 (M3 (1)) M (r 22 011,
[M (7")] - _AB]gr = A2C2E2r2g\/j11(7(~)3\)433(r)( : : Bcg; = M23(T) ’ (129)
0 M?3(r) M33(r)]
or in referential variables, writing MAB(R) = MAB(r(R)),
MY (R) N 0
MAB — | BM“W(r) 1+A'CPER*(M*(R))’M'Y(R) | B M'(R) ) 1
[ (R)] - CR A402E2R2M11(R)M33(R) + C2R2 M23 (R) ( 30)
0 M?*(R) M33(R)]

Unlike the other families, the standard Euclidean inverse metric MAZ(R) = diag{1, R=2,1} is not
a member of the generic solution branch for this family. This is because this Euclidean metric yields a
special case of the anomalous solution, having constant invariants.

In principle, we can rescale our coordinates and compute the form of the anelastic factor in a multi-
plicative decomposition for a member of this family as we have done for the previous families. However
we will not concern ourselves with the multiplicative decomposition for this family, because its generic
solution branch does not contain the solution without eigenstrain. As such, any continuous process
based on this family beginning with zero eigenstrain will not lie in this solution branch, but rather on
the anomalous branch, and so the multiplicative decomposition associated with this generic branch is of
limited use.

7 The Anomalous Universal Solutions

As we have covered cases I and Ila in the previous section, we turn our attention to case IIb. The
groundwork for this case, namely the spatial constancy of the strain invariants has already been laid in
our analysis of case Ila in section 6. The analysis for each family follows the same general pattern, so
we will merely outline these steps here in an example appearing in Family 5, then present the results.
Details are given in Appendix B.

Step 1: For the anomalous solution, we start with the equations derived from the equilibrium con-
ditions: four second-order linear differential equations for each family, involving the six undetermined
components of the inverse metric tensor. By integrating the equilibrium conditions, up to two of these
components can be expressed in terms of the other variables.

We take, as an example the deformation
r=R, 06=1logR+0, z=2 (131)

for which we compute the components of b as

Vet M2 4 an M3
[b%] = |tz 4 M2 g2z g oME LMD 2 MU (132)
13 M2 4 M /33

r

The first universal equilibrium equation is ma[lvk]vbbab = 0, which in these coordinates amounts to the
two equations

), MO M)

MB(r) S =0, (133)

T r
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r (5MY(r) + M (r)" +rM"(r)") + 3M"(r) + 3M " (r) = 0. (134)

The general solution of these equations is

Mll
MB() = e+ 92, a2y = 2y 02 M)
r

135
r s r (135)

Step 2: After integrating these equations, we have the three constant invariant conditions for each
family to solve. The constant trace condition is linear in the unknown components of the inverse metric,
S0 we can use it to solve for one undetermined inverse metric component in exchange for introducing the
trace of b as a parameter.

For the purposes of our example, we will take 75 = 0, 71 = 0, and M'3(r) = . With this, 6% becomes

M 0 r
[bab] | o M2 _ 1\;{72“ M2 41 . (136)
r M2 4+1 M33

Next, we compute the equilibrium condition ma[lvk]vbcab = 0, which is simplified by multiplying c*® by
the condition det b = 1. This condition puts the remaining two ODEs in the form

r (r*M>(r)" + 7rM*(r) + 8M>*(r) +8) = 0, (137)
3MY2(r) + 3MY(r) + 7 (5M12(r)' + MY () + rMm(r)”) =0. (138)

Integrating these equations gives the solutions

M3 (r) =12+ pe — 1, OMPE(r) = MM (r) + 7481 + 17 Bo, (139)
which gives b® as
MM 0 r
[bab} _ 0 % + % % + % (140)
ro B4 M33
We have the constant trace condition
I = b, = MY 4 M3 4 6y + 2, (141)
T
hence,
M3 =1 — M — B — % (142)
T
The incompressibility condition det b = 1 then can be written as
2 2
(ar+ Bart) A [ ) () =y Bur® o ar) A0
+ 76 (1+ﬂ17”2+52) =0,
and the constant second invariant condition can be written as
2 2
rOMM (r)? =t (Iur? = Br® = Bo) MM (r) + (rPps + p2)” + (Bur® + Bar) (144)

+ 78+ Lr® — Lir* (B1r? + B2)

Step 3: We are left with two nonlinear algebraic equations. The first is the incompressibility condition
detb = 1, and the second is the constancy of the second invariant of b. Both are quadratic equations
in the remaining component of the inverse metric tensor, which creates an overdetermined system. We
compute the resultant of these two equations in this component, and demand this resultant vanish to en-
sure that these two equations have a common root. The resultant of these equations is itself a polynomial
in the other undetermined integration constants: the invariants of b, and the remaining independent
spatial coordinate.
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Even in our simplified example, the resultant of these equations in M!!(r) yields the condition a rela-
tively lengthy polynomial equation p(r) = 0. It can be immediately simplified by noticing that one of
the coefficients is simply p$, so uz = 0 is a necessary condition for there to be a common solution to
these two equations. It can be further simplified by noting that after using us = 0, one of the coefficients
becomes Y, so we demand 3, = 0. With this, a different coefficient becomes ¢, and hence 11 = 0 as well.

Step 4: Therefore, the resultant is a polynomial equation of the form p (¢) = 0, which must hold for all
values of the independent variable ¢ (which is either r or « depending on the family). Accordingly, we
set each coefficient to zero independently, and obtain an overdetermined system of nonlinear polynomial
equations for the undetermined constants. We wish to find all the solutions to these equations, and so
we compute a primary decomposition of the radical ideal generated by these equations. These equations
are simple enough that this can be done with the assistance of a symbolic algebra package, though even
then the computations are rather cumbersome (see appendix B). After we have done this, we are left
with a set of conditions on the undetermined constants that are necessary and sufficient for the existence
of a common root of the original quadratic equations in the undetermined inverse metric component
over an open set. We substitute these constants into these equations and use them to solve for the final
component of the inverse metric tensor, which gives us the general form of the anomalous solution. In
all of these cases, despite encountering branching conditions in the course of analyzing the conditions on
the constants, the separate branches ultimately are redundant, and we are left with a single anomalous
solution branch for each family.

For our example, using the conditions pg = 0, B2 = 0, and p; = 0, the polynomial simply becomes
(ﬁf’ — LB} + LB — 1)2 r18 = 0, which demands 8} — I 37 + I31 — 1 = 0, because 7 > 0. We recognize
that this is the eigenvalue equation for the tensor b, so we require 8; to be an eigenvalue of b. We can
satisfy this by writing Iy = 81 + e and Iy = Bi1e; + %, where e; = \{ + Ao is the sum of the other two
eigenvalues of b and we have used incompressibility in the form A A28, = 1. When we substitute these
conditions back into the original equations for M, they both become (up to some nonzero constant)

BLMY(r)? — e 1M (r) + 17281 + 1 = 0. (145)

This equation can be solved for M and we obtain

MH(T):;(elj:\/e%—4<7"2+;1>>7 (146)

which gives one example of M4AE as

] -
e+ 6%*4]“32*% *%(eli e§74R2—%> 2R
1
3 —%(a:t e%—4R2—%) %(eli e%—432_§1)+ﬁ712 _9 )

2R -2 e1 FyJef —4R? — 4

This lets us compute the corresponding elastic left Cauchy-Green stretch tensor as

%(eli\/e%—él(ﬂ—i—ﬁll)) 0 r

[b°] = 0 & 0 . (148)
r 0 %(elq:\/e%—él(rz-kﬁll))

We can verify that b?® satisfies the equilibrium conditions and the constant invariant conditions.
Completely determining the universal anelastic extensions of these families amounts to doing a similar

analysis for each of the remaining families, but in full generality, i.e., not assuming particular values for

the parameters appearing in the deformation, nor selecting values for the integration constants a priori.
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These computations are included in the Appendix B, only the results are presented next. As we are
considering the case where the strain invariants are constant, the set of universal equilibrium equations
reduces to (48) and (49). Ordinarily these equations have three independent components, but in our case,
one of these components vanishes identically for each equation, hence we have four ordinary differential
equations to solve for each anomalous branch, together with the three algebraic equations constraining
the strain invariants to be constant.

Family 1: Bending, Stretching, and Shearing of a Rectangular Block. Integrating the equilib-
rium equations (48) and (49) and solving the constant invariant conditions gives the following anomalous
solution branch for this family:

M (r) = 55+ as, (149)
M*3(r) = 7AB;COQ + 7% + 72, (150)
. o1 T‘\/B26%T‘2 —4 (B27°2 (ea + A2B2M1'2(r)?) 4+ (AB2C M2 (r) — M13(r))2>
MY (r) = S £ e . (151)
a2 - ABles (exr? — A2MM(r)) M*2(r)? + [AB;QCM”(T) - M13(r)]2’ (152)
B2egr? [(ABQC’MH(T) — M3(r))? + 7‘2M12(r)2]
”s AC (AB2CM™(r) — M*(r))*
M(r) = g
ear? [(AB2CM2(r) = M13(r))” + r2M12(r)?]
A?B? (erear? — 1% — A2eo M (1)) M2 (r)M*3(r) (153)
e2r? [(AB2CM2(r) = MY3(r))” + 72 M12(r)?]
i) - AT [AB (€2 2) M%)~ PO e err” = M) MO

627‘2 (ABQCM12(7‘) _ MlS(T))Q + T2M12(7’)2

Here the constants e; and e, are the elementary symmetric polynomials in two of the three free eigenvalues
of b
e1 = A1+ A2, €2 = A1, (155)

with the incompressibility condition determining the third eigenvalue as A3 = ﬁ The parameters e
and e, must be positive with e? > 4e,, since b is positive definite. The remaining constants, a1, az, 71,
and o are arbitrary, subject to the condition that the choice of ey, es, oy, g, 1, and o must yield a
positive-definite metric tensor. One can explicitly verify that the invariants of b generated by this metric
are

1
11=€1+;=A1+>\2+A37
2

I, = % 4 e2 = A1 g + AaA3 + A3, (156)
2
I3 = A3 = 1.

Additionally, we can express this in terms of the referential variables by expressing r in terms of X by
the relation r = \/A (2X + D).

Family 2: Straightening, Stretching, and Shearing of a Sector of a Cylinder. With this
family, it is prudent to make the substitution & = x — D, which allows us to express the anomalous
solution branch as

1€ + as
NG )

_mé+
JE )

M2() = (157)

M) (158)
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Ve 1[4t — 4 [Aea +2¢ ((AM13(0) + COD2(9)* + dr12(ep) |

MU(g) = AT , (159)
ey P [(CMr12(6) + AM3(€))* + €3 (o1 — 2AB2€M™ (€)) M2(£)?] o)
) 2 [M12(€)? + (AMS() + CM ()] |
e AB? c (CMu(g) +AMI(©))" + CM2(6)?]
ex (MI2(6)2 + (AM() + OM2(6))?)

_AB?[(A—eiea + 2A3262§M“(§)) M ()M (€)] (161)

2 [MI2(6)2 + (AM3(§) + CM™(€))?]
M) = B2 ((1+C%) M2(¢) + ACM™3())? + A2, (e — 2AB2EMM(£)) M3 (¢)? (162)

€2 M12(£)2 4 (AMI3(€) + CM12(¢))?

Alternatively, we can express this in terms of referential variables using the equation & = %ABQRZ. As
in the previous case, e; and es are the elementary symmetric polynomials in the free eigenvalues of b,
)\1 and AQ.

€1 = Al + )\2, €y = )\1)\2. (163)
With this, the third eigenvalue is determined via the incompressibility condition A3 = ﬁ This ensures
that the invariants of b are )
I 261-}-; = A1+ A2+ A3,
2
e
I, = = +e9 = A A2 + Aad3 + Az, (164)

€2

Is = Mdo)s = 1.

The constants ey, es, ay, as, ¥1, Y2 are largely arbitrary, apart from the condition that e; > 0, and
e? > 4dey > 0, and that the constants are chosen such that the metric tensor is positive definite.
Alternatively, we have the case where the anelastic strain is compatible, and we have

M, R> M,,R M3 R
[MAB(R)]: M12R M22 M23 ) (165)
M3 R My M3

where {M;, Myy, M5, Moy, My, Mys } are constants and det M , 5 (R) = R?. At first glance this case
appears slightly more general than the previous one under the special case a; = 71 = 0, because for a
fixed overall deformation, there are five independent parameters determining this solution, while setting
a1 = 1 = 0 in the other family yields a special case of (165) depending on the free parameters as, 72, €1,
and eo. However, this case causes the stretch tensor b*® to be constant, which requires that the material
manifold be Euclidean, and a constant isochoric stretch only depends on two independent stretches, with
the remaining degrees of freedom representing a global rotation, which we can freely add or remove. This
case appears to not be a special case of the previous branch, because once we eliminate the dependence
on &, we not longer have a preferred direction, and hence we spontaneously gain additional rotational
degrees of freedom that can be removed by the choice of the orientation of our current configuration
Cartesian coordinates.

Physically, this amounts to the reference configuration deforming anelastically into a parallelepiped,
which can be elastically deformed into the desired block, as that elastic deformation is homogeneous.
Indeed, the stress required to accomplish this is always constant, and hence equilibrium conditions are
trivially satibﬁed One can easily verify that the only nonzero Christoffel symbol generated by this metric
is 'y, = % Which generates a vanishing curvature tensor R = 0. In fact, the anelastic strain can be
integrated up to an arbitrary rigid rotation and translation to obtain the position vector

R2
Xp = 7€1+®€2+Z€3, (166)
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where €, is an arbitrary right-handed set of linearly independent vectors spanning a parallelepiped with
unit volume. With this, the constants M, = e, €y, i.e., the arbitrary constants appearing in the metric
tensor are given by the Euclidean inner products of the constant basis vectors.

Family 3: Inflation, Bending, Torsion, Extension, and Shearing of an Annular Wedge. For
this solution, it is prudent to define the functions

p(r) =m+ Z% q(r) = a1r® + as. (167)

With these definitions, we have the following anomalous solution branch

M"Y (r) = = (168)
MlB(T) _ Ep(i)af_cg(r)’ (169)
e1+ \/e% —4 [62 + A(CF — DE)* (p(r)2 + ‘I(Qr“)]
M (r)y=r A0 B) , (170)
p22 (g — (D20 + Fa0)” +erear? (Da(r) = Fp(r))’
ez (CF — DE) 2 (q(r)? + p(r)*r?)
e (Fplr) = Da(r)* (2 = B) M"(r) )
ez (CF — DE) (q(7”)2 ( ) r?)
() = Aea BB = Calr) (Fpr) = Date) (2 = B) b
e2 (CF — DE)"r ((1(7’)2 +p(r)?r?)
_ e1(Calr) = Ep(r) (Dalr) = Fp(r)) _ (Colr)r® + Blr) (Do) + Faw) o
(CF — DE)* (q(r)? + ( )2 %) ¢s (CF = DE)* 12 (q(r)? + p(r)>r?)
as(ry — (Cr20(0) + Bar)” + erear? (Ca(r) = Epr))?
e (C’F — DE)*r2(q (r)2 + p(r)3r2)
 Aea (Bplr) = Ca(r))* (% = B) MM (1) )

e2 (CF — DE)*r2 (q(r)? + p(r)?r?)

As with the other families, we can use the deformation equation r = vV ARZ + B, to recast this into the
referential variables. Additionally, the parameters e; and es are the same as the previous families, and
other than demanding that the eigenvalues they determine be positive, we also demand that the choice
of variables oy, aia, 71, V2, €1, and ey leaves the metric tensor positive definite.

Family 5: Inflation, Bending, Extension, and Azimuthal Shearing of an Annular Wedge.
To facilitate the analysis of this family, it is useful to define the function f(r) =~1 + 3. With this, we
have

MB(r) = arr + % (174)
My =& + \/61 (e2 + A;jg r)? A2E2M13(7”)2)’ (175)
M12(7”) _ f(r) - féfMll(T)’ (176)
o eaf () (ex + A2 (B2~ 1) M)
M=(r) = C2r2ey (f(r)2 + E2M3(r)?)
J B APB MY () MP(r) — 24Beaf () (£ + EMO0?)
C?r2ey (f(r)2 4+ E2M13(r)2) ’
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ABMIS(T) M13 ) (1 —e1eo + A2€2M11(T))
Cr Cez?“ (f(r)? +EQM13( )?) 7

()2 + B2ey (61 — A2MY (1)) M13(r

B, (F(P + EM0)7)

M23(7“) = —

(178)

M3(r) = (179)
Again, the constraints on the constants appearing are as before, and are only necessary to ensure the

positive definiteness of b and the metric tensor. We can recast this into referential variables using
r = AR, if desired.

8 Merging of Universal Solution Families

After obtaining the previous results, it is natural to ask if solutions in one family correspond to solutions
in another, and if so, to what extent? It is possible that the material manifolds, and the corresponding
elastic deformations from two different families differ only by a change of coordinates, or equivalently, by
a compatible anelastic deformation connecting the reference configurations of the two total deformations.

8.1 Equivalent Universal Solutions

Two universal deformations, 1 : (Mp, M') — (ML, m'), and ¢, : (M%,M?) — (M2, m?) are said to
be equivalent if there exist two isometries ¥ : (M}Q,Ml) — (/\/@%,Mz), and 9 : (Mi, ml) — (M?, mz)
such that

Yopr =0V, (180)

or, equivalently, the following diagram commutes:

ML ML #1 s (ML m!
( R ¢

qu lw (181)

(M M) 7 (2 m)

For general manifolds, this is a difficult task, as we not only have to determine whether or not two
isometries exist, i.e., solve the Riemannian manifold equivalence problem twice, but also whether or not
they satisfy equation (180). However, in our case, the current configurations of the universal deformations
are both Euclidean, and hence ¢ must be an element of SE(3). Additionally, ¢; and @5 are invertible
and in principle known, so if we can find v, we can solve for U = ¢ Loahopy. It is then a simple matter
of checking whether or not ¥ is an isometry.

We choose coordinates for all of these manifolds, writing current configuration coordinates as {x*},
and material manifold coordinates as { X4}, with each set numbered by the universal deformation per-
taining to it. In terms of these coordinates, these maps are

xla =®1 (XlA) ,
9" =2 (XQA) )
zt = (%b) )

X2A =V (X1B) )

(182)

where we have used different indices on the different sides of the equations to emphasize that in principle
each new coordinate depends on all of the old coordinates. These maps prolong to tangent maps (Fy)”
(F2)* 4, h*y, HA,, satisfying

A

dz* = (Fl)aA XmAv
dry® = (Fy)? , dX, ™,
dr,® = hdz,°,
dX," = HApdX,”?

(183)
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In terms of these tangent maps, we then have the isometry conditions

(M) = HPAH 5 (M?) (184)
(ml)ab = hcahdb (mQ)Cd’ (185)
and the prolongation of equation (180) as
a b a B
h?, (F1)"4 = (F2) g H" 4. (186)

Because both current configurations are Euclidean, we can trivially satisfy equation (185) by choosing
1 to be an element of SE(3), and we can then use equation (186) to express equation (184) in terms of
he, as
a _1\D c c _1\FE
(MI)AB = (F) A hba (FZ 1) b (M2)DE (F1) BN (F2 1) d’ (187)

We can write this expression in terms of the inverse of b®® = F?, F’; MAB for each deformation and
obtain

(cl)ab = hca (62)Cd hdb’ (188)

and hence
(b2)™ = h®.hPy (b)) (189)

8.2 Relationships Between the Six Universal Families

We would like to identify which families are likely to contain overlap, and take note of Table 2. Specifically,
the left Cauchy-Green tensor of each family is symmetric with respect to the prolonged action of a
subgroup of SE(3). Therefore, if two universal deformations are equivalent, their corresponding strain
tensors should have isomorphic symmetry groups. Denoting the symmetry group of by as K7 C SE(3),
and the symmetry group of bs as Ko C SE(3), we seek ¢ € SE(3) such that

WKy = K. (190)

This immediately identifies a possible correspondence between Families 1, 3, and 5, because their sym-
metry groups are isomorphic. Additionally, we expect that there might be some universal solutions in
Family 2 that are also in Family 0, since the symmetry group of Family 2 is a subgroup of that of Family
0, though we can immediately recognize that there are solutions in Family 2 that are not equivalent to
any in Family 0, because not all solutions in Family 2 are invariant under the action of the full symmetry
group of Family 0.

This observation immediately reveals that, up to an element of these symmetry groups, ¥ must be
the obvious one implied by our choice of coordinates in each family, because it must send invariant sets
of K to invariant sets of K5. We recall that if a (sub)group K acts on a manifold M, an invariant set
of K is a set S C M such that Vo € Sk, and Vk € K, ke x € Sig. Here we consider the smallest
nonempty invariant sets: the orbits of a single point under the action of the subgroup K;. The invariant
sets of the symmetry groups of Families 1, 3, and 5 are concentric cylinders, hence any potential 1)
connecting these two families must map a family of concentric cylinders to another. The coordinates for
each family were chosen such that this family of cylinders is centered on the z axis, hence we require 1
to be a Euclidean isometry mapping the z axis to itself. Apart from rotations and translation that leave
the left Cauchy-Green tensor fields unchanged, this restricts 1 to either be the identity, or a rotation
reversing the orientation of the z axis. We will see that we can freely take v to be the identity.

We first show that Family 0 is contained within Family 2. To do this, we must find an equivalent
deformation in Family 2 for any choice of deformation in Family 0. Identifying our coordinate systems
(i.e., taking 7 to be the identity), we can express the left Cauchy-Green tensor field for any deformation
in Family 0 as

bll b12 b13

(b (2,y,2)] = |12 b*2 b3 . (191)
b13 b23 b33
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We choose a universal solution in Family 2 with material inverse metric of the form

Mll MlQ M13
1.%122 R R
[MAB(R)]: 1\;1% 22 3|, (192)
M® 23 yr3s
R

with MAB being appropriate constants, which is one of the cases where the material manifold is Eu-
clidean. Pushing this forward to the current configuration, we obtain the equations

pll pl2 p13 A2BApit BM*'? CBM"Y + ABM'3

19 29 23 _ ~ MQQ CM22 ]\'/'[23

213 223 233 B ~ IB;MH ~13 cMﬁM% CQJ\ZQWJM@ | 1
CBM=+ABM™ ppr + 35 apr + apr + 5=

Therefore, for any given element of Family 0, the choices

S bll
MY = o (194)
M2 = b (195)
=5
~ b13 _ Cb12
M13 — 1
15 , 96

197
198
199

MQQ — A232b22
M23 _ AB2 (623 o Ob22) ,

)
)
)
M33 _ B2 (b33 _ 2Cb23 4 C2b22) , )

(
(
(
(

yield an equivalent member of Family 2. Also we note that these compatible material manifolds are
contained as special cases of the non-homogeneous branch of Family 2 via the same argument presented
in section 7. Denoting U4 to be the set of universal deformations corresponding to family A, we conclude
that

Uy C Us. (200)

We then seek to establish similar correspondences between the sets U, Us, and Us. First, we consider
an element of Us lying in its generic branch. The left Cauchy-Green tensor field of this element is fully
determined by specifying three functions of R, hence implicitly of r through R = é, namely M (r),
M?(r), and M33(r), along with values for the constants A, C, and E. Labeling these choices ]\;[11(7"),
M?3(r), M33(r), A, C, and E, we seek elements in Families 1 and 3 that generate the same stretch
tensor field.

The left Cauchy-Green tensor field for the generic branch of Family 1 depends on three arbitrary
functions of X (r) = % - D MY (X(r), M?*(X(r)), and M?3(X(r)) as well as the constants 4, B, C.
If we select the functions and constants such that

2,2 N7
a(x () = A, (201)
(AZEQTQMH(T)> -t + C2NI(r)?
M* (X(r)) = B2N33 () ) (202)
|:A2E~2r2M11(T):| - LCINMB(r)?
M*»(X(r))=A|C +CEM*(r) |, (203)

NI33(r)

it is straightforward to verify that the stretch tensor fields generated coincide. Therefore, the generic
solution branch of Family 5 is contained in the generic solution branch of Family 1, since we can find
universal solutions in Family 1 that are equivalent to any universal solution in Family 5.
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Similarly, the generic branch of Family 3 depends on three functions of r through R(r) = ’”ZXB :

MY (R(r)), M?2(R(r)), and M?3(R(r)) as well as the constants A, B, C, D, E, and F. The choice

I (201)
b BF + BN () [CEM® (r) — CEN®(r)| [DENI(r) - CFN*(r)

MR = = A2E2 (CF — DE)2 MV (r) M3(r) - (209)
. P2 BRI (r) [OFNI(r) — DENI® ()]

M=(R(r)) = , (206)

A2E2 (CF — DE) r2 M (r) M33(r)

also generates an identical stretch field, hence the generic branch of Family 5 is also contained in the
generic branch of Family 3.

We have shown that the generic branch of Family 5 is contained in those of both Family 1 and Family
3. To examine the opposite direction, suppose we take an arbitrary member of the generic branch of
Family 1, defined by parameters Mll(X(T)), MQQ(X(T)), Z\~423(X(7“))7 A, B, and C, and seek to find a
solution in Family 5 that generates the same stretch tensor field. Elements in Family 5 depend on the
parameters M (R(r)), M%(R(r)), M33(R(r)), A, C, and E, and the choice

M (R(r)) = A?M;g( ), (207)

M23(R(7‘)) — MQ;((}XE(T)) _ B202]\é2E2(X(T))’ (208)
. L4 BT (X () [512 ((r) — ABRCITE (X ()]

M™(R(r)) = : (209)

22 B AT (X () M2 (X (1)

generates the same stretch tensor fields as the member of Family 1. Hence, the generic solution branch of
Family 1 is contained in the generic branch of Family 5. Coupled with the previous result, we conclude
that the generic solution branches for Families 1 and 5 are equivalent, in that every universal solution in
one of these branches has at least one equivalent universal solution in the other.

Next, choosing an arbitrary universal solution in the generic branch of Family 3, we seek a universal
solution in Family 5 that is equivalent. Choosing parameters M (r), M?2(r), M?3(r), A, B, C, D, E,
and F determining an arbitrary solution in Family 3, we can choose an element of Family 5 by specifying
the parameters A, C, E, M'*(R(r)), M**(R(r)), and M?3(R(r)), where R(r) = %. If we choose these
such that

A(r® — B)M'(r)

Mll(R(T)) — 17,2 , (210)

M?*(R(r)) = ! DF (211)
CEME() |4 (CF - DE) (v - B) N1 (r)

+ (éMZQ(r) + DM%(T)) (EM?? (r) + FM%(T)) , (212)

M33(R(r)) ! s + (EM22(7“) + FM23(7«))2 . (213)

T EBN2(r) | 4 (oF - DE)2 (r2 — B)N (1)

we obtain a universal solution that is equivalent to the specified solution in Family 3. Hence, the generic
solution branch of Family 3 is contained within that of Family 5. Coupled with our previous results, this
result means that the generic solution branches of Families 1, 3, and 5 are all equivalent to each other.
Next we consider the anomalous solution branches for these families. First, we select an arbitrary
member of Family 3 anomalous solution branch by specifying the parameters A, B, n= DE —CFJ 6,

5While the anomalous branch for Family 3 depends on the parameters C, D, E, and F, they only appear in the
combination DE — C'F, hence it is sufficient to only specify this value.
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€2, a1, Ao, 71, and 2. We seek to find solutions in Family 1 anomalous solution branch, and Family 5
solution branches that generate equivalent solutions.

First examining Family 1, we can select values for constants ay, as, 71, 72, €1, €2, A, B, and C. It
is straightforward to verify that the choice

- - - - - 1 _ - -
G =7, =7, n=d, p=a+0n, B=—x, A=AF, e=d, e=d, (214
VA

generates an equivalent solution. Likewise for Family 5, we can choose values for the parameters a;g, as,
1, Y2, €1, €2, A, and E, where the specific choices

A= 77]\/2, FE = 1, o] = (]71, g = 02'27 Y1 = ,>71’ Yo = 727 e = é‘l7 €y = €~2, (215)

generate a solution that equivalent to the arbitrary solution from Family 3. Hence the anomalous branch
from Family 3 is contained in both that of Family 1 and Family 5.

Conversely, we select an arbitrary member of the anomalous branch of Family 5 by specifying the
parameters o, a2, V1, Y2, €1, €2, A, and E. We can verify that the choice of parameters

A=A, 772\/1 e1 =61, ey=6, ap=FEd, a=Edy v=91, 7 =", (216)

yields a solution from Family 3 that is equivalent to the arbitrary one from Family 5.

Finally, we select an arbitrary member of the anomalous branch of Family 1 by specifying the param-
eters di, da, Y1, V2, €1, €2, A, B, and C, and seek an equivalent solution in Family 3. The parameter
choices -

14:1427 B:B, 7]:1, 61:6~1, 62:62,
7 5. . - . 217
o] = %, Qg — gQB - BCdQ, Y1 = BdQ, Yo = Bdl, ( )
generate such a solution. Hence, we deduce that the anomalous branches of Families 1 and 5 are contained
in that of Family 3, which combined with our previous results implies that the anomalous branches of
all the three families are the same.

Therefore, having examined both the generic and anomalous branches of these families, we conclude
that Uy, = Us = Us. Hence, in the anelastic setting, our initial six families of universal solutions have
collapsed into three families Us, Us, and Uy, one corresponding to each of the three surfaces with constant
principal curvatures in 3D Euclidean space: planes, cylinders, and spheres, respectively. These surfaces
are the invariant sets of the symmetry groups of the left Cauchy-Green tensor fields, and they played
a central role in [Ericksen, 1954], being the level sets of the strain invariants. Here, we see that not
only are the invariants of b constant on these surfaces, but b itself is symmetric with respect to these
surfaces in the manner induced by the action of the special Euclidean group. This symmetry is present
even in the degenerate case when the invariants of b are constant, which is why we can identify the
symmetry groups even in the anomalous solution branches. In the classical problem, similar surfaces can
be identified in the material manifold, since in the absence of eigenstrains, the material manifold and
the reference configuration coincide. These surfaces are invariant sets of the symmetry groups of the
right Cauchy-Green tensor fields, and prevent the identification of the classical families with each other,
since the only two classical families with matching invariant sets in both configurations are Families 3
and 5. These however cannot be identified with each other because solutions in Family 5 have constant
invariants, while those in Family 3 do not. Hence, it is only after the addition of eigenstrains that many
of the classical families become redundant.

8.3 Standard Forms of the Three Distinct Universal Families

We note that there is some redundancy in the parameterizations we currently have, which is exhibited
by observing that the parameter selections we have used to identify the families with each other are not
mutual inverses. We can reparametrize to eliminate this redundancy and have a single representation
for strain field of each family. Concretely, we can express the left Cauchy-Green stretch field for the
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anomalous branches of U3 in the following standard form:

b =m+ \/m2 - [p +(013)2 + (b127ﬂ)2]7
2 _ (b13)% — p (b2r)? (b1 — 2m)
pr? [(b13)2 n (51270)2} ’
(b12r)2 = p (%) (b1 — 2m) (218)
p [019) + (b12r)?]
pl2 — 12 L M2 b12pt3 (1 + bt — 2pm) y13

)

Tt e e’

b33

a2
=Tra) + )
T

where p is the product of the two free eigenvalues of b, and m is the mean of the two free eigenvalues.
The inverse of this, c,;, is the push forward of the material metric, and has components

o2m — pll <p7,.b13)2 4+l (r2b12)2 pil (b13)2 + (prb12)2
11 = 7}) »  Cog = 1202 2] C33 = o2 a2l
p [(7612)° + (013)%] p[(912) + (013)%] o
r2p12 p13 p12p13 (b” _ p2) 2 (219)
Ci2=—7" ", CG3= """ C3= :
P P p[(612) + (012)°]
The generic branch of this family likewise has a standard expression:
bt (r) 0 0
[pe(r)] =1 0  b2(r) bB(r)|, (220)

0 b2 (r)  b33(r)

with the incompressibility condition detb = 1 taking the form r2b!(r) [b” (r)b>3(r) — (bzg(r))Z] =1
The inverse of this form then takes the form

c11(r) 0 0
[Cab(r)] = 0 Coo(T)  co3(r) |, (221)
0 Coz(r)  c33(7)

with the incompressibility condition being ¢q(r) {022 (r)ess(r) — (623(1"))2} = 72, The positive definite-
ness condition is equivalent to ¢y () > 0, coq(r) > 0, and cg4(r) > 0 in addition to the incompressibility

condition (221), or in the anomalous solution, requiring m > 0, and 0 < p < m2. An example of one
of these generic solutions was investigated by Yavari and Goriely [2015], with the parameter choices

N2 (p(Ar)—7)?
e11 (1) = A%, a9 (1) = N1, e (1) = 1 (4 (Ar) = 7), and gy (r) = ZHGR0=0
Similarly, the left Cauchy-Green tensor field for the anomalous branch of the family U, takes the
standard form

b= m+ \/m2 - [p +(012)% + (b13)2},

o () = ()° (01— 2m)
p [(012)° + (b19)?]

5 _ <b12)2 —p (b13)2 (b“ _ 2m) (222)
p (612 + (012)°]

_ 7b12b13 (1 +pb11 — 2pm) i3 _ 4 Y

p |62 + (013)7]

b23

b2 =iz + o,
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with p and m defined as previously. Inverting this to obtain c,;, one obtains

2m — bil pit (b12)2 + (pb13)2 pit (b13)2 + (pb12)2
‘=" _"> C= 3 57 G338 = 5 21
p p[(®12)? + (513 p[(02)? + (013)?]
(223)
b12 b13 b12b13 (bll _p2)
Ci2=—" C3=—"—, C3= 5 o7
g P p[(B2)° + (013
The left Cauchy-Green tensor for the generic branch of this family also has a standard form
b (x) 0 0
(bt (x)] = 0 b2(z) b3(x)|, (224)

0 b2 (z) b33 (x)

with the incompressibility condition becoming b'!(x) |b22(2)b33(z) — (b23(x))2} = 1. The inverse of this
then takes the standard form

¢y () 0 0
[Cab(x)] = 0 Coo(T) co3(z) |, (225)
0 cos(x)  cs3()
with the incompressibility condition
e11(2) [ean(@)es () = (exa@))*] = 1. (226)

The positive-definiteness condition is equivalent to requiring ¢, (z) > 0, co(x) > 0, and cg5(z) > 0,
in addition to the incompressibility condition (226), or in the anomalous case, requiring m > 0, and
0<p<m?

Finally, the spherically-symmetric family ¢/, can be expressed in the standard form through its left
Cauchy-Green tensor

g(r)? 0 0
p1=1 0 om0 |, (227)
0 0 a(r)r
which has the inverse
g9(r)~? 0 0
[cw) =] 0  g(r)r?sin®¢ 0 |. (228)
0 0 g(r)r?

The incompressibility condition and positive definiteness is automatically satisfied for arbitrary functions
g(r) satisfying g(r) > 0. In terms of parameters defined by Goriely [2017] in Chapter 15.1.1, this function
is g(r) = o, = a~2: it is the radial stretch.

These standard forms make it clear that universal solutions in anelasticity can be categorized by
computing the tensor ¢”, and comparing the result with the standard forms here. As a consequence
of this, the symmetry of the elastic strain in the current configuration determines which family any
particular universal solution belongs to, as it is this symmetry that is reflected in c”.

We have examined particular symmetry groups, namely T(2), T(1)xSO(2), and SO(3). All of these
are Lie subgroups of SE(3), and specifically they are generated by two independent generators; choosing
two translational generators yields T(2), choosing a rotation and a translation about the axis of that
rotation yields T(1)xSO(2), and choosing two rotations fixing a common point yields SO(3). We show in
Appendix C that any Lie subgroup of SE(3) generated by two arbitrary independent generators contains
at least one of these groups by necessity, hence we have the following theorem:

Theorem 8.1 (Classification of Symmetric Universal Solutions). Any universal solution that is equiv-
ariant under the action of two independent 1-dimensional Lie subgroups of SE(3) is contained in one of
the three universal families Us, Us, or Uy.

This allows us to precisely state our conjecture regarding the completeness of our classification in
terms of symmetry:
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Conjecture 8.1 (Symmetry Necessity). A deformation must be equivariant with respect to the action of
two independent 1-dimensional Lie subgroups of SE(3) in order to be universal, hence our classification
is complete.

9 Graphic Representation

Because the material manifolds are generally non-Euclidean, visualizing them is difficult. A way to
overcome this difficulty is to approximate their geometry as “piecewise Euclidean” and examine the
deformation of each piece. This approach is similar to the three-dimensional version of approximating a
curved surface with a polyhedron, and then representing that polyhedron in the plane by its net. The
original surface can then be build up by connecting appropriate edges, but because of the curved nature
of the surface, these edges cannot all be connected without distorting the pieces, or lifting them out of
the plane. To demonstrate this technique, we will first start with a two-dimensional example, and then
move on to a Fuclidean three-dimensional example, and then finally apply the techniques to examples
of material manifolds obtained from our analysis.

9.1 A two-dimensional example

We know that representing spherical geometry in the plane isometrically is an egregiously impossible
task [Gauss, 1828]. To get around this, we only do this approximately, and allow for incompatibility by
partitioning and separating our domain in multiple pieces. We can then stretch each piece in such a way
that the deformed pieces can be approximately recombined in three-dimensional space to form an upper
hemisphere. The deformed pieces are individually flat, so they can all be placed in the plane, but not in
a way such that they can be pieced together without gaps (see Figure 12).

Figure 12: We start with a disk, partition it, and separate the resulting pieces to allow for room for each piece to
strain without overlapping its neighbors. We then strain each piece, and recombine the deformed cells to create an
approximation of an upper hemisphere. Here each cell [R;_1, R;] x [©;_1, 0] is positioned so both the position of the
point (r,0) = ((Ri—1 + R;i)/2,(©;j—1 + ©;)/2), and the orientation of its tangent plane match that of the exact map from
the disk to the hemisphere.

Explicitly, we want to take the region r € [0,1], 6 € [0,27), where r and 6 are polar coordinates in
the plane, and map it to the surface z = v/1 — 72 in three-dimensional space. The stretch induced by
this map is described by the metric tensor with cylindrical components

[Mog] = {1‘(1{2 7?2] : (229)

which we can approximate as constant on each piece, while keeping each piece in the plane, by evaluating
the metric at 7* = (Tpmaz — Tmin)/2. The deformed pieces can then be rigidly translated and rotated in
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Figure 13: As the partitioning gets finer, the resulting approximation of the anelastic strain becomes more and more
accurate.

three-dimensional space to approximate the desired spherical surface, with the approximation becoming
better as the partition becomes finer (see Figure 13).

This two-dimensional example allows one to see the correspondence between the deformed partitioned
approximation and the recombined non-Euclidean configuration, which is important because once we
move up to three-dimensional examples, we are no longer able to recombine the strained pieces; we must
deduce properties of its geometry from the deformed partitioned approximation alone. Additionally, while
we assembled the resulting deformed pieces into a hemisphere by lifting them into a higher dimensional
Euclidean space, we could have assembled them into any number of other surfaces that are isometric
to the hemisphere. Because we only determine the intrinsic geometry of the material manifold, there
is no preferred isometric embedding in some higher dimensional Euclidean space, unless as above, we
explicitly specify the embedding.

9.2 A three-dimensional Euclidean example

Just as in the two-dimensional example, we can partition a flat three-dimensional body, explode it, and
approximate strains on each piece to represent the non-Euclidean geometry of our deformations. The
only difference is that, in general, we cannot recombine the distorted pieces into a cohesive whole, because
the resulting shape is not globally flat. However, if the strain that we impose is actually induced by a
map between Euclidean spaces, we can apply this procedure to the partitioned pieces, and observe the
local strain, while separately observing the global deformation. We can then compare the two results
to see which features are preserved by this local partitioning approach to better interpret the results of
applying this procedure to our derived material metrics.
Consider the following map given in cylindrical polar coordinates

r=R, 0=v0, z=Z7Z+ 0. (230)

This map produces azimuthal shear and angular stretching. Choosing ¢ =2 and v = %, and mapping the
domain R € [2,3], © € [0, %’r], Z € [0, 1], we obtain a transformation shown in Figure 14. If we instead
compute the strain tensor, and use it as a material metric for the current configuration, we obtain

1 0 0
[Mypl= 1[0 v2(r?+p?) w|. (231)
0 0 1
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Figure 14: Angular stretching and azimuthal shear of an annular wedge. Elements of this body have been artificially
separated to better show the deformation of the internal elements.

Applying this stretch to our partitioned domain, we obtain the depiction shown in Figure 15. This
side-by-side comparison shows what is happening when we do this piecewise transformation, namely we
capture the strain of each piece, but we do not capture any local rotation that is present in the global
deformation. This is because local rotations produce no strain, so they do not contribute to the strain
tensor, and hence, we cannot expect to be able to capture them through this reconstruction.

L

Figure 15: With just knowledge of the strain at each point, we cannot recover the local rotation necessary to piece the
elements together, nor the global rotation present in the overall deformation.

9.3 Anomalous anelastic strains

For the anomalous families, we will use the partitioning technique to attempt to visualize the deforma-
tions. We note that not all choices of parameters are valid over arbitrary domains. In particular, the
parameters must be chosen such that the metric is positive definite over the chosen domain, in addition
to making sure that the strain tensor b is positive definite, a much simpler task as this requires e;
and ey to be positive with e? > 4ey. We also depict the total overall deformation, coloring the current
configuration by the trace of the Cauchy stress required to maintain it for a Mooney-Rivlin solid with
strain energy of the form

W:%(11—3)+%(12—3), (232)

both in the presence and absence of anelastic strain. Because the invariants of the left Cauchy-Green
tensor are constant for the anomalous universal eigenstrains, any choice of strain energy is indistin-
guishable from a Mooney-Rivlin energy, and the only invariant of the Cauchy stress that can potentially
vary spatially is the pressure generated due to the constraint stress. Here we choose the two material
parameters in the Mooney-Rivlin energy to each be equal to 1, though different choices of parameters
would yield qualitatively similar results.

Family 1. For this family we choose the reference domain X € [0,1], Y € [0,6], and Z € [0, 4], and
take the deformation parameters A = %, B=1C= i, D=2, F =0, F =0. To examine the effects
of anomalous universal eigenstrain on the equilibrium stress distribution, we consider the same overall
deformation, and contrast the stress generated in the presence of eigenstrain with that generated in the

absence of eigenstrain. For the anelastic strain parameters, we use

1 1 6 e =

L O A TR

7<:>>\1:

Q] = _17 Qg = )\2 _
R =

o] Nety Ne}
N[t V][V

(233)

One can verify that this ensures that M is positive definite over the chosen domain. To visualize the
anelastic strain, we subdivide the domain, separate the pieces, and approximate the anelastic strain on
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each (see Figure 16). This anelastic strain is generally not compatible, i.e., the deformed pieces cannot
be reassembled in Euclidean space without further deformation. We map the body into the current
configuration, and color it to denote the spherical part of the Cauchy stress generated by a Mooney-
Rivlin solid. This requires us to integrate the indeterminate constraint pressure field, both with and
without eigenstrain. Without eigenstrain, we have the following differential equations for the constraint
pressure

1 A2 B202 —1) — B2 4 3\ .4
o _ g+ A )~ ( AQ)T’ I _y 9y, (234)
or r3 00 0z
which can be easily integrated to obtain
1 2 (22 2, 3
=25 + A% (B“C* — 1 B+ 25
p(X)=p(R) = -F ( ) _ A p2, (235)

2r2 2
Notice in particular that p does not vary with z or . Additionally, only the gradient of p affects the
motion, which allowed us to ignore the integration constant when integrating the above equations.

Figure 16: A depiction of the anomalous anelastic strain for one element of Family 1.

When there is eigenstrain, we obtain a different set of differential equations determining p(X):

apeig apeig 2AB (1 + 62) 8peig 2 (1 + 62)
— k(R = = 236
or (R), 00 €9 2 Ty, e R (236)
where k(R) is an algebraic function of r alone. We can in principle integrate these to obtain
T .. 2AB(1+ 2(1+
pas(X) = pu (0.2) = [ k(7 dr + 2B LR 20T ), (237)
o 2 2

In contrast with the ordinary case, when we have eigenstrain, we can generate pressure gradients that
vary with 6 and z. Interestingly enough, even the generic universal eigenstrain cannot generate pressure
gradients in these directions; the anomalous universal eigenstrain is the only universal eigenstrain that
can create pressure gradients in these directions. This suggests that the measurement of these pressure
gradients can be used to partially measure the eigenstrain, and conversely these anomalous solutions
can be used to generate pressure gradients in these directions to, for example, counteract the pressure
generated by body forces. We then compute the first stress invariant, the trace of the Cauchy stress, or
equivalently its spherical part, for the material both in the absence and presence of eigenstrain, and plot
the resulting stress invariant in Figure 17.

Family 2. For this family, we choose the reference domain R € [2,3], © € [0,5], and Z € [0,4], and

take the deformation parameters A = 1, B = %, C = i D =0, E =0, F =0. These parameters
define the total deformation, allowing us to examine the effects of eigenstrain on the Cauchy stress. In

particular, we take the parameters appearing in the anelastic strain to be
_ 1 — 2 1 3 €1 = ]29%7 )\1

) = 3 = T T5 <
5 NTE MTUI =2 7 N

(238)

e
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Figure 17: Without eigenstrain (top), only radial pressure gradients can be sustained. With the imposition of the
anomalous eigenstrain (bottom), linear pressure gradients with z and 6 can also be sustained.

This ensures that the metric is positive definite over the chosen domain. We subdivide and explode the
domain, and apply our anelastic strain to each piece, as shown in Figure 18. We are then left with a set

v Jii
i

Figure 18: A depiction of the anomalous anelastic strain for Family 2.

of differential equations determining the constraint stress. In the absence of eigenstrain, we have

=24 ——————— = =0, =0 239
O 2AB2 (x — D)*’ Oy Dz (239)

Upon integration, we obtain
p(X) = p(z) = 2AB* (z — D) (240)

~ 24B2(z— D)’
In contrast, when we consider eigenstrain, we have the equations

apeig _ k‘(l‘) 6peig _ \/5(1 + 62)a apeig _ \/i(]- —|—62)
Ox Loy VAe, 0z VAes

where as before k(z) is an algebraic function of z. We can integrate these equations to obtain

V2(1+e) V2(1+es)
* VAey T VAey

As before, the presence of this anomalous universal eigenstrain generates pressure gradients in directions
that are not possible in their absence, in this case, the y and z directions. Again, even the generic branch
of universal eigenstrains cannot generate pressure gradients in these directions, further highlighting the
unique nature of the anomalous solutions. We then compute the trace of the Cauchy stress, and plot the
resultant distributions both in the absence and presence of eigenstrain (see Figure 19).

(Cay + Am1), (241)

Peig(X) = Deig (¢, y,2) = /I k(&)dz (Cag + Ayy) . (242)
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Figure 19: Without eigenstrain (top), the pressure generated by this deformation only varies with . When we impose
the anomalous eigenstrain (bottom), the pressure generated can also vary with both y and z.

Family 3. For this family, we choose the domain R € [2,3], © € [0,5], and Z € [0,4], and the
deformation parameters A=1, B=0,C =3 D=1 E=1 F=23 G==" H=0. This completely
defines the total deformation, allowing us to examine the stress generated with eigenstrain in contrast
with that generated without eigenstrain. We take

1 2 1 3 er =25 A =32
= —7 = ——, = —, = ——7 ’ ’ 243
ai 3 a2 5 g 3 V2 13 ey = ]1%7 A Ay = §7 (243)

as our anelastic parameters. Over the defined domain, these choices ensure that the anelastic metric
tensor is positive definite. We then partition and explode the domain, approximating the eigenstrain on
each piece, depicting the result in Figure 20. As before, we obtain differential equations for p, yielding
in the elastic case

2 2,r,2
ap E? . B-Gremr trt mherr  A[B(B+C)r— (1+C?)
5 S ThE e Pt 3 + ) ;
or  (DE-CF)*r3 Ar (2 — B)
p _ op _
0" 8"
(244)
which can be integrated to obtain
%) = () = 1| (PE-CPP+ Flog(R) 4, , B?
= p— —_ _— 'T' _——_—
P =PI =5 A(DE — CF)? - B (DE — CF)%r2 -
B [(DE —CF)? - FQ} ) )
— —A(1+C?%)log(B—r
A(DE — CF)*r2 ( ) log ( )
In contrast, in the presence of eigenstrain, we have the differential equations
- ; 2 (A2 DE —-CF ; 2 (A2 DE —-CF
6pelg _ k(R), apelg _ ( + 62) ( >’7 6pe1g _ ( + 62) ( )al’ (246)
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with k(R) an algebraic expression in r as in other families. This pressure can be integrated to obtain

or

2 (A2 + e2) (DE — CF)7 oy 2 (A% +ey) (DE - CF)

. 247
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Figure 20: A depiction of the anomalous anelastic strain for Family 3.

We compute the first invariant of the Cauchy stress and color the deformation according to it in Figure
21. As in other families, the presence of this anomalous branch of universal eigenstrain can generate
pressure gradients in directions that do not occur otherwise, specifically pressure that varies with 6 and z.
This property would allow one to indirectly measure the eigenstrain by measuring the pressure variation
required to sustain this deformation. Likewise, if we can specify the eigenstrain, we can create specific
pressure gradients that would otherwise be impossible for the generic branch.

Figure 21: Without eigenstrain (top), the pressure only varies radially. With the anomalous eigenstrain (bottom), the
pressure can vary linearly with z and 6.

Family 5. For this final family, we choose the same domain as in Family 3,ie, R€2,3],© €[0,5],
and Z € [0,4], and we take the deformation parameters to be A = ,B=1,C=1,D=-% E=25,
F = 0. Choosing the anomalous eigenstrain parameters as
1 1 1 1 e =2 AN =2
= —— = — = —— = — ’ = ’ 248
Mg T MEqp mTp oo 928 (248)

we subdivide and explode our domain, then approximate the eigenstrain on each piece. The result of
this is depicted in Figure 22. As with the other families, we are left with a set of differential equations
determining the constraint stress. When eigenstrain is absent, we have the equations

op  (BP+C*-1)(1+A4'C*) 9p 2B(A'+ ) dp

el = = 24
or A2C2?r T 00 A2 T 0z 0, (249)
which can be integrated to obtain
B2+ C?—-1) (14 A*C? 2B (A% + A
p(X) =p(r,0,2) = - ( A%ﬁ ) log(R) + %0. (250)
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Figure 22: A depiction of the anomalous anelastic strain for Family 5.

When we consider the anomalous solution, we have the equations

Op Op 241 +eo) Op 2AE(1+e)
X _ k(R e e S 7 = = 251
5 — FB), =5 e " 5. o o, (251)
in terms of an algebraic function k(R) which can be integrated to obtain
" 2A(1 2AF (1
p(X) =p(r,0,2) =/ k (7) di + (e+e2)%9+ (e ey (252)
0 2 2

When we compute the pressure gradient in the case of the generic universal solution, we obtain a pressure
that only varies with . We see that the anomalous branch generates pressure gradients that vary with 6
and z, unlike the generic solutions. We can compute the trace of the Cauchy stress, both with eigenstrain
and without eigenstrain, and use this to color the deformed configurations in Figure 23. Notice that unlike
other families, the constraint pressure in the absence of eigenstrains can vary in a direction different than
in the generic anelastic situation, specifically, for an eigenstrain in the generic solution branch, we have
dp/06 = 0, but in the absence of eigenstrain, we have dp/90 = 2B (A* + Jz)/A?. This is due to the
fact that the standard Euclidean metric in terms of cylindrical polar coordinates lies on the anomalous
solution branch, not within the generic branch. In the elastic case, when the azimuthal shearing term
does not vanish, corresponding to B # 0, we have a pressure variation in 6 that is necessarily nonzero. In
the anomalous case, we can determine the pressure variation in both 6 and z by adjusting our choices for
~v1 and a1, allowing us to determine the pressure variation in these directions independently of the overall
total deformation by choosing the anelastic strain appropriately. Specifically, we can have arbitrarily
large azimuthal shearing, while also causing the azimuthal pressure variation to vanish. While the other
families also allow us to select the ordinarily absent components of the pressure gradient in a similarly
arbitrary way, this family is unique in having one of these pressure gradients present without eigenstrain,
so the anomalous universal eigenstrain allows us to both create pressure variations in these directions,
but also remowve pressure variations that are ordinarily necessary to maintain the overall deformation.

Additionally, with the anomalous anelastic solution branch, the azimuthal pressure variation dp/06 =
2A (1 + e2)y1/ea does not depend on the degree of azimuthal shearing, i.e., it is independent of B. While
the anomalous eigenstrain itself does depend explicitly on B, if the eigenstrain and the total deformation
are simultaneously varied by changing B, the azimuthal pressure gradient should not change. Doing this
in practice would be difficult, because fundamentally the parameter B partially determines the overall
deformation, hence both the overall deformation and the eigenstrain would have to be simultaneously
controlled in precise ways to realize this thought-experiment. Thankfully, this does not have to be done
dynamically; a new value of B could be selected, the overall deformation could be controlled, and once it is
established, fixed. Then the eigenstrain could be controlled until the universal eigenstrain corresponding
to the chosen value of B is obtained. After this is done, the pressure variation could be measured, and
this process can be repeated to establish the independence of the azimuthal pressure gradient.

10 Conclusions

We have generalized the universal solutions of Ericksen’s problem to the case of anelasticity. The main
idea was to first indentfy the symmetry group associated with each solution of the classical Euclidean
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Figure 23: Without eigenstrain (top), this family allows for pressure gradients in both the radial and azimuthal directions.
With eigenstrain (bottom), an axial pressure gradient can also be sustained.

problem and use this symmetry group in a non-Euclidean setting by finding the possible metrics that
guarantee each symmetry group. We used both the structure of existing universal solutions for a given
M and their symmetries to find possible material metrics M. This was done by interpreting the classical
universal deformations passively as coordinate changes. Then all local changes in geometry can be
captured by changing the metrics. In this way, once we moved away from M to the general M, we
recognized that any homeomorphism can be expressed by the particular coordinate maps for each family,
since the coordinates themselves no longer hold any specific interpretation. By identifying an appropriate
symmetry to impose on M for each family a priori, we accomplished the following:

e First, we constrained this problem to a point where it is still nontrivial, but solvable in a systematic
algorithmic way.

e Second, because this symmetry depends on the classical family of universal solutions, our construc-
tion provided a direct extension and classification of the new anelastic solutions consistent with
the elastic ones.

e Third, it is likely that these symmetries play a fundamental role in constraining the classical
problem; the known classes of universal deformations all have particular symmetries. Identifying
the relevant symmetries to impose on M highlights this explicitly and we conjecture that all possible
cases of anelastic universal solutions possess such symmetry. Specifically, all known universal
solutions are preserved under the induced action of subgroups of the special Euclidean group.
These subgroups are precisely those having two-dimensional invariant sets, which are either parallel
planes, concentric cylinders, or concentric spheres.

It should also be noted that the generic solution branches and the anomalous solution branches differ
largely in character. The generic solution branches contain arbitrary functions, and as such are infinite
dimensional, while the anomalous solution branches are entirely determined up to a handful (~ 10)
of arbitrary constants, 6 of which are not redundant, and have a highly nontrivial structure. In all
cases, the different branches of the analysis ultimately yield the same family of anomalous solutions.
These anomalous branches also allow for the pressure required to sustain these deformations to vary in
directions that would otherwise not be supported, even on the generic anelastic branch. This suggests
possible applications of these anomalous branches in manipulating the surface tractions required to
sustain these deformations, as well as a way to indirectly measure some of the eigenstrain parameters.

Additionally, symmetry appears to play an important role in these universal solutions. The right
Cauchy-Green stretch tensor field for every family is invariant under some subgroup of SE(3), the group
of orientation preserving isometries of 3D Euclidean space. The dimension of the Lie symmetry seems to
play an important role as well; equilibrium conditions for families with three-dimensional Lie symmetries
(Families 0 and 4) are trivially satisfied by imposing that symmetry on the material manifold, while
families containing two-dimensional Lie symmetries require further restrictions.

45



While we have framed this problem in the context of an anelastic deformation from Euclidean space
with the usual metric in the chosen coordinates to some Riemannian manifold, and a further elastic
deformation back to Euclidean space, we do not make use of the initial Euclidean space in our analysis,
nor do we detail any specific mechanism driving the anelastic deformation. The Fuclidean reference con-
figuration appears in the initial presentation of these universal solutions in nonlinear elasticity, therefore
we use it as a comparison when displaying the elastic stress generated by these deformations, but there is
no need for it to be the initial state of our undefined anelastic process. Provided our anelastic evolution
arrives at the material manifolds derived here, the remainder of the deformation can be accomplished
elastically. Therefore, the anelastic deformation can in principle map from any configuration; there is no
need for a Euclidean reference. Even if the reference is Euclidean (as we tend to model physical space
as Euclidean), there is no need for the coordinates used to be the typical Cartesian, cylindrical polar,
or spherical polar coordinates used in the elastic case; they can be curvilinear coordinates, dramatically
broadening the range of anelastic deformations to which our results are applicable.

Finally, we remark that neither the classical Ericksen’s problem, nor the anelastic Ericksen’s problem
presented here has been proved to be fully solved and there may still be universal solutions unaccounted
for. However, our conjecture, based on the correspondence between solution families and their sym-
metry groups, is that both classifications are actually complete. An additional work demonstrating
that the strain fields of these universal solutions must by necessity be symmetric with respect to two
one-dimensional Lie subgroups of SE(3) would prove that this classification is complete.
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A  Methods and Tools

In the course of our analysis, we shall use a few tools that are infrequently used in nonlinear elasticity.
Here we present a brief summary of these tools, and provide references to further sources for interested
readers.

A.1 Algebraic tools

Some techniques from elimination theory [Cox et al., 1992] will be used in our analysis of universal
solutions. Chiefly among these is the method of resultants. We will not use resultants in their full
generality, but rather will only need to compute the resultant of two quadratic polynomials, and as such
will only provide the details necessary to substantiate our usage. Consider two polynomials

pi(z) = Zaixi, and po(x) = Z bz (253)

i=0 =0

The resultant of p; and py is a multivariate polynomial in {aq, ..., ag, bo, ..., b, } that vanishes if and only
if there exists a common solution to the equations pi(x) = 0, and pa(z) = 0. This will be useful to
us because we will consider multivariate polynomials recursively as single variable polynomials, with
coefficients in some extended field, and the method of resultants gives us a way of reducing the number
of necessary equations that must be satisfied, while reducing the number of variables we must consider.

As an example, consider two quadratic polynomials py (z) = a2 +bix+cq, and pa(x) = asx? +box +
co. We seek a condition on {aq,b1,c1,az,ba, ca} such that there exists & satisfying p; (&) = pa (&) = 0.
Taking the linear combination asp; () — a1ps () = 0 gives us a linear condition on &, namely

(a2b1 — albg) T = a1Cy — agCq. (254)

Then taking the combination byps (&) —bapy (2) = 0 gives the condition (azby — a1bs) 2 +byco —bacy = 0,
which under the above linear restriction becomes

(0,162 — a2C1) T = b261 - blcg. (255)

Cross multiplying and subtracting the two linear equations (254) and (255) gives a necessary condition
on the coefficients of p; and ps for there to be a common solution, namely

(alcg - a201)2 — <b201 — blcg) (a2b1 — albz) =0. (256)
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The left hand side is precisely the resultant of two quadratic polynomials, and so we denote
Res,, (a1x2 + b1z + 1, ax? 4 box + (32) = (a1c0 — a261)2 — (bacy — brea) (agby — arbs). (257)

The vanishing of the resultant is a necessary condition for the existence of a common root of the two
quadratic equations in x.

Additionally, we will repeatedly use the fact that if a polynomial p(z) vanishes on an open set U,
ie., p(x) =0, Vo € U, then, by the fundamental theorem of algebra, all its coefficients vanish identically,
i.e.,, p(x) is the zero polynomial.

A.2 Group action on manifolds

Symmetry will play an important role in our construction. As group theory lies at the heart of any
discussion of symmetry, we present some definitions from the theory of Lie groups, and reference the
reader to Gorbatsevich et al. [2013] for a full treatment. We recall that a semi-direct product is a
generalization of a direct product, where only one factor must be a normal subgroup of the result. For
instance, T(n), the group of translations of Euclidean space, is a normal subgroup of the special Euclidean
group SE(n), while the group of rotations, SO(n) is not, hence SE(n) # SO(n) x T(n), but rather
SE(n) = SO(n)xT(n). The special Euclidean group, denoted SE(n), consists of all orientation preserving
global isometries of Euclidean space, and is a semi-direct product of SO(n), and T(n). Therefore, an
element of SE(n) can be identified with a tuple (Q|c) consisting of an element Q of SO(n), and an
element ¢ of T(n). The defining feature of SE(n) being how it acts on E", we must now express this
action, and hence the natural group operation of SE(n) on E™ in terms of (Q|c).

The action of a group (G,*) on a manifold M, informally, is a map p : G x M — M that preserves
the group structure of G. Denoting this action for g € G and x € M as p(g,x) = g @ x, this demands
(maxmy) @ex = mg e (my ex) for all my, my € G, and all x € M. Additionally, denoting the identity
of G as e, we demand p(e,x) = e e x = x, Vx € M. Concisely, a group G acts on an object M via a
homomorphism p : G — Aut (M).

Example A.1

Treating E™ as a vector space, i.e., fixing an origin, the action of SE(n) on E™ in terms of the tuple (Q|c)
sends the point x € E™ to the point Qx + c. One can easily verify that this is an isometry. The action of
the element (Q1]cy) followed by the action of the element (Qz|c2) is then x — Q2Q1x+ Qacq+ca, hence,
in this representation, the product of the special Euclidean group, *, takes the form (Qg|c2) * (Q1]c1) =
(Q2Q1|Qzc1 + c2). We will eventually see that the right Cauchy-Green stretch tensor for each of the
known families of universal solutions is preserved under the prolonged action of some Lie subgroup of

SE(3).

The action of a group on a manifold can then be prolonged to its tangent bundle. This prolonged
action can be determined by fixing an arbitrary group element g, and considering the action of this
element as a map p(g) : M — M. The existence of inverse elements in G guarantees that this map is
invertible, since p(§)~! = p(g~!). Provided M has a smooth structure, and p(g) is a smooth function of
x, this map can then be differentiated to obtain the corresponding induced tangent map, i.e., the push
forward map, which then determines the action of § on the tangent bundle of M. The invertibility of
p(g) then provides a group action on the cotangent bundle via the pull-back induced by the inverse map.
Notice that, generally, we consider the prolonged action of a group on bundles over M, not merely on
individual tangent spaces, because underlying points in the base space are not generally fixed, i.e., the
base space and the total space are transformed together. Additionally, even if certain points in the base
space are fixed points under the action of a group element, this does not guarantee that the tangent
spaces at these points are similarly preserved. For example, in E3, a rigid rotation preserves the position
of the points on its axis, but rotates the tangent spaces at those points.

B Explicit Calculations of the Anomalous Solutions

For families containing anomalous solution branches, we have the necessary (but not sufficient) condition
that the invariants of b are constant, with detb = 1 for incompressibility. For each of these families,
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we have four linear differential equations, one linear algebraic equation, and two nonlinear algebraic
equations for the six unknown functions comprising the components of M5, We will use the linear
equations to solve for five of these unknown functions in terms of the sixth, and then characterize the
common solutions to the remaining two equations to determine the final component.

Family 1
For this family, we consider the case where the invariants of b are constant. This gives the equation
Mo Vi Vo™ =0, (258)

which, when applying the constant invariant condition and forcing this to hold for all energy functions
requires
M,V Vib™ =0, m,;,VyVyc™ = 0. (259)

The first of these has two nonzero components after substituting the form of MAZ. One of these
components yields the differential equation 3M'2(r) +rM'2(r)” = 0. This equation is readily integrated

to obtain
«

1
M2(r) = 2 To (260)

Applying this to the second nonzero component of the condition on the divergence of b yields the

differential equation r*M13(r)” — r3M13(r) — 8AB?Ca; = 0, which again can be integrated to obtain

o ABchél

M (r) 2 + 7172 4 2. (261)

After this, we must compute the condition on ¢, which we can simplify first by noting that detb = 1, so
we can utilize ¢ = (det b) ¢, which gives

b22b33 _ (b23)2 b13b23 _ b12b33 b12b23 _ b13b22
[cab] — b13b23 _ b12b33 b11b33 _ (b13)2 b12b13 _ b23b11 , (262)
b12b23 _ b13b22 b12b13 _ b23b11 b11b22 _ (b12)2
i.e., the cofactor tensor of b equals the inverse of b. When we use this, we obtain the two differential
equations, which can be expressed as
(raq 4+ riao) M3 (r)" = (o1 — 3r’as) M*(r)’ — (AB*Craq + rPy +13y,) M**(r)”
+ (AB*Cay — Triyy — 3r%y,) M?2(r) — 8y M*(r) = 0, (263)
and
(A2B*C?*raq + AB?CrPy; + AB?Cry,) M2 (r)" + 8AB*Cr3y M (r)
+ (—2ABQC7‘a1 — AB?Cr3ag — rPy — 7"3’72) M?3(r)" — 83y M3 ()
+ (7A2B402a1 + TAB2Cr*y, + 3ABQCT2’Y2) Mzz(r)’ + (roz1 + r3a2) M33(7’)"
+ (2A320a1 —3AB2Cr?ay — Triy, — 37“272) M?3(r) + (—a1 + 3r2a2) M3(r) =0. (264)

These equations can be integrated to obtain the conditions

(a1 4+ 1r2a2) M3 (r) — (AB*Coy + ryy +1%72) M*(r) = By + 1% s, (265)
(ABQCal + iy + 7“272) M?2(r) — (o + 7“20[2) M?3(r) = py +rpo. (266)
We also have the constant trace condition on b, which becomes
A'B*M"Y (r) + A2B? (C? + r®) M??(r) — 2AB>Cr® M (r) + r* M**(r) = A>B*r*1,. (267)
We can express this system of equations, linear in M?2(r), M?3(r), and M33(r), as the matrix equation
0 M) M) [ME(r) B+ 125,

r2M13(r) —r2 M2 0 M2(r)| = w1 412 , (268)

A?B*r? (r? +C?) —2AB?Cr? r? M3 (r) A2B?r?1, — A*B*M™ (r)
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which is invertible, because the determinant of the matrix on the left hand side is
6 [(M13(r) — AB2CM™(r))? + (AB2TM12(T))2] >0, (269)

since M'2(r) and M'3(r) cannot simultaneously vanish. We invert these equations to obtain expressions
for these components of the inverse metric in terms of M(r), r, and various constants.

29 _ A232 (117“2 - A2M11) (M12)2 + (/.1,1 + T2M2) M13 - (51 + QABQCMl + 7'2 (52 + 2AB2C/J/2)) M12

M ;
r2 [(M13 — AB2CM12)? + (AB% M12)’]
(270)
a2 (PurBe) MU 4 A2BEMI2 [B2 (C? +v2) (w1 + o) + (A*MT — Lir?) M (271)
r2 (M3 — AB2CM2)? + (AB% M1?)’| ’
A2B?
M3 = 5 X

(Br+72B2) [B?(C? +r?) M2 — 25 M'3] — M3 [B2(C? +12) (1 + 12ps) + (A2MM — I10%) M13)
(M13 — AB2CM12)* + (AB2rM12)* '

(272)

We then have the other two restrictions, the constancy of the second invariant of b and the incompress-
ibility constraint. After substituting the above expressions into these conditions, they become

p = ASB? [AQB4 (o + r2a2)2 + 72 (T2’71 +v9 — ABQCOQ)Q} MY (r)?
+ A*B?%p? [BZ ((oq + r2a2) (ﬁl + 7‘262) + 72 (7”271 + 72 — ABQCOQ) (ul + TQ,ug))
+ AB*C (a1 + 7“2042) (ul + 7“2,ug) — A%2BYL (a1 + r2a2)2 —Ir? (7“271 + v — ABQCOéQ)Z:lMH(T)
+ ASRB® (a1 + T2a2)4 + B%# (,81 + 7"262)2 + A*BY? (oq + 7"2042)2 I:BQIQTQ +2 (7"271 + 79 — ABQC’ag)ﬂ
— A?BSCcIyrt (041 + r2a2) (,u1 + 7“2/@) +24B*Cr? (61 + r2ﬂ2) (m + T2ﬂ2)
+ A%t [32127,2 (rQ'yl + 72 — AB2C’a2)2 + (7“271 + v — ABQCa2)4 + BS (02 + 7“2) (u1 + r2,u2)2
- B*I ((on + r2a2) (B1+ 7"252) +7? (7“271 +v9 — ABQCaz) (1 + r2u2)) } =0, (273)
and
po = A*B? ((al + 7"20l2) (Bl + 7“262) + (7"471 + 12y, + ABQCal) (pl + rng)) MY (r)?
+ 72 (ﬂl + r262)2 + A%B? (02 + r2) (,u1 + r2,u2)2 — A’B?I, (AB2Ca1 + iy + TQWQ) (ul + 7"2/1,2)
+ AB? (B1 4+ 12B2) (2C (p1 + rp2) — AL (ar +1%a2)) } MY (r)
+ {AQB4 (oq + r2a2)2 + 72 (T2’71 + v — ABQC’ag)Q}

X [r4 + (ﬂl + T2[32) (oq + 7“2042) + (,u1 + TZug) (7’471 + 12y, + ABzC'al)] =0. (274)

We then compute® the resultant of these two equations in M*!(r), yielding a polynomial in 7 that
must identically be equal to zero. In order for this to be satisfied, each of its coefficients must vanish
independently. This can be shown by repeatedly taking derivatives of the equation in r, which will
ultimately require each of the coefficients to vanish independently. Computing this resultant we obtain

Resypii(ry (p1,p2) = ASB2%y8 {AQB4 (a1 + r2a2)2 + 72 (r271 + 72 — AB2Ca2)2} (o). (275)

6Symbolic computations were done with Mathematica Version 12.0.0.0, Wolfram Research, Champaign, IL.
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The factors explicitly shown are identically nonzero, since A and B are nonzero for the deformation to
be invertible, 7 > 0, and the other factor only vanishes if both M'?(r) and M'3(r) vanish, in which
case we are no longer on the anomalous solution branch. Therefore, we take (...) = 0. This factor
is massive, being approximately 8000 terms, so it it far too large to list here, but enough information
has been provided to compute it explicitly if the reader desires. We next take its coefficients to vanish
independently, and factor each coefficient. The shortest of these factors is

2
A°B? (B3 — B'himpi + B*Lyipe —77)” =0, (276)

BQ/J2

which can be satisfied in one of two ways. Either both us and -, are zero, or v = is an eigenvalue
of b. In the first case, after simplification of the other coefficients, we obtain another equation

2 (83 — 1,B2A’ B%as + I3 A*B*a3 — ASB%a3)® =0, (277)

which implies either as = 83 =0, or v = Wéaz is an eigenvalue of b.

Taking as = 2 = 0, we obtain another similar eigenvalue equation that implies 72 = pu; = 0 or
2
v= ng L is an eigenvalue of b.

B
A2B120(1 ?
because we already have as = v1 = 72 = 0; @y = 0 would result in both M'2(r) = 0 and M*3(r) =0, a
contradiction. This condition is sufficient for solving all of the necessary conditions.

B? l»bl

Taking v = p1 = 0, we obtain another eigenvalue equation, but this equation demands v =

Backing up a branch, we can take v = as an eigenvalue of b. We then perform the substitutions

I =e + é and I, = % +eq with v = é, Wthh expresses the invariants of b in terms of the elementary

2 2
symmetric polynomials in the other two eigenvalues. This reveals an equation with g1 — ‘43“617;‘4%

as a factor. If this factor is zero, we satisfy all of the necessary equations. If this factor is not zero, we
have either e — eae; +1 =0, or ay (€281 + AC72) = 0. In the later case, plugging in a; = 0 we obtain
£ = ﬂ , which corresponds to the vanishing of the other factor. Likewise, if we take ex31+AC~y, = 0,

A?B%qq — AC’Ysz
- Y

we obtam a1 = 0 as a condition. Both of these together however imply that 5, — =

which is a contradiction.

If 62 — ejes + 1 = 0, this implies that \; = )\2 or \g = % In either case we can express the
remaining equation in terms of only one remalmng elgenvalue This equation has one factor that we
know is nonzero because it corresponds to 5 = ,43046172140727 which would yield a contradiction. So
we take the remaining factor to vanish. This factor is quadratic in ay. Taking the discriminant of this
equation in aq, we obtain

Aoy = —4ASBOIN, (278)

where ), is the repeated eigenvalue. This discriminant must be non-negative in order for the factor to
vanish with real values of cr;. However, this discriminant is identically non-positive, which means it must
be zero. However, the only way for this to happen would be for 5 = 0, which is a contradiction.

Having exhausted the options corresponding to as = B2 = 0, we consider v = #22(}2 as an eigenvalue
of b, and perform the substitutions on the invariants to express the invariants in terms of elementary
symmetric polynomials in A\; and Ay. Doing this gives five remaining polynomial equations, which are still
rather long and complicated. Ordering these equations by their length, and taking the second shortest
one, we note that this equation is quadratic in e;. Taking the discriminant of this equation in e, and
demanding it be non-negative, we obtain

A,, = —4A°B%e3a3 (B1 + AB*Cy)” (A2B2ay — esfy — AB*Ceap)’
x (AB?Caspy — Brya + A2Bas s + A?B*C%aspy — AB2Cryay)' > 0. (279)

This quantity is identically non-positive, and so the only way we can have solutions with real values
for e; is if this quantity is zero. There are four factors that can possibly be zero: ay, f1 + AB?Cu,
A?B%0y — ey — AB%Cegpy, and AB%2Casfly — Biye + A2Bragpy + A2BAC%anpy — AB?Crygpuy.

First consider ay = 0. Inserting this, many of the remaining equations have a factor 81 + AB2Cp,.
If this factor vanishes, the remaining equations both contain the factor AB?Cay — vo + B2esp;. The
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vanishing of this factor satisfies all of the equations. If this factor does not vanish, we can take the
resultant of the remaining factors in e;, and obtain

A2BSa2 (AB2Cas — 70)° 13 (AB*Cas — v5 + BPeapn)” = 0. (280)

Only two factors here can vanish, namely p; and AB?Cas — 2. If we take 1 = 0 and insert it into
the remaining two equations, one simplifies to imply AB?Cas — 75 = 0. Likewise, if we instead take
AB%Cay — 7y, to vanish, we obtain p; = 0, hence both must vanish. However, if both of these vanish,
the original term AB%2Cay — v2 + B262/1,1 vanishes, a contradiction.
We can then consider the case when ; # —AB2?Cpu,. Taking the remaining factor of the shortest
equation, we have
A% (AB*Cag —y2)" + B? (81 + AB*C1)” = 0. (281)

This requires AB?Cas —v» = 0 and 8, + AB?Cp; = 0, but the second of these is a contradiction. This
exhausts the case where a; = 0, so we take a; # 0, and consider the next factor 3, + AB%2Cpy, = 0.
Inserting this into the equations, we obtain

A"B"at (A%f + B*uf) = 0. (282)

This cannot vanish for a; # 0, so we come to a contradiction.
Next, we consider oy # 0 and 3y + AB?Cpy # 0, and take A2B?a; — ex31 — AB?Ceypy = 0. Solving
this for 81, and inserting this into the equations, we obtain the condition

AB?Cag — 2 + B?equ; =0, (283)

which can be solved for p; and is sufficient to satisfy the remaining equations. Finally, we consider
the remaining option with a; # 0, f1 + AB2Cuy # 0, and A2B%a; — ex81 — AB?Ceguy # 0 with
AB?Coanfy — Biys + A2Baq i + A2B4C? a1 — AB2Cryapq = 0. This equation can be solved for either
B1 or py. If v # AB?Cay, we can solve this for 4, and obtain

i AB2C")/2 - A2B4 (Oél + 02042)

= . 284
ﬁl AB2COQ — Y2 Ha ( )
If we insert this, we obtain
Y2 — AB20a2
= 285
M B2, (285)

as a necessary and sufficient condition for the remaining equations to be satisfied. This yields

_ —ABQC’YQ + A%B* (O[l + 02a2)
- 3262

631 . (286)
However, with these, the equation A2B%q; — ey3; — AB2Ceypy = 0 is satisfied, a contradiction. Hence,
we consider v, = AB?Cay, which requires p; = 0. With this, we have the conditions 31 # 0, a; # 0,
and A%2B%a; — epff; # 0. With these, the remaining equations demand

€3 —ejea+1=0, (287)

which in turn demands either A\; = % or \o = /\1—2 Denoting the repeated eigenvalue as \,, we obtain
2 1

the necessary condition A\, = 1. However, with this we have 8; = A2B%q;, which contradicts the above

inequality conditions, i.e., this case is already accounted for in the previous cases.
32,LL2
71

This exhausts the options with g = v; = 0, so we consider v = as an eigenvalue of b. Inserting

this into our equations yields
i A2B2a2 — AC’71

B2 (288)
€2
This requires e3 — ejeq + 1 = 0, or if not, u; = %B;CY’”.

A%B? (a1+02a2)—AC”yg

In the later case, we have ag = 0 or 31 = P

This second option satisfies the
A%B%2a;—ACHs

remaining equation, so we then consider as = 0. With this, we obtain g1 = =

special case of the previous option.

, which is a
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We then consider e3 — ejes + 1 = 0, which demands a repeated eigenvalue. This then demands that
this repeated eigenvalue A, = 1, which means that all eigenvalues are the same. This allows us to solve
for B and p, as

Yo — A320a2
h="—p
This satisfies the remaining conditions, and so our analysis is complete, having exhausted all possible
branches of solutions.

In order to depict this branching set of conditions, we can express the steps of the analysis in a tree.
Each node on these trees represents a system of equations, and each edge represents one partial solution
to these equations. Terminal nodes are color coded corresponding to whether they are consistent (green)
or not (red). Nodes and edges are then labelled below the tree with the relevant equation/solutions
utilized at each step of the analysis. The following is the tree for this family:

p1=A*B? (o1 + C?a3) — ACe. (289)

Nodes
o 0: Buf — LB u3m + LB uani =77 =0
o — B3 — [ A2B2B3ay + [, A*B*8,03 — ASBSa3 = 0

4o By = ABR2=ACN a4 (B2pujey — g + AB2Cas)(ed — ezer +1) =0

€2

e ——: BS ? — 1134[@’72 + IQB2,U1'722 - 'YS =0
o —+: oy (61 + ABQC,ul) (A232a1 — ey — ABQCez,U,l)
(ABQCOQﬂl — Bive + AzB4011[L1 + AZB4C2’}/2,LL1) =0

e +—: Qo (AzB2 (a1 + Cz()éQ) — AC’)’Q — 5162) =0
oty = 772‘”‘5220“2, and B = A2B? (ay + C%az) — ACy,

o — — —: ﬁ? — IlAQBZB%Oél + 12A4B45104% — AGBﬁa:f =0
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B2 . .
o — —+: Tﬂl is an eigenvalue of b

— 4+ +: (ﬁl + AB2CM1) (A232a1 — el — ABQCegul)
(AB*Caf — B172 + A?Baqpy + A2B*C?yap1) = 0

. A%2B2%a;—AC A%2B%0, —ACy

o |+ — —: 51:722 72,and617é7612 2

b 2 np2 2

. _ 42—AB2Cas __A°B (a1+C CtQ)*AC’Yz
o +— i =52 and By = o
2 2
o — —+—: B = M
2

o — — ++4+: (6% — ege1 + ].) (6261 + AC’)/Q) =0

e —++ ——: (’}/2 — AB2COé2 — 3262/11) () =0

[ )
|
+
|
+

: 9 = AB?Cay = 81 = —AB?Cuq, and B # —AB?Ciy

—++— a;=0,and a3 #0
— 4+ ++: (A2B2a1 — €931 — ABQCegul) (ABQCagﬁl — Bive + A2Bay g + A2B4C’2*yg,u1) =0

——++—72=0and 2 #0
- — 4+ 4+ +: 6162 - A232a1 - AC’)/Q = 0, and ﬁleg - A2B2041 - AC’}/Q 7& 0

e — f— — —: MlZ%B;CQQ

e —+t-——+ HlZ%B;C”,andm;é%B;Caz

o —+++—: m:%’icw

o — b= ARG g g AP0k CPan) A0,

A’B%aq —eyf3y — AB%Ceypy =0, and A?B2%a; — ea81 — AB?Ceapy # 0
Edges (labelled by child node):
e —: v =0,and us =0
o +: % is an eigenvalue of b
e ——: B=0,and ag =0
o —+: %@M is an eigenvalue of b
e +— el —ejea+1#0
e tHiel—eleat+1=0= )\, =1
e ——— v =0,and u; =0
o — — +: % is an eigenvalue of b
o —+—a; =0
e —++:a;#0

2 a1+C'2a2)7AC"y2

o +——: ﬁl?éAQB(

= ,and ag =0

A%B? (a1+02a2)7AC'yz
€2

o +—+: 1=
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: 5162 — A2B2Oél — AC'YQ =0

« — — -
o — — ++: Bies — A2B%aq — ACyy #0
« —4——: B =—ABCpy

o —+—+: f1 #—-AB*Cm

o —++— f1+ABCpy =0

e —+++: B1+ AB*Cuy #0

——4 4+ e —ee; +1=0

041:0<:>62ﬁ1+AC’72:0

2 # AB?Cagy + B%espy = py = 0, and 71 = AB?Cay
— AB2062/J1 =0

o — —++ +:

o —+—— —:yp=AB%*Cay + B%eypy
o — + — — +:

o —+++—: A2B%a; — e}y

o —++++: A2B2ay —exf3

— ABQCGQM1 7é 0

The reader should note that this tree is not unique; there are potentially numerous ways we could have
performed these algebraic eliminations, but ultimately, we have derived these conditions as necessary,
and we have shown they are sufficient as well, and so any other sequence of algebraic reductions would
yield equivalent results. The branches of this tree are all special cases of the conditions

= %—;;jj% (200)

g, = A8z = AT (291)
es

Ho = e (292)

= AP+ Coa) =, oy

Note that these values are always well defined, since B # 0, and e3 = A1 A2 > 0, even though in their
derivation we considered branching cases that are mutually exclusive. After these substitutions, both of
the constant invariant conditions become

A'B*M" (r)? = A?B?e;r* M (r)+A’B* (a1 + r2a2)2+r2 (r’v +72 — ABzCa2)2+B2egr4 =0, (294)

which let us solve for M11(r) as

20272
9 r\/B efr
er

4[B2r2 (e + A2B2M(1)2) + (AB2CM2(r) — M3 (1))

MM (r) = + 295
=2 2428 » (299)
and hence, completely determine the anomalous inverse metric tensor field for this family.
M (r) = % + (296)
AB%*Ca
M13(7") = r2 ! + 717‘2 + Y2, (297)
e1r? 7“\/326%7“2 —4 [327“2 (ea + A2B2M12(r)?) 4+ (AB2C M2 (r) — M13(r))2}
MY (r) = + (298)

242

2A2B ’
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_ A?B%e, (617"2 — A2M11(r)) M2 (r)? + [AB2CM12(’)") - M13(7")]2

M?2(r) : (299)
B2eyr? [(AB2CM™(r) — MY3(r))° + r2M2(r)?]
M () = AC [AB*CM™(r) — M*(r)]?
ear? [(AB2CM2(r) = M13(r))* + 72 M12(r)?]
A?B? (e1ear? — r? — A2eo MM (1)) M2 (r) M3(r)
- (300)
ear? [(AB2CM2(r) = MY3(r))* + 72 M12(r)?]
M33(?") _ A2B? [A32 (02 + T2) M2(r) — C’M13(7")]2 + ey (617”2 - A2M11(r)) M13(r)? (301)

eor? [AB2CM'2(r) — M3 (r)]* + r2M12(r)2

One can check that in all cases, the equilibrium conditions are satisfied, and that the invariants of b
are

1
L=e+—, L=Z14e L=1, (302)
€9 €9
as expected.
Family 2
As above, we compute the equations
M,V Vib™ =0, m,;, Vy Ve = 0. (303)

The first of these contains a component
AEMI2(e)" + 4EM () — M(¢)
2263 Az

where here we have made the substitution x = £ + D. The denominator is nonzero, so we can simply
take the numerator to be zero, and integrate it. This yields

=0, (304)

a1+ as

Ve

Substituting this into the other component of this equation, we obtain a differential equation for M13(¢):

M™(6) = (305)

\/Z [4£2M13(§)” + 4§M13(€)/ _ Mlg(f)}
2268

which has the same general solution as the equation for M'2(¢), and hence

=0, (306)

+72
MU = 1L 307
©) e (307)
The first of the remaining differential equations is
VI ({or€ +02) MO = (06 +92) MP(" + 200 MPE) —2M2(©) o
A3 B? ’
which equivalently reads [(a1& + ag) M?3(&) — (11€ + 72) M?? (5)}” =0, and integrates to
(1€ + az) MP (&) — (1€ +72) MP(€) = & + pa. (309)

The second equation is

V2 (201 M2 (€)' + 2 (Ayi — Caq) M3 (€)' — 2401 MP3(€)")
A% B2
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n V2 (C (& +72) M?2(8)" + (A(mE +72) — C (€ + ) MP(£)" — A(an€ + ) M*3(£)") —0

A2 B2
(310)

or equivalently

(716 + 72) (AMZ(€) + CM?(€)) — (i€ + as) (AMP(€) + CM?P(€))]” = 0. (311)

We can add C times the previous differential equation, and divide by A to obtain

[(11€ + 72) M (€) — (1€ + a2) M33(§)]N =0. (312)

which integrates to
(M1E +72) MP(€) — (1€ + az) MP(€) = Bi& + fo. (313)

Finally, we have the constant trace condition on b, which reads
(14 C?) M*(&) + 2ACM™(¢) + AM*3 (&) = —2A*B*¢M" (¢) + A’B?14. (314)
These equations can be solved for M?2(€), M?3(€), and M33(€), as the determinant of these equations is

— (€ + a2)® = (C (a1 + ) + A(mé+12))° <0, (315)

which only vanishes if both M!2(¢) and M'3(¢) vanish.
We then have the solution in terms of the yet-to-be determined component M*!(§), and numerous

undetermined constants. Denoting o = a1& + ag, v = 11€ + 72, p = & + pe2, B = 1€ + B2, and
h = A2B%[, — 2A3B*¢M11(¢), we have

M?2(6) 1 ha? + A (AaB — 2Cap — Aypu)
M>()| = — 5 hay + A%y + (1+ C?) ap . (316)
M) 0P OaT AT | (14 02) 0B+ (<2408 + hy+ (L+C2) p)

Under these substitutions, the constant second invariant condition is written as

2A¢ {Bzh [aQ + (Ca+ A'y)Q} +aB+ ’yu}
3 MM (€)
a?+ (Ca+ Ay)
B 2A45By* + A*B*y2 (I + 8Cavy) + 2A3B*ay (Clz + 20y + 6C%ya) + (14 C?) pi?
A?2B* [oﬁ + (Ca+ A’y)ﬂ

4AQB4§2M11(§)2 _

2 [34 (1+C2)%at - Cﬂu} + A[B?+ B* (14 C?) a® (I, + 8Cay) + B2 (a8 + ) _
_ , (317
AB? [oﬂ +(Ca+ AV)Q}

and the incompressibility condition reads

LAB2E2 (af + 1) 2¢ [uz + B2 (af +yp) + (Cp — AB)Q} (e = AB? =208 — 2y

M2 =
a2 + (Ca+ Ay)? © a? + (Ca + Ay)? AB?
(318)
Clearing denominators and computing the resultant of these equations in M (£), we obtain
4p8¢d 2 2
Resasie) (p1,p2) = 1641 B3¢ (a + (Ca + Ay) ) (). (319)

This must vanish for solutions to exist, so we take (...) = 0, since the remaining factors are nonzero.
We then take the coefficients of this polynomial in £ to vanish independently, factor these coefficients,
and order them by length. The first of these demands

A (Cal + A’yl) B = (AC’yl + (1 + 02) Oél) 1. (320)
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If this equation can be solved for £y, we can perform this substitution and obtain the condition
2 3
pi — Iy (AB* (Coy + Am1)) + Lopn (AB? (Cay + Ayy))” — (AB? (Con + Ayp))” =0, (321)

which requires that v = —m be an eigenvalue of b. We perform the usual substitutions
with the invariants to express equations in terms of e; and es, then take discriminants of the resulting
equations in e;, and demand non-negativity. This yields the condition

B A2B? (ayy2 — asmy) + (1 + C’2) esaui o + ACeavy1 o

, 322
& Aey (Cay + Avyy) (322)
or
esa1 o = — (B? (Ay1 (Caz + Ava) + an (a2 + CPas + ACy2)) + eayifia) - (323)
In the first case, substitution yields either
AB? (C A
o = — ( g + ’72), (324)
€2
or not, in which case e3 — ejea + 1 = 0. In the first case, we satisfy the equations and obtain
B? o + 02052 + AO’YQ
By = — ( ) ) (325)

€2

Otherwise, we take €3 — ege; + 1 = 0.

Substituting this yields A\; = Ay = 1, which reduces the equations to only one. After removing nonzero
factors of this equation, we obtain something quadratic in us, which after taking the discriminant and
demanding non-negativity yields asy1 = agve. With this, if @y # 0, we obtain the final necessary
result s = —AB?(Cas + A7), which is a contradiction, since it is the case considered earlier with
AL = Xy = 1. If a; = 0, we require ap = 0, since Ca; + Ay, # 0. With this, we require py = —A2B%yy,
again, a contradiction.

Next, we consider the case where

ea1 o = — (32 (A’}/l (Cas + Ay2) + oy (042 + 02042 + Acﬁ/g)) + 6271#2) . (326)
If a1 # 0, we solve this expression for Sy and obtain the necessary and sufficient condition

_ AB? (C'ozg + A’}/Q)

p2 = o : (327)
with ) o2 AC
B2 ((1+ +
By =— ( 6)2% 02) (328)

If a; = 0, we can solve for s to obtain

—AB? (Cas + A
[y = ( 622 7). (329)

This requires

2 2
8, = B ((1 + 062) g + AC’}/Q) . (330)

Alternatively, if Ca; + Ay; = 0, we obtain v; = *(:;0‘1, which implies a1 = 0. If we assume

a1 = 0, and insert this relation into the equations, we obtain u? + (AB; — C’,u1)2 = 0, so we can freely
take p; = 0. With this, we obtain an eigenvalue equation that demands that either v = — B‘jgl is an
eigenvalue of b, or that 51 = a; = 0. In the first case, we perform the usual substitutions and take

discriminants in e; and demand non-negativity, which yields

AB%(C A
o = — ( :22 + 72)7 (331>
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or not, in which case
062/,62 — AB2a2

= 332
b - (332)
In the first case, we have the sufficient condition
B2[(14C?) ay + ACys
PR (G2 l, (333)
€2
or not, in which case e% —e1es + 1 = 0. With this, we then obtain the condition A\; = Ay = 1, and then
requiring discriminants in B2 to be non-negative, Cais + Ay = 0. With this, we take yo = —%ag, which
requires 35 = —B2aw, which is a special case of the previous solution.
2
Next, we consider 8 = C”‘“Ai;m“?. This requires the necessary and sufficient condition

AB? (Aye +C
H2 = — ( ZZ %), (334)

which is the same as before.
The previously examined cases are all particular instances of the following anomalous solution:

0§+ as

Mg = =2, (335)
13 o Y1€ + 72

MG = (336)

Ve &[4t — 4 [Aea +2¢ (4d113(6) + COn2(9)* + dr12(ep) |
MM (g) = : ) (337)

1A% B¢

A2R2 {(CMlZ(g) + AM3()” + €3 (e1 — 2AB2EM1L(€)) M“(f)z]

M (¢) = ; : (338)
ex [M12(6) + (AM(§) + CM (€))7
AB? [C (CM™2(€) + AM'3(€))* +CM12(£) }
ME(E) = -
2 [MI2(€)2 4+ (AMI3(&) + CM2(8))?
_AB® [(A - eren + 2AB% e M (€)) M12(§)M13(£)] (339)
ex [M2(e22 + (AM3(©) + M)

M (e B2 ((1+C?) M'2(&) + ACM™(€))” + A%¢s (er — 2AB%EM ™ (€)) M'3(¢)? (340)

. M12(£)2 + (AM3() + CM12(£))?

Finally, when 81 = a1 = 0, we are left with only one equation. In principle it can be solved for
I5, but because Iy does not appear in any of the other equations, we can simply use the remaining
constants as a transcendence basis in lieu of actually solving it. When we do this, we recognize that
with v = a3 = 81 = 1 = 0, we obtain b® being constant. Hence, we can take any constant positive-
definite tensor with det b = 1, and obtain M4® via MAE = F~1)4 peb(F~1)B, 'which one can easily see
generates a positive-definite symmetric metric tensor, since b is positive-definite and symmetric. This,
however, implies that the material manifold is Euclidean, since c¢ is the push forward of the material
metric tensor, and it is constant in Cartesian coordinates. Therefore, the curvature tensor based on c
vanishes, and the anelastic deformation is stress free, i.e., Euclidean.

In general, a metric M, 5 (R) arising from this case has the form

M11R2 MsR MsR
[MAB(R)]: My R My, My ) (341)
Mz R My M,

Where the constants {Mll s M12 s M13 y M22 ) M23 s M33 } SatiSfy Mll M22 M33 +2M12 M13 M23 _M13 2M22 —
My ? My, — M52 My, = 1. Any choice of these constants that yields a positive-definite metric generates
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an admissible constant tensor b. Though not immediately obvious, all of the above solutions are part of
the same branch, apart from a global rigid rotation, which can be freely removed. The analysis tree for
this family is:

+++
++-
©

+—++
+-+

+—+-
+__
—++

—+—+
_+_

0

=)

Nodes:
e (: A(COé1+A"}/1)51 = (AC’}/1+ (1+C2) Oél) H1
o —: ﬂ%+[132041ﬂ%+[23404%[31 +B60[%

+3 (Aﬂzeg (COél + A’yl) — A232 (")/2041 — Oég")/l) — (1 + 02) 620[1/12 — ACGQ’YLU,Q)
(e201 82 + B? (Ay1 (Caz + Ay2) 4+ aq (az + C?ag + AC2)) + eayipiz) =0

e ——: b is constant

o —+: (ugeg + AB? (Cas + A’yg)) (Aﬁgeg + AB%0s — C62u2) =0

° +—: (/1,262 + AB? (Cas + A’yg)) (eg —eje9 + 1) =0

o ++iea01f2 4+ B? (A1 (Cog + Avz) + an (a2 + CPax + AC2)) + eayrpi = 0

o — 4+ —: (ﬂgeg + B? ((1 + CQ) Qo + AC’YQ)) (e% —e1e + 1) =0

—AB2(Cas+Avs)
ez

o — 4+ =

—ABZ(COLQ“’-A"YQ)
€2

ot —ip=

o + — 4! a1y = am

—AB?(Cas+Ays)
es

o ++ —:! g =

-B*((1+C?)az+ACy,)
€2

o +++: fo=
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_AB2(C A B?((14C? +AC
(ej2+ v2) and ﬁz _ (( 6)2042 ’)’2)

¢~ -—tp=

—+—+: Ag=1=>Cas + A")/Q =0= [y = _BZQQ&IBQ # —32&2

o + — +—: g = —AB? (CO[Q + A’)/Q) 7& —AB? (CO[Q + A’)/Q)
o + — ++: pup = —A2B%yy #£ —A2B%yy
Edges (labelled by child node):

o —: 71:—%041:>/,L1:O
. C _ o
o M F Far = V= fiABQ(CalﬁA%)
« —fi=m=0
o —+: V:—B[g;l

o +—: ﬂ o A232(Otl’Yz*012"/1)+(1+Cz)62a1M2+A062V1M2
- P2 = Aes(Car+Av1)

o ++: egvi e = — (32 (A% (Cag + Ay2) + o (az + C%as + ACW)) + 6271#2)

7AB2(COLQ+A’Y2)
e

o — + —: g =

e} —AB?
o — + +: ,62:62M2Aie2042

o |+ — —: /L262+AB2 (COL2+A’}/2) =0
o + —+: poes + AB? (Cag + Aye) #0 and €3 —e1ea +1 =0

— (B2 (A1 (Caz+Aya)tai (a2 +C%an+ ACTY: ) ) +eayipn)

o -+ —: = o
o +++: a;=0and pp = 7ABQ((1+C;Z)0¢2+ACV2)

o —+——: Bo= _Bz((1+026):z+ACw2)

o —+—+: By # _32((1+022:2+ACW)&€§’ Cereg+1=0

+ - =222

(631

+ — ++: 04120[2:0

Family 3

For this family, we can write the remaining equations corresponding to the coefficients of terms involving
W1 and W5, and solve them before recasting the results in terms of the components of M. First, we take
the equation ma[lvk] V,b® = 0, which has two nonzero components yielding

7“2512”(7“) + 5Tb12/(7“) + 3612(T) =0, (342)
P2 (1) + ' (r) = () = 0. (343)
Solving these yields
A(r?-B
B2(r) = a1t + agr—3 = L (CM12 + DM13) ) (344)
T
A(r?-B
B(r) = byr + by~ L = (+) (EM"™+FM"™). (345)
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Reparameterizing these equations to simplify constants yields the equation

C D] [M2] _[yi+7r % DE-CF (346)
E F||M3| " |ar®+as 2 _RB
which gives
M2 _|-F D Y1+ ’727“_2 2 -1
|:M13:| o |: E —C:| |:041T2 + (6%} (r N B) ’ (347)

With this, we have the W5 equations involving ¢, which are
8r3a1b%3 (1) 4+ Trtan b (1) + 3r2agb® (r) — 3r2y163% (1) + %033 (r)
T r5a1b23”(r) + ,r3a2b23//(,r) _ r3’y1b33”(r) _ T’)/Qb33/,(7“) — 0’ (348)
and
8r3a1b?2(r) 4+ Tr*ab® (r) + 3r2ab®? (r) — 3r2y1b% (1) + 12b% (1)
+ T5a1b22//(7°) + r3a2b22"(r) _ 7’3"}/1()23//(7’) _ 7"’)’2[)23//(7“) — 07 (349)
which have the common solution
(7‘271 + ’)/2) b3 (r) — r? (T2a1 + ag) b3 (r) = p1 + par?, (350)

(rzfyl + 72) b23(7’) —r? (7’2a1 + ag) b22(7’) = By + Bor?. (351)
We also have the constant trace condition that amounts to b (r) + 72b?2(r) 4+ b33(r) = Iy, which lets us
solve for b*2(r), b*3(r), and b**(r), as these equations are linear in these components, and the determinant
of the linear system is — [(T (ry + 72))2 + (r? (rPaq + O{Q))2 , which is nonzero. Additionally, we have

the following relations between the components of b and the components of M

¢ 20D D] [M2(r)] [b*(r)
CE DE+CF DF| |M»(r)| = [b®(r)|, (352)
E>  2EF  F?| |M%(r) b33 ()

which can be inverted, as the determinant of this system is (CF — DE)® # 0. Doing this, we define

p(r) =+ 5. a(r) = an® +ay, (353)
and obtain
M12(7’) _ Dq(r)Q__‘Fé)(r)7 (354)
M3(r) = Ep(ri2__cg(r)7 (355)
M () = F? (Lip(r)*r® = q(r) (B1 +r2B2) = p(r) (m1 +7°p2))
(CF — DE)* 72 (p(r)2r2 + q(r)?2)
n D?r? (IM(T)z +q(r) (51 + 7”252) +p(r) (,Ul + 7“2#2))
(CF — DE)*r2 (p(r)2r2 + q(r)?)
_2DF (Lip(r)r? (Br +72B2) — q(r) (p1 +r?u2)) + A (r? = B) (Fp(r) — Dq(r))? M (r)
(CF — DE)*r? (p(r)?r? + q(r)?) 7
(356)
My = EF (Lip(r)®r® — q(r) (B1 +1%B2) — p(r) (11 + 7 p2))
(CF = DE)* 72 (p(r)?r? + q(r)?)

N CDr? (Lig(r)® + q(r) (B1 +12B2) +p(r) (pn +1°p2))
(CF — DE)*r? (p(r)?r? + q(r)?)
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n DE (Iip(r)riq(r) + p(r)r? (B1 +12B2) — q(r) (p1 + 2p2))
(CF - DE)*r ( (r)2r2 4 q(r)?)

n CF (Iip(r)r? (A +T252) ) (p1 4 rp2))

(

Dq(r

(CF - DE)*r ( r)? 7’2+Q( )?)
A(r* = B) (Fp(r) - )) (Ep(r) — Cq(r)) M (r)
(CF — DE)*r2 (p(r)?r2 + q(r)?)
E? (Lip(r)*r® — q(r) (B1 + r?B2) — p(r) (1 + r*p2))
(CF — DE)*r2 (p(r)?r2 + q(r)?)
N C*r? (Iig(r)* + q(r) (Br +72B2) + p(r) (11 + 7°p2))
(CF — DE)*r2 (p(r)2r2 + q(r)?)
_2BC (Lip(r)r® (B +2B2) — q(r) (1 +12p2)) + A (r* = B) (Ep(r) — Cq(r))* M (r)
(CF — DE)*r2 (p(r)?r2 + q(r)?) .

: (357)

M33(7’) —

(358)

We are then left with the constant invariant condition for I and the incompressibility condition. We
simplify notation by writing u = 1 + r2us and 8 = 31 + r282. These equations are

A2 (12— B)” (q(r)8 — p(r)um) M'L(r)* A (r? = B) (Lg(r)r®B + r*8% — Lip(r)rip + i) M (r)

P (@) + p(r)) P+ p()r)
| ADE = CFY (4r)8 — ()

= =1, (359)
A2 (2~ B MU A(2 = B) (L (alr)? + p(r)*r?) + a(r)B — plr)p) ML (r)
s 2 (q(r)? + p(r)*r?)
A e DE)” (q(r)* +p(r)*r®) | L (a(r)8 —p(r)) + 8 + > _ (360)

2 2 G + ()

We take the discriminant of these equations in M'!(r), and demand this vanish. We remove nonzero
factors, and then demand each coefficient in r vanish independently. The first condition we obtain is
a3+ Ira2 By + Iy 85 + B3 = 0, which implies that either v = ’82 is an eigenvalue of b, or a; = 5 = 0.
In the first case, we obtain uy = "“ . This yields two subcases:

Q2

pr = o (361)

or alternatively

es —ejea +1=0. (362)

In this first subcase, we obtain the sufficient condition pu; = 72 , Or e% —eies + 1 =0. However, when we

take e — ejea + 1 = 0, we obtain the same value for p1, and hence this second condition is redundant.
If we take the subcase, €3 — ejea +1 =0 and 31 # foe‘—j, we obtain Ay = Ay = 1.
We then obtain the sufficient condition

a1y — (a2 + Br)

= 363

125} a 9 ( )

which further yields 8, = —aws, which is again a special case of the already discovered solutions. Next,

we consider a; = B2 = 0. Inserting this, we obtain the equation u3 — I3y + Iauzy? — v3 = 0, which

implies v = ”—f is an eigenvalue of b, or us = 1 = 0. In the first case, we take discriminants in e; and
demand non-negativity, which yields the condition

Vo1 (e2p1 — 72) (B1y2 + agpr) = 0. (364)
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Beginning with 75 = 0, we obtain
ut[A(CF - DE) o + 4] =0, (365)

which requires that p; = 0. With this, we then obtain equations with the common factor as + esf3;.

Hence, it is sufficient if this factor vanishes. If it does not, we can take the resultant of the remaining

two equations in 31 to obtain (eg —e1ea + 1) as = 0. If ap = 0, we obtain that 8; = 0 as well, which is

a case of the previously solved condition. If we instead take eg —e1eg + 1 =0, we obtain the condition

81 = —as o, which is a special case of the previously solved condition, so we can always take 8; = 72‘—22.
Next, we assume 5 # 0 and take p; = 0. Doing this yields

14 23 +A(CF - DE) 8] =0, (366)

which demands 2 = 0, a contradiction. We then assume 9 # 0, pu1 # 0, and take pu; = Z—z This
requires 5, = —‘é‘—j, which is also sufficient. Finally, we assume pies — v2 # 0 in addition to v # 0 and
w1 # 0, and take 3, = —%. This demands

(11— A172) (1 = A2y2) = 0. (367)

Making the first factor vanish reveals Ay = Ay or Ay = The first case ultimately requires Ay = 1,

;—%.
but this also means es = 1, and hence p1es — v = 0, a contradiction. In the case where Ay = )\%,
this contradiction is immediate. The steps are identical for the case where u; = A27y2, and so we have
exhausted this branch of solutions.

Next, we take po = ;3 = 0. This returns

a3 + Lasfy + Lo + B3 =0, (368)

which requires v = —% be an eigenvalue of b, or as = 87 = 0. In the first case, we obtain a sufficient
condition py = Z—z If this condition is not met, we can take the resultant of the remaining two equations
in 5 and obtain the necessary condition

(€3 —erea+1) 1 = 0. (369)
Taking p; = 0 yields 7o = 0. Taking e3 — ejea +1 = 0, ie., A\ = % yields p1 = A = Z—;, again
2
obtaining the previous sufficient condition. Finally, if ay = 81 = 0, we obtain
13 — Liyaps 4+ Lydpun — 5 =0, (370)

which demands that p; = 22, since 42 cannot vanish without leaving the anomalous solution branch.
This exhausts all solution branches of this family and reveals all solutions to be cases of the anomalous
solution

o
ﬁl = _723
€2
o
BQ = _?;a
Yo (371)
M1 = -
€2
gi!
H2 = —=.
€2
This lets us solve for M(r), and finally obtain the anomalous solution
p(r) =7+ % (372)
q(r) = arr? + ag, (373)
D - F
M12(’I“) — q(r) p(T) ’ (374)
r2—B
E -C
M(r) = p(r) q(r)7 (375)
r2— B
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a \/ —4[ea+ A(CF = DE)? (p(r)? + %% ) |

M) = 24— B)
M2 () = (Dr2p(r) + Fq(r))2 + erear? (Dq(r) — Fp(r))2
ez (CF — DE) % (q(r)? +p(r)*r?)
_ Aes (Fp(r) )? (r? — B) Ml1 (r)
e2 (CF — DE) ( (r)? + ( ) 2)
M2 (r) = Aey (Ep(r) — Cq(r)) (Fp(r) — Dq(r)) (r* — B) M (r)
es (CF — DE) r2(q ( ) + p(r)2r2)
e (Cq(r) — Ep(r)) (Dg(r) = Fp(r))  (Cp(r)r? + Eq(r)) (Dp(r)r® + Fq(r))
(CF - DE)2 (q(r)? + p(r)?r?) es (CF — DE)2 2 (q(r)? + p(r)2r2) ’
M) = (Cr2p(r) + Bq(r ))2 + erear? (Cq(r) — Ep(r))?
es (CF — DE)*r? (q(r)? + p(r)2r?)
~ Aes (Ep(r) = Cq(r))” (r* = B) M"(r)
ez (CF — DE)* 72 (q(r)? + p(r)?r?)

The analysis tree for this family is

Nodes:

e 0: af + haifa + Lioufs + 43 =0
—: (Brea + a2) (€3 —e1e2+1) =0

o +: 9 — Lyipe + Lipzm —p3 =0

o ——m=2
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(378)
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o —+: 1 =—as # —aq

o +—: Yo (eapt1 —72) (Biy2 + a2p) =0
o ++: B} + L1f7as + Lfr1ad + a3 =0

e +——:tp=0and ) =%
o +—+: i (eapn —2) (Brye + azu1) =0

o ++ —: (1ea —2) (...); =0 and (n1e2 —¥2) (-..)y =0
ottt =2

e +—+—:1 7% =0+#0

o + — ++: (eapr —v2) (Biy2 + aou1) =0

o+t ——i=2

o ++ —+: (6%—61€2+1)/~L1:O

o +—F+ =2
o + —+++: (1 —Aiv2) (1 — Aaye) =0
o ++—+—:tup=7=0

o+t —+Hm=2

o +—FH+t— =R F£R

e t—+t++tm=2#2

Edges (labelled by child node):

oy
€2

° —:1/2—%:>N2:
o +rap=0F=0
o ——: 51:—%

o —: ,817&—0‘—22 and €3 —ejea+1=0= )\, =1

o ++: =7 =0

o +—— =0

o +—+: 7 #0

¢« ++—v="0

o +++: fi=ar=0=p} — Liyopd + Iy — 73 =0
o +—+—1pu =0

o +—++: 1 #0

o ++——t e —72=0

++ =+t Resy, ()5 ()y) =0

-+t =2

€2

-t A+t # L #0,and 12 #0
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++—+— =0

++—++:pu #0

+—-+++—: /.L1:A1’}/2

+ =+t g = Ay

Family 5

First addressing the equilibrium equations involving b, we obtain the equations
r2 MY (r) + M (r) = M (r) = 0, (380)
3CM"Y(r) + 3ABM™ (r) + 5CrM" (r) + ABrM*' (r) + Cr*M*?" (r) = 0, (381)

which simplify upon defining the auxiliary function f = CrM%(r)+ ABM!(r), which makes the second
equilibrium equation rf”(r) + 3f'(r) = 0. These equations can be integrated to obtain

M + :% — ABMH(T)
N Cr ’
M (r) = aar + =2, (383)

) =m+ 5 = M) (382)

Next, we have the equilibrium equations derived from ¢, which are

8ABriai + 8Criay M (r) + Cr® (Tr’ay + 3an) M (r) + (=3r°y + 72) M (r)
+Cr® (rPaq 4 az) M (r) —r (r®y1 +72) M**"(r) =0, (384)

— 8ABagys — 802r6a1M22(r) + A2B?p3 (37’2a1 - ozg) MH,(’I")
— C%r® (TrPay + 3as) M??'(r) 4+ Cr® (3r2y; — o) M/ (r) + A*B*r* (rPaq + ag) MM (r)
—C%r% (rPaq + ag) M (r) + Cr* (r®y1 +72) M**"(r) = 0. (385)

These equations can be integrated to obtain

(rPvi +72) M*3(r) — Or? (r®aq + a2) M*(r) = r®py + po + ABr*ai, (386)
c?*rt (r2a1 + az) M?2(r) — Cr? (r271 +72) M?3(r) = A2B%*? (r2a1 + az) MY (r)
+ 71+ r?fBy — ABagya, (387)

which coupled with the constant trace condition
E*r2 M3 (r) + At M (r) = —A? (1 — B?) M (r) — 2AB (r*y1 + 12) + i, (388)

lets us solve for M?2(r), M?3(r), and M33(r) in terms of undetermined constants, and M (r). The
determinant of this system is —C3rS [E2r2 (rPonq + a2)2 + (r*m + 72)2} # 0, so we can always invert

these equations. Denoting v = y172 + v2, & = 17?2 + ag, = p1r? + pg, and 8 = B1r? + B2, we obtain

12 (Lir® = 2ABy) + %2 (% — AB (a* + a3y + acs (32 — 27) = 71)

220\
M=(r) = C2rt (E%r2a2 + 42)
A2 (Bz - 2722 2) MY ()
rEas+y
+ e : (389)
’s —AB (E2r20z (@ —as)® +v (207 — (1272)) + 1% (Iiory — By — E2ap)
M =
(r) Cr2 (E2r2a2 ++2)
A2ay MM (r) (390)

- CE?r2a2 + C?’
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B Iir%2a? — r?aB — ABa?y — 2ABaasy + ABady + ABaasys + v

33
M™(r) E?r2a2 1 o2

A2r202 M (r
T TE2202 + ,52) (391)
This leaves us with the incompressibility condition, and the constant second invariant of b to satisfy. As
in the other cases, these equations are quadratic in M*!(r), and we compute their resultant in M (r),
factor each coefficient in r and demand they all vanish independently.
The first of these is the equation

L2
E° [(51 + ABaym)® — I (B1 + ABaymi)® ey + I (B1 + ABayy) o — a‘f] =0, (392)

which implies that either v = 254BUM g a4n eigenvalue of b, or a; = 0 and B; = 0. In the first case,

we immediately obtain pu; = QABallag + EZ—;, which upon substitution yields

(eg —eies + 1) (6252 — ag + ABes (aey1 + a1772)) =0, (393)

which requires By = ‘;‘—22 — AB (agm1 + a172), or if not, Ay = Tackling this latter case first, after

1

)\73.

substitution we demand Ay = 1 to avoid a contradiction and obtain
—oom + foy1 +a1y2 + AB [EZOQO% + 71 (e + 011’72)]

= . 4
2 o, (394)

This, however, reduces the remaining equations to requiring 3, = Z‘—j — AB (agy1 + a172), so we can

immediately consider this case. One of the remaining equations then implies
Y (ABE262a§ +v2 — E262u2) (eg —ejes + 1) =0. (395)
2 2 2 2
%ﬁ?m is sufficient, so then we consider the case where po # 1¢U3EE6272:2¢2W' With this,
we first take v, = 0, but this leads immediately to a contradiction, so we then consider e3 —ejes +1 = 0.

However, this case also immediately leads to a contradiction, so we next consider 8y = a; = 0. This
yields the equation

Taking po =

ESu$ — hmE* i + yiE?pun — 3 =0, (396)

E2M1

which implies that v = B is an eigenvalue of b, or 3 = w3 = 0. In the first case, we the take
discriminants in e; and demand non-negativity to obtain

Yo (ABa3 — pi2) (ABE?e203 + 72 — E?eap0) (ABE?esai + B2 + ABasyive — E®asps) = 0. (397)

Examining these factors one at a time, we first consider v = 0. With this, we get the equation
(ABa3 - p2) [A%ad + (ABod - i2)°] =0, (398)

hence, we take pp = ABa3. Inserting this yields either the sufficient condition

By = =2 — ABagm, (399)
€2
or By # Oe‘—j — ABasy1, in which case we can take the resultant of the remaining nonzero factors in £s to
require
oy (€5 —erea +1) = 0. (400)
If we take ag = 0 we obtain 85 = 0, which is a special case of the sufficient condition above. If we take
e3 — erez + 1 = 0, we ultimately see that the sufficient condition is also necessary. Considering 2 # 0,
we then take pp = ABa3. However, substituting this yields an expression that is positive-definite in o
being equal to 0, so we have a contradiction.
Next, considering vo # 0 and ps # ABa3, we take ABE?esa3 + o — E?eap15 = 0. Doing this reveals
the necessary and sufficient condition 8y = 2‘—22 — ABasg7y;. In the last case, we have

—ABE?a3 — ABasy1ve + E%as s
V2 ’

Bo = (401)
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which implies the sufficient condition

B ABEQegozg + o

= 402
2 e (402)
or if not we can take resultants in ps with the remaining nonzero factors to obtain the necessary condition
(e% — 462) (eg —erex + 1) =0, (403)

which requires either Ay = Ay or \; = %, i.e., b has a repeated eigenvalue. If we take A\; = )3, and look
2

for different values of us, we obtain

B ABE?a3 + y2 )2

- B2

Substituting this into the remaining equations, we see that either Ao = 1 or as = 0, both of which reduce

this value of sy to the previous sufficient condition. Taking A\, = and looking for different solutions

H2 (404)

1
A3

immediately requires as = 0, which then further implies po = This, however, demands Ay = 1,

V2
E2X2°
and we realize that the previous sufficient condition was also necessary.

Next, considering p; = 1 = 0, we obtain the eigenvalue equation 85 — 122 + Iza332 — ad = 0,
which demands b have the eigenvalue v = B2 or B2 = ag = 0. In the first case, we obtain the sufficient

s’
condition ’
B ABE?e3a3 + o

= 405

/‘l’2 E262 ( )

Taking the resultant of the remaining factors yields - (e% —ejes + 1) = 0, which has solutions v5 = 0
or A\ = 5. Taking 75 = 0 shows that in this case the sufficient condition is also necessary, and taking

A3
AL = )\% reveals that the sufficient condition is necessary in all cases.
2

Finally, we take ap = (35 = 0. This reveals only one remaining equation E®u3— Iy E*u2+Io73 E? g —

vs = 0, which, since v, # 0, requires the eigenvalue v = %7 and hence g = EZ;. The analysis tree
is then
+++
.
+ +—t+++
+—+ =t
+—+-
+_
-
+__
o
G
——+

i
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Nodes:
o 0: (B1 + ABaim)’ — I (B1 + ABaimi)* a1 + I (B1 + ABayyi) @i —af =0

° —: (eg —e1e9 + 1) (€22 — ag + ABeg (ay1 + a172)) =0

3 2
+: (B?)” = L (B?u1) i+ I (B?un) 73 =43 =0
o ——: (E?eou2 — ABE?e303 — 72) (3 —e1ea +1) =0
o —+: ﬂg = % — AB (042")/1 + Oél")/g) %22 — AB (012")/1 4+ Oél"}/Q)

o +—: Y2 (ABO[% — /J,Q) (ABE2€QO(% + Y2 — E262,LL2) (ABE2€20422$ —+ ,62’}/2 —+ ABO[Q’)/l’}/Q — E2oz2,u2) =

o ++: B3 — Liaof3 + Iraafla — a3 = 0

ABE?esa?
o — — — o= Eegiim

ABE? 2 ABE? 2
o — — +: o = E622€‘22+’72 ?é E€22602¢2+’Yz
® +——: ABO‘% — p2 =0 and (Bae2 — ag + ABezasyr) (...)a =0
e +—+:%=0#£0

2 2

o + 4 —: o= I‘UBEEZiZ:zW
o +4++1 o= g
o +— ==t fp=7r — ABaam

+ — —+: ag(eg—eleg+1):0

+—4+—: 7 =0 7& 0
4+ — 4+ (ABE2620¢§ + v — E262ﬂ2) (ABEZGQO[% + Boya + ABaoy17ye — E2a2u2) =0

+—++ - fo=32 - ABaom

+—+++: (ef —dez) (e —erea+1) =0

o +—+++—: ABE?esa3 + 7o — E%equa =0 # 0
® +—++++: ABE?eza5 + 72 — E?eapip =0 # 0
Edges (labelled by child node):

y — PBitABaim

o —:
[e5]

e +:a;=06,=0

o ——: fo=22—AB(am + a172)
o ——+: /\12%3
o +—: V:&

Y1
o vy =pu1 =0

ABE262012+’)/2
Ll = Sl -

ABE?es0?+
— — +: MQ#TQGZM and €3 —ejea +1=0

+— = =0
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+—+ 7 #0

T+ rv= 2—;

+4++: fo=a=0

+— ——: pp = ABa3 and 3 = 2 — ABasm
+— —+: Resg, ((--.),5 (1)) =0

+— +—: pp = ABa2

+ — ++: po # ABa2

+—++ —: ABE?e303 + 2 — E?eau2 =0
+ =+ ++: ABE?e203 + 72 — EPeapz # 0
+ =+ 4= e = e

ottt el —eea+1=0

These are all special cases of the solution

1
u1 =2ABajag + e,
B ABE?e303 + 7o
M2 = —E262
«
By = =X — ABaym,
€2
Qg
B2 = P AB (a2m + a172) ,
2

which lets us solve for M*!(r) and obtain the anomalous solution

C

Y2
f(?") :’Yl‘f'ﬁ,

MB(r) = oqr + %,
r

e1 % /€2 — 4 (e + AZF(r)2 + AZE2 M3 (r)2)

M= 242 :
- L= A8

iy S0 e (B 1) )
M (T) - 027"262 (f(r)2 + E2M13(7’)2)

. E2 (1 + A2B262M11(T‘)) M3 7") — QABezf(T) <f(7")2 + E2M13(r)2)

—

C2r2eqy (f(r)? + E2M13(r)?) ,
M23( ) _ _ABMH’)(”’) _ M13(r)f(’r) (1 —erea + A2€2M11(r)>
r) = Cr Ceyr (f(r)2 4+ E2M13(r)2) ;
M33(7‘) _ f(T)Q + E2€2 (61 — Alel(T‘)) M13(7")2

ey (J(r)? + B M ()

The Role of Symmetry

(406)

(407)
(408)

(409)

(410)

(411)
(412)

(413)

(414)
(415)

(416)

We note that the left Cauchy-Green stretch tensor fields present in all the known universal solutions,
both classical and anelastic, are equivariant under the defining action of a Lie subgroup of the special

Euclidean group.

In particular, these subgroups all have at least two independent generators, with

the three anelasic families separated by the nature of these generators; taking two purely translational
generators yields Us, taking one translational and one rotational yields Us, and taking two rotational
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yields Uy. Of course, these families are not simply symmetric with respect to an arbitrary choice of
generators of these natures; the translational generator in U3 is orthogonal to the plane of rotation
determined by the rotational generator of 3, and both of the rotational generators for i, fix a common
point. It is then natural to ask if there are other universal solutions that are likewise equivariant with
respect to a similar subgroup, but without these specific generator choices.

C.1 The Lie Algebra se(n)

To examine the subgroup structure in terms of generators, we turn our attention to se(3), the Lie algebra
associated to the Lie group SE(3). We can represent the group SE(n) as a subgroup of GL(n + 1) in the
following way: The element (Q|c) €SE(n) is identified with the (n 4+ 1) x (n 4 1) matrix

{3 ﬂ , (417)

where 0 is a 1 x n block of 0’s. It is clear that the standard matrix multiplication in GL(n + 1) agrees
with the group action determined by the defining action of SE(n) on E™. As a reminder of example A.1,
the defining action of the special Euclidean group induces the group action

(Qz[c2) * (Q1le1) = (Q2Qu|Qzc1 + ¢2) - (418)
Translating this into the representation (417), we have
Q2 c2| Q1 c1|  [Q2Q1 Qaci+c
[ 0o 1]]o0 1|/~ | o I (419)

which clearly captures the induced group structure in terms of standard matrix multiplication. Taking
the derivative of this representation around the identity yields a representation of the Lie algebra se(n):

Fg 6‘] , (420)

where Q is a skew symmetric matrix, « is an n x 1 column vector, and 0 is a 1 x n block of 0’s. We
seek to examine the subalgebra structure of se(n), and in particular, se(3), since subalgebras with two
generators will directly correspond to Lie subgroups with two generators by way of the exponential map.

The defining feature of SE(n) being its action on E™, we expect there to be an analogous representation
for E™ such that this action is reflected by the standard action of GL(n + 1) on R**1. Indeed the

1
this representation, the special Euclidean group acts via matrix multiplication as follows:

8 B[

which clearly agrees with the action as defined previously.

. . . . X
analogous representation takes the point with position vector X € R™ to the vector [ } € R**!. Under

C.2 Subalgebras of se(3)

Under the above representation, an arbitrary element of se(3) takes the form

0 ¢ € «
¢ 0 -0 B
) 0 ~I’ (422)
0 0 0 0

and the Lie bracket becomes the matrix commutator. Clearly elements of this form span a 6-dimensional
subspace of R***, We are interested in Lie subalgebras generated by the two generators, hence we
consider two arbitrary elements of se(3), examine their product, and check for linear dependence. Doing
this successively will identify proper subalgebras generated by two elements.
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We first want to choose our coordinates in such a way that to simplify our calculations. We seek to
align our coordinate frame with the axial vector of the skew symmetric submatrix €2. The axial vector
of € lies in the null space of €2, which is spanned by the vector [(5, €, C}T, unless €2 = 0, in which case
we do not have to do anything at this step. These two options are exhaustive, since the eigenvalues of
Q are {0,++/—06% — €2 — (?}.

Provided € # 0, we can choose a Cartesian coordinate system such that es is the normalized axial
vector:

1 0

— |

FP+e+¢ |
We do this by considering any rotation mapping the normalized axial vector to e3. Denoting such a
rotation R, we change coordinates by computing

€3 = (423)

0 —( € «
R O ¢ 0 -6 B|[RT 0O
[0 1] —€ 0 0 =~ { o 1| (424)
0 0 0 0
When we apply this coordinate transformation, our chosen element of the Lie algebra takes the form
0 —w 0 «o
w 0 0 g8
0 0 0 ~| (425)
0O 0 0 O

where w = /02 + €2+ (2, and the «, (8, and v here have been relabeled, being independent linear
combinations depending on R of the old «, 3, and -y, which were arbitrary to begin with.

Next, we seek to apply a coordinate translation to simplify the translation portion of our chosen
element. To do this, we seek to identify the fixed points of this action. The velocity of points under the
action of the one-parameter subalgebra generated by this element is given by

0 —w 0 «af |z a—wy

w 0 0 B||y| _ |wr+p8

0 0 0 ~| |z ~ (426)
0 0 0 Oof]1 0

. . . . T
Hence, if w # 0, we can choose a coordinate translation that sets the point [fﬂ Jw ajw O] to be the
origin. Under this transformation, our chosen element takes the form

1 00 fBlw 0 —w 0 a1 0 0 —fB/w 0 —w 0 0
010 —aw||lw 0 0pB|010 aw|l_ |w 0 00 (427)
0 01 0 0 0 0 ~|/]0 0 1 0 0 0 0 u
0 00 1 0 0 0 0](0 0 O 1 0 0 00

Here, u = ~, but we shall explicitly use u and w to emphasize that we have expressed this element of
s¢(3) in a coaxial coordinate system. In the case where Q = 0, we simply choose our coordinate rotation
so that our translation vector is aligned with ez, which sets our chosen Lie algebra element to the form
above with w = 0.

C.2.1 2-Dimensional Subalgebras

Obviously, provided that the generators we select are linearly independent, they span a two-dimensional
vector space, hence all subalgebras containing them are at least 2-dimensional. In order for us to identify
2-dimensional subalgebras, we simply need to establish necessary and sufficient conditions for the two
generators and their bracket to be linearly dependent. We select a coordinate system that is coaxial with
one of our generators, and hence have

; (428)

v =

oo & o
oo o

oo oo
o oo
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and select another arbitrary generator,

0 —¢ € «
_|¢ 0 -0 p
=" 5 ) o (429)
0 0 0 O
Taking the Lie bracket of these two elements, we obtain
0 0 dw —ue—Pw
0 0 ew udl+aw
[1, v2] = —fw —ew 0 0 (430)
0 0 0 0

We then require the Lie bracket of our generators to be within their span, i.e., we seek all solutions to
the equations
ayv1 + ague + [v1,v2] = 0, (431)
which explicitly become
asx — ue — Pfw =0,
asf + ud + aw =0,

a1u + azy =0,
asd —ew =0,
az€ 4+ dw =0,
as( + aqw = 0.
Taking the combination § (age 4+ dw = 0) — € (a20 — ew = 0) yields the equation
(+68)w=0, (432)
which implies that either w = 0, or both § = 0 and € = 0. If w = 0, we consider the combinations
€ (ager — ue = 0) — a (age = 0) = —ue® =0, (433)
§(agfB +ud = 0) — B (azd = 0) = ud® = 0. (434)
Since v1 # 0, u # 0, hence we require § = ¢ = 0. With these substitutions, [v1, v2] vanishes, and we have
0000
el o
0 0 0 O
and
0 ¢ 0 «
S M f (436)
0o 0 0 O

If ¢ # 0 can always reselect our origin to eliminate « and [, while leaving v; unchanged. Hence we
obtain the symmetry of family Us. If { = 0, we have two independent translational symmetries, which
yields the symmetry found in family Us.

Now we turn our attention to the case where w # 0, and consider the combination

a(asf+ aw =0) — B (asa — fw = 0) = (&® + %) w = 0. (437)
Since w # 0, we require a« = = 0. This leaves us with v; as initially specified and
0 —¢ 0 0
_|¢ 0 0 0
w=5 0 00, (139)
0 0 00

which means that v; and vy generate independent screw motions about the same axis, corresponding to
the symmetry of family Us.
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C.2.2 3-Dimensional Subalgebras

Defining vz = [v1, v2], and provided v3 # 0, vy, va, and vs span a three-dimensional vector space. The
span of these three vectors must be closed under the Lie bracket, hence we require

arvy + agvs + azvs + [v1,v3) = 0, (439)

and
biv1 + bovg + b3vg + [1}2, 113] =0. (440)

We know that if v3 = 0 then v; and v, generate a 2-dimensional subalgebra, hence we can freely assume
V3 7é 0.

First, we recognize that if w = 0, both v; and w3 are pure translations. They are linearly independent
provided 6 # 0 and ¢ # 0, in which case v3 = 0. Hence, the bracket of a pure translation with a
non-coaxial rotation yields another translation that is linearly independent of the original translation.
Hence, t(2) is contained in such a Lie subalgebra, and hence all universal solutions that are symmetric
with respect to the subgroups corresponding to these subalgebras are contained in Us. If the rotation
is coaxial with the translation, then the bracket vanishes and we are reduced to the already solved
2-dimensional case; hence from now on, we can safely assume w # 0.

The equations we must tackle are explicitly

aju+ agy =0,

as¢ + ajw =0,

bru+ boy +u (6% 4 €7) + 2w (ad + Be) = 0,
boC + biw + w (6% + €2) =0,

bod — byew — 6w = 0,

boe + b3dw — eCw = 0,

a0 — agew — dw? =0,

aze + azdw — ew? = 0,

baf3 + byud — ue + bzaw — yew — BCw = 0,
ase — asue — asPfw — 2udw — aw? = 0,

boax — bgue — ud( — bzfw — yow — alw = 0,

asf + asud + azow — 2uew — fw? = 0.
Taking the linear combination
1) (026 + agdw — ew? = 0) —€ (a2§ — azew — dw? = 0) = a3 (52 + 62) w =0, (441)

coupled with the condition w # 0 yields either a3 = 0 or both d =0 and e =0. If § = ¢ =0, v3 is a pure
translation that is orthogonal to the axis of v, hence, taking [v1, v3] generates another pure translation
orthogonal to the axis of v; and that of v3, hence we capture the symmetry t(2) as a subgroup of our
symmetry group, and hence this case is captured in family Us.

If either ¢ #= 0 or § # 0, we have a3 = 0, which upon substitution yields § (az — w2) = 0 and
€ (a2 — w2) = 0. These equations together imply as = w?. Substituting this new relation into our

equations, two of our equations reduce to
—2udw =0, —2uew =0, (442)

which together imply that u = 0, since § and € cannot simultaneously vanish and w # 0; hence v; must
be a pure rotation, not simply a screw motion. With this, our first equation becomes yw? = 0, hence
v =0 as well. When we insert this relation into our equations, we obtain

2 (ad + fe)w =0, (443)

which implies that the inner product of vy’s axial vector with its translation vector is zero. This implies
that vy is also a pure rotation, since this inner product is unchanged under coordinate transformations.
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This can be seen by noting that the velocity field u induced by the action of an element of se(3) is given
by

U1 0 —¢C € «af |z ez —Cy+a

u| [ ¢ 0 =0 B |y| _|Cx—6z+p

uz| |- & 0 A |z| |dy—ex+~v]|° (444)
0 0 0 0 of]|1 0

Taking the inner product of this with the embedding of the axial vector [5 e (¢ 1} i yields
ad + Be+ ¢, (445)

which, not depending on position, is an invariant of the velocity field. Since the velocity field is coordinate
independent, we know that this invariant will be preserved under coordinate changes. When we express
our generator in a coordinate system aligned with its axis, this invariant becomes wu, which vanishes if
either our generator is a pure translation or a pure rotation. In our analysis, we have for ve, ad + fe =0
together with v = 0, hence we know vs is either a pure translation or a pure rotation. We know that vy
is not a pure translation since either § or € is nonzero. Additionally, we know that the axial vectors of
v1 and vy are linearly independent, since either § or € is nonzero.

Summing up our progress thus far, we have shown that both v; and vo must be pure rotations. In fact,
their axes of rotation intersect, hence they generate s0(3), the symmetry present in Uy, indicating that
our classification captures all 3-dimensional cases. To see this, note that we have aligned our coordinates
so that the axis of rotation for v; is the z axis. We seek to show that the axis of rotation for v, intersects
the z axis.

First notice that for rotations about the origin, the velocity field generated is of the form

v=wAX, (446)

where w is the axial vector of €2, and A is the standard cross product. This implies that the velocity
vector at a point is orthogonal to the plane spanned by the axial vector of the rotation, and the position
vector X. Since (446) assumes we have chosen our origin such that the axis of rotation passes through the
origin, this plane is equivalently the plane containing the axis of rotation and the point X. Therefore, for
the generator vy, we can examine the velocity generated at the origin, and recognize that it lies entirely
in the x,y plane. If this velocity is nonzero, we know that the plane passing through the origin that is
orthogonal to this translation contains vy’s axis of rotation. This plane also contains the z axis, since all
planes passing through the origin that are orthogonal to a nonzero vector in the x,y plane contain the
z axis. Therefore the axes of rotation for v; and vo are coplanar. We have already established that they
are not parallel, since the axial vectors for v; and vy are linearly independent, hence they must intersect
at some point. If the velocity generated by vs at the origin is zero, then the axis of rotation of v, passes
through the origin, and hence not only intersects the z axis, but intersects it at the origin.

We have therefore shown that all three-dimensional Lie subalgebras of se(3) that are generated by two
linearly independent generators either contain t(2) as a subalgebra, or are s0(3), the algebra associated
with the set of rotations about a fixed point, and hence universal solutions that are equivariant with
respect to the associated Lie groups are contained in one of our discovered families.

C.2.3 4+ Dimensional Subalgebras

Without loss of generality, we assume vy, vg, v, and vy = [v1, v3] are linearly independent, since the
other choice would be vy = [v2, v3], which would be equivalent. Specifically, we denote V2 = Span (v1, v2),
and V3 = Span (v, ve, [v1, v2]). Provided that vy, ve, and [v1,vs] are linearly independent, we can write
V3 =V, @ Span ([vy, v2]). It suffices to take the fourth linearly independent element to be of the form

vg = [u,w], u € Vo, w e Span ([v1,va]), (447)

since for all u,w € Va, [u,w] € V3, and for all u,w € Span ([v1,v2]), [u,w] = 0. Since v; and vy are
arbitrary, we can choose this fourth linearly independent element to be [v1,v3]. Doing this, we have

0 0 —ew?  —w (2ud + aw)
0 0 dw? —w (2ue+ Pw

VLT e —sw? 0 ( 0 ) (448)
0 0 0 0



Notice that the axial vectors of vy, v3, and vy are [O,O,w]T, [—ew, dw, O]T, and [—(5w2, —er,O}T respec-
tively. These vectors are mutually orthogonal, hence provided w # 0 and that € # 0 or § # 0, these
span R3, and hence the rotational components of these three generators can be used to reduce any
fourth linearly independent generator to a pure translation. As shown earlier, taking the bracket of a
pure translation with any other linearly independent element of se(3) generates a 2-dimensional subal-
gebra: either £(2) or s0(2) x t(1). Therefore, all subalgebras of dimension four or higher contain one of
these two-dimensional subalgebras, hence universal solutions that are symmetric with respect to such a
4-dimensional subalgebra will be contained in either Us or Us.
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