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Abstract

Equivariant bifurcation theory has been used extensively to study pattern formation via
symmetry-breaking steady state bifurcation in various physical systems modeled by E(2)-
equivariant partial differential equations. Much attention has focussed on solutions that are
doubly—periodic with respect to a square or hexagonal lattice, for which the bifurcation prob-
lem can be restricted to a finite-dimensional center manifold. Previous studies have used
four— and six—dimensional representations for the square and hexagonal lattice symmetry
groups respectively, which in turn allows the relative stability of squares and rolls or hexagons
and roll to be determined. Here we consider the countably infinite set of eight— and twelve—
dimensional irreducible representations for the square and hexagonal cases, respectively. This
extends earlier relative stability results to include a greater variety of bifurcating planforms,
and also allows the stability of rolls, squares and hexagons to be established to a countably
infinite set of perturbations. In each case we derive the Taylor expansion of the equivari-
ant bifurcation problem and compute the linear, orbital stability of those solution branches
guaranteed to exist by the equivariant branching lemma. In both cases we find that many
of the stability results are established at cubic order in the Taylor expansion, although to
completely determine the stability of certain states, higher order terms are required. For the
hexagonal lattice, all of the solution branches guaranteed by the equivariant branching lemma
are, generically, unstable due to the presence of a quadratic term in the Taylor expansion. For
this reason we consider two special cases: the degenerate bifurcation problem that is obtained
by setting the coefficient of the quadratic term to zero, and the bifurcation problem when an
extra reflection symmetry is present.



1 Introduction.

Equivariant bifurcation theory [12] is a powerful tool for investigating pattern-forming instabil-
ities in physical systems. This approach distinguishes between those aspects of the bifurcation
problem that are a consequence of symmetry and those aspects that depend on the specifics of
the mathematical model. For example, the general form of the bifurcation equations is derived
using symmetry considerations alone, with details of the mathematical model appearing only in
the numerical values of the coefficients. Consequently, disparate physical systems, that nonethe-
less share the same symmetries, can exhibit strikingly similar behavior. In this paper we extend
previous work on the evolution of symmetry-breaking, steady state bifurcations in parameterized
families of E(2)-equivariant partial differential equations (PDEs), where E(2) is the Euclidean
group of rotations, reflections and translations in a plane. The results, which apply to spatially-
periodic patterns, are based solely on the symmetries of the PDEs and certain features of the
linear instability. They apply to a wide variety of pattern forming systems, e.g., Rayleigh-Bénard
convection [3], models of steady cellular patterns in combustion [26] and solidification [5], and
chemical reaction-diffusion systems in the Turing instability regime [28].

The non-compactness of the Euclidean group presents a fundamental difficulty in applying
standard methods of equivariant bifurcation theory, as described in [12], to bifurcation problems
with E(2) symmetry. (See recent work by Melbourne [20] for a classification and treatment of
bifurcation problems with Euclidean symmetry.) The approach used both here and previously is
to restrict the solutions of the PDEs to those that are spatially doubly-periodic. This restriction
reduces the relevant symmetry group to one that is compact — the translation symmetry of
the problem is reduced from R? to a torus T2. In this vein, Buzano and Golubitsky [4], and
Golubitsky, Swift and Knobloch [13], considered steady state bifurcation of a spatially uniform
equilibrium state to steady planforms periodic on a hexagonal lattice. Buzano and Golubitsky
used singularity theory to derive the normal form of a degenerate Dg-+T?-equivariant bifurcation
problem on C3; one in which the coefficient of the quadratic term is zero. (In the non-degenerate
problem, all of the primary solution branches bifurcate unstably.) They analyzed a universal
unfolding of this degenerate bifurcation problem to determine all steady state solution branches,
and their stability properties, in a neighborhood of the bifurcation point. Their approach enabled
a rigorous analysis of the relative stability of the primary branches, namely hexagons and rolls
and, in particular, the study of the well-know hysteretic transition between these two states.
Golubitsky, Swift and Knobloch contrasted the degenerate problem investigated by Buzano and
Golubitsky with the case where there is an additional reflection symmetry that kills all even terms
in the bifurcation equations. They also determined stability and branching of steady states by
analyzing an equivariant bifurcation problem posed on C3. The additional symmetry introduces
two more primary branches, called regular triangles and patchwork quilt solutions in [13]; the
latter are shown to be unstable. Both the degenerate problem and the problem with additional
reflection symmetry arise naturally in, and are motivated by, Rayleigh-Bénard convection; the
degenerate bifurcation problem arises when the linearized operator is self-adjoint [23]; and the
Z, symmetry corresponds to a reflection in the midplane of the fluid layer that is present in the
Boussinesq approximation when the boundary conditions at the top and bottom of the fluid layer
are identical [13].

Bifurcation to steady planforms periodic on a square lattice are considered in [27], where the
general form of the Dy+T?-equivariant bifurcation problem on C? is derived. This bifurcation
problem reduces to one with D, symmetry on R?, which has been studied extensively in the
context of O(2)-equivariant Hopf bifurcation [12]. The primary branches for this bifurcation
problem are squares and rolls, and again the relative stability of these two states can be found in



terms of the coefficients of the leading terms in the Taylor expansion of the bifurcation equations.

Subsequently, Dionne [7] used entirely group theoretic methods to classify, by symmetry and
spatial periodicity, all spatially-periodic planforms that are guaranteed to exist by the equivariant
branching lemma [12, 29]. (Also see Dionne and Golubitsky [8].) This classification applies to
a broad class of E(2)-equivariant steady state bifurcation problems. In addition to the rolls,
squares and hexagons discussed above, there is a continuum of rectangles, and a countably infinite
set of “super squares”, “anti-squares” and “super hexagons”. All of these planforms bifurcate
simultaneously from the fully symmetric equilibrium state. The branching of super hexagons in
Rayleigh-Bénard convection was investigated by Kirchgéssner [16].

In this paper, we re-visit the issue of relative stability of solutions which are doubly-periodic
on hexagonal and square lattices by now considering the remaining irreducible representations of
Dg+T? and D4+T2, which are on C® and C*, respectively. This enables us to study the relative
stability of rolls, squares and hexagons to some of the new states shown to exist in [7, 8]. In all
cases, the bifurcation problems associated with the lower-dimensional representations, analyzed
in [4], [13] and [27], are regained by restricting the bifurcation equations to an appropriate
subspace. There are a countably infinite number of representations of Dg+T? and D4+T? on C6
and C*, respectively. For each representation there are six planforms guaranteed to exist by the
equivariant branching lemma. In the case of the square lattice these are: rolls (stripes), simple
squares, two different types of rhombs (rectangles), super squares, and anti-squares. In the case of
the hexagonal lattice, the planforms are rolls, simple hexagons, three different rhombs, and super
hexagons. The precise form of the rhombs, super squares, anti-squares and super hexagons differs
from representation to representation. (Some examples of the different planforms are shown in
figures 3 and 4 below.)

Following a similar rationale to Golubitsky, Swift and Knobloch, we proceed by first restricting
the space of solutions of the PDEs to those that are periodic with respect to a square or hexagonal
lattice. Then, within this subspace of solutions, we invoke the center manifold theorem to reduce
the bifurcation problem to a finite-dimensional one

z=2g(z ), g:C*°xR— C% (1.1)

where s = 4 for the square lattice problem, s = 6 for the hexagonal one, and A is the bifurcation
parameter.

We treat the square and hexagonal lattice bifurcation problems separately. In each case we
determine the Taylor expansion of the equivariant bifurcation problem to sufficiently high order
so that we can determine the linear (orbital) stability of the planforms to perturbations that lie on
the same lattice. In the case of the hexagonal lattice the Taylor expansion of g contains quadratic
terms that force the solution branches to bifurcate unstably [15]. Thus, as in [13], we consider
the following two problems: (1) the degenerate bifurcation problem in which the coefficient of the
quadratic term is zero, and (2) the bifurcation problem for PDEs that are E(2)®Zs-equivariant,
where the extra Zs reflection symmetry kills the even terms in the Taylor expansion of g. When
the PDEs are E(2)®Zs-equivariant, we use the equivariant branching lemma to show that there
are five additional solution branches to those given above. These are: simple triangles (called
“regular triangles” in [13]), rhombs (called the “patchwork quilt” in [13]), anti-hexagons, super
triangles, and anti-triangles. (See figure 5 below for examples of these planforms.) The countable
set of anti-hexagons, super triangles and anti-triangles solution branches is new; all are periodic on
some hexagonal lattice. The presence of the extra Zs symmetry does not change the bifurcation
problems on square lattices. For each problem, we exploit the symmetry of the solution branch
to determine the eigenvalues of the Jacobian matrix Dg and their multiplicities.



This study enables us to achieve two ends. Firstly, for a particular irreducible representation,
it allows us to determine the relative stability of the primary branches enumerated above in terms
of the coefficients of the leading terms in the Taylor expansion of (1.1). For example, we determine
the relative stability of the six primary branches known to exist for each representation of D4+T?
on C*. Our analysis also allows us to make a number of general statements about (bi)stability
and branching of solutions. These results are especially pertinent to E(2) equivariant PDEs
posed on square or hexagonal domains with periodic boundary conditions. Secondly, since rolls,
simple squares, simple hexagons and simple triangles are primary branches for all of the countably
infinite set of representations, our analysis presents a framework for determining the stability of
these primary branches to a countable set of perturbations in E(2)-equivariant problems. We
find that the perturbation calculations necessary for determining these stability results in specific
applications are no more involved than those executed to determine the relative stability of
squares and rolls. (See [17] for a similar stability computation of simple hexagons in the Bénard
problem.)

Our paper is organized as follows. In section 2 we give a mathematical formulation of the
bifurcation problem, by stating our assumptions about the linear instability and giving the action
of the symmetry group on the space of spatially-periodic solutions on the square and hexagonal
lattices. In section 3 we characterize the solutions guaranteed by the equivariant branching lemma
in terms of their symmetries. The role of “hidden” Euclidean symmetries is described. We also
present some examples of the planforms associated with these primary solution branches. Sec-
tion 4 contains our analysis of the square lattice bifurcation problem. We compute the eigenvalues
of the solution branches in terms of the coefficients of the leading terms in the Taylor expansion of
the general bifurcation problem. From this information we draw a number of conclusions about
the branching and (bi)stability of the solutions. In section 5 we consider two bifurcation problems
associated with the hexagonal lattices. We compute stability of the solutions for the degenerate
bifurcation problem in which the coefficient of the quadratic term is zero. We also briefly dis-
cuss the unfolding of this bifurcation problem and present an example bifurcation diagram that
indicates the secondary bifurcation points on the primary solution branches. We then consider
the bifurcation problem in the case that there is an extra Zo symmetry. Section 6 contains our
conclusions.

2 Problem Formulation.

2.1 Symmetries of the PDEs.

We consider parameterized families of partial differential equations which we write in evolutionary
form,

%u(x,y,t) =F(u(x,y,t),A) , (21)

where F : X x R — ) is a nonlinear operator between suitably chosen function spaces, X and
Y, and X € R is the bifurcation parameter. Here u: R? x Q x R — R" is a function in X of a
spatial variable x € R?2, (possibly) a bounded spatial variable y € Q, and time t.

We assume that (2.1) has Euclidean symmetry. The Euclidean group E(2) is the group of
motions in R? that preserve distances, i.e. rotations, reflections and translations. We denote
elements of E(2) by (h,d) where h € O(2) is an orthogonal transformation (a reflection or
rotation) and d € R? is a translation. The action of (h,d) € E(2) on x € R? is defined by

(h,d)x = hx +d. (2.2)



This action forces the product of (hy,d1) and (ha,d2) to be defined by
(hl,dl)(hg,dz) = (hlhg,dl +h1d2) . (2.3)

Hence E(2) is the semi-direct product (denoted by +) of the groups of orthogonal transformations
and translations; specifically, E(2)=0(2)+R?, where R? is a normal subgroup of E(2).

We assume that the Euclidean group acts on the vector-valued function u: R>xQ xR — R"
as follows

’)/.Ll(X, Y, t) = Ahu(ﬁyilxv Y, t) (24)

for all v = (h,d) € E(2). Here A} is an n x n orthogonal matrix; the collection of all Ay, is a
representation of O(2) on R™. Our assumption that (2.1) has Euclidean symmetry means that
F is E(2)—equivariant, i.e.,

v.F(u(x,y,t),\) = F(v.u(x,y,t),\) . (2.5)

In the remainder of the paper we suppress any possible dependence of u on the bounded spatial
variable y.

The symmetry of the problem is enlarged from E(2) to E(2)®Zs for some of the motivating
applications. For example, in certain Rayleigh-Bénard convection problems Zs is a reflection in
the mid-plane of the fluid layer [13].

2.2 Linear analysis and the symmetry-breaking bifurcation.

We assume that there is a Euclidean-invariant time-independent solution of (2.1) for all values
of X. This corresponds to a spatially uniform equilibrium, which, without loss of generality, we
take to be u = 0. We assume that this trivial solution is linearly stable for A < 0, unstable for
A > 0, and that A = 0 corresponds to a symmetry—breaking steady state bifurcation point. At
this bifurcation point, the zero solution is neutrally stable to perturbations in the form of spatial
Fourier modes e*™¥* with k € R?, |k| = k., where we assume that k. is nonzero. We refer to the
equilibrium solutions {u,e?™™** |k| = k.}, of the linearized problem at A = 0, as the critical or
neutral modes, and the circle |k| = k. in the two—dimensional k—space as the critical circle. Here
uy is a constant n-dimensional vector, which we take to be unique, up to scalar multiplication.
Melbourne [20] has recently shown that, generically, there are two distinct classes of symmetry—
breaking, steady state bifurcation problems for systems of E(2)—equivariant PDEs, each of which
can be reduced (locally) to a single PDE. Following [1], Melbourne refers to the two types as
scalar and pseudoscalar, where the scalar action of E(2) on v : R? — R is v(x) — v(y 'x),
and the pseudoscalar action is v(x) + det(h)v(y~1x), for all v = (h,d) € R?. In this paper,
we consider the scalar case only, i.e., we assume that the kernel of the linearized PDEs trans-
forms under the scalar action of E(2). This is the case for all of the applications mentioned
in the introduction. (See [1] for examples of “pseudo-scalar” PDEs, and a classification of the
spatially—periodic planforms guaranteed by the equivariant branching lemma in this case.)

2.3 Spatially doubly-periodic solutions.

We restrict our bifurcation analysis to solutions u(x,t) of (2.1) that are doubly-periodic with
respect to some square or hexagonal lattice £. Specifically, the planar lattice £ is generated by
two linearly independent vectors £1, 4> € R?, i.e.,

L= {n1l; +ngly € R?:ny,ny € Z}. (2.6)



We say that a function u(x,t) is £ — periodic if

u(x+/4,t) =u(x,t) forall CeL. (2.7)
We assume that L-periodic solutions of (2.1) can be expressed in a Fourier series
wx,t) = Y () ™ tec), j=1,...,m, (2.8)
keLl*

where @) € C is the time-dependent amplitude of the k" Fourier mode. The wave vectors k
lie in the dual lattice to L, denoted L*. Specifically, L* is generated by two linearly independent
vectors ki, ko € R?, where k; - ¢; = 6; j (the Kronecker delta):

L* = {nik; + noks € R? :ny,ny € Z}. (2.9)

In this paper we consider two cases that satisfy |¢1] = |[l2]: (1) the square lattice, where the
spatial variable x is scaled so that

6 =(1,0),  £L2=(0,1), (2.10)

and (2) the hexagonal lattice, with x scaled so that

0 = (%1) 0y = (%,0). (2.11)

An important consequence of restricting the solution space of (2.1) to L-periodic functions
is that the spectrum of the linear operator Ly is rendered discrete. Hence, we expect the center
manifold theorem [19] to apply at the bifurcation point. Specifically, for the problems of interest,
this restriction ensures that there are only a finite number of zero eigenvalues at the bifurcation
point, with all other eigenvalues bounded away from the imaginary axis. The dimension of the
bifurcation problem depends on the number of points k € £* that lie on the critical circle of
radius k.. For the square and hexagonal lattices we consider the cases where the critical circle
intersects 8 and 12 points points in £* respectively (see Figure 1).

In what follows we identify the kernel of the linear operator Lg,

S
ker(Lo) = {u= sze%in'xuj +cc.: z;€C, |Kj| =k}, (2.12)
j=1

with the vector space

S
V={v= szeZ”in'x +cc.: z;€C, Kj| =k} =C*, (2.13)
j=1

where the isomorphism between V' and C? is defined by
Vi Z=(21,21,...,25) - (2.14)

As a vector space over the reals, dim(V) = 2s. As mentioned above, this paper focuses on the
case s = 4 for the square lattice and s = 6 for the hexagonal lattice.
The PDEs, restricted to the center manifold, lead to a system of ordinary differential equations

2=g(z,)), g:C°xR - C". (2.15)

Here ¢g(0,)\) = 0 and the Jacobian matrix at the bifurcation point, Dg(0,0), is the zero matrix.
In the next section we describe the symmetries inherited by the bifurcation problem from the
PDEs. In particular, if I' is the symmetry group of the bifurcation problem (2.15), then g(z, \)
satisfies the usual equivariance condition

v8(z,\) = g(yz,\), foralyel . (2.16)



2.4 Symmetry of the restricted bifurcation problem.

The symmetry of the PDEs (2.1), reformulated in the space X of L-periodic functions, is a
compact group I'. Specifically, I' is the largest group, constructed from E(2), that preserves X,
i.e., v.Xr C X for all v € T. As with E(2), T has a semi-direct product structure, namely
I' = H4+T?2, where H CO(2) is the finite group of rotations and reflections that preserve the
lattice and T? ~ R?/L is the torus of translations. The discrete group H is called the holohedry
of the lattice; in the case of the square lattice, H = Dy, while H = Dg for the hexagonal lattice.
(Recall that D,,, the dihedral group of order 2n, is the group of symmetries of a regular n-gon.)
In this paper we also consider the case where I" is enlarged to I' @ Zs. In the remainder of the
paper, let I'y = D4+T? and I';, = Dg+T?, while I, without a subscript, refers to I's(®Z2) and /or
Cp(9Z2).

Square lattice case.

For doubly-periodic solutions on a square lattice we take the generators of the dual lattice £* to
be
ki =(1,0) and ko =(0,1) . (2.17)

Thus the wave vectors k € £* in (2.8) have the form (nq,n9), where ny and ns are integers.
Moreover, we assume that lengths in the original PDEs have been scaled so that k. = /a2 + 32
for some integers a and . Alternatively, we could have held k. fixed and scaled the lattice L.

The relevant representation of the symmetry group I's = D4+T? is determined by considering
its action on the complex amplitudes z; of the critical Fourier modes in (2.13). The irreducible
representations of I'y are either 4-dimensional or 8-dimensional, in which case there are two or
four complex Fourier amplitudes, respectively. Examples of these two different cases are depicted
in Figure la for k. = 1 and k. = /3, i.e., for (a, ) = (1,0) and (o, 3) = (2,1). Note that
it is also possible for the critical circle to intersect more than eight points in the dual lattice,
e.g., if k. = 5 then there are four (real) Fourier modes associated with («, 5) = (5,0) and eight
associated with (a, 3) = (4,3). We do not consider these special cases here. (See Crawford [6]
for an application of these higher-dimensional reducible representations.)

Following Dionne and Golubitsky [8] we require the representation of I'y to be not only
irreducible, but also translation free. A representation is translation free if there are no (non-
trivial) translations in I'y that act trivially on (2.13). This requirement ensures that we have found
the finest lattice £ that supports the neutral modes (2.13) [8]. Table 1 gives the values of the
critical wave vectors for the translation free (absolutely) irreducible representations, henceforth
simply called representations. Note that there is just one four-dimensional representation. It is
the one that applies when the periodicity of functions in X, coincides with the wavelength of the
instability, i.e. k. = |ki| = |ka|. We focus on the eight-dimensional representations associated
with the integer pairs (o, 3) where a > 5 > 0 (see Figure 2a). The additional requirements in
Table 1, namely that o and 3 are relatively prime and not both odd, ensure that the representation
is translation free, and hence that the set of all critical modes (2.13) cannot be supported by a
finer lattice £ [8].

D4 C T's is generated by a counterclockwise rotation R/ by /2 about the origin and a
reflection 7., through the z1-axis. The elements of T? C Ty are denoted by © = (1,6,), where
61,05 € [0,1). The action of I's on V for s = 4 in Table 1 induces an action of I'y on C* generated
by (cf. Figure 2a)

Rﬂ-/Q(Z) = (22,21,54,23) R (2.18)

T2, (2) = (%4, 73,%2,%1) (2.19)



Table 1: Translation Free (absolutely) Irreducible Representations for the Square Lattice.
dim(V) | K's
4 K; =k; =(1,0)
(SZQ) K2 = k2 = (0, 1)
8 K; = ak; + fks = (o, §)
(s=4) | Ko =—pk; +ake = (—f, )
K3 = ﬂkl + Oékg = (ﬂ, a)
Ky = —ak; + fky = (—a, )
o,B€Z,a>03>0,
«a and 3 are relatively prime and not both odd.

and

o
b
(6727ri(a91 +ﬁ92)zl7 672ﬂi(7501+a92)z2’ 6727ri(591 +a92)Z37 6727ri(7a91 +ﬁ92)z4) )

@(Z) (e—Qm'Ky@Zl

—2miK30 ,, o—2miKsO ) (2.20)

Hexagonal lattice case.

For doubly-periodic solutions on a hexagonal lattice the generators of the dual lattice £* are
ki =(0,1) and ko= (v3/2,-1/2) . (2.21)

We assume that lengths in the original PDEs have been scaled so that k. = /a2 + (32 — af3 for
some integers o and [.

The relevant representation of the symmetry group I'y, = Dg+T? is determined by considering
its action on the complex amplitudes of the critical Fourier modes at the bifurcation point. The
irreducible representations of I'j, are either 6-dimensional or 12-dimensional. Examples of these
two different cases are depicted in Figure 1b for k. = 1 and k. = /7, i.e., for (o, 3) = (1,0)
and (o, 3) = (3,2). The values of the critical wave vectors for the translation free (absolutely)
irreducible representations are summarized in Table 2. Note that there is just one six-dimensional
representation which is associated with the case where the periodicity of functions in X» coincides
with the wavelength of the instability, i.e. k. = |ki| = |ke|. The bifurcation problem associated
with this representation of I';, has been studied extensively [4, 13]. In this paper we focus on
the twelve-dimensional representations associated with the integer pairs (o, 8), @ > 8 > a/2 > 0
(see Figure 2b). The restrictions that « and 3 be relatively prime and that a+ 3 not be divisible
by 3 ensure that the representations are translation free [8].

Dg C T’ is generated by a counterclockwise rotation R, /3 by 7/3 and a reflection 7, through
the z1-axis. The elements of T? C T, are denoted by © = 11 + 0ols, where £; = (1//3,1),
lo = (2/4/3,0), and 01,0, € [0,1). The action of I';, on V for s = 6 in Table 2 induces an action
of I'j, on C% generated by (cf. Figure 2b)

R, /3(z) = (22, 73,71, %5, %6, Z4) (2.22)
T$1(Z) = (ZG>Z5>Z47Z37227Z1) (223)
and
@(Z) — (672m’(a01+592)21’ 6727ri((7a+ﬁ)917a02)z2’ 6727ri(7391+(a7ﬁ)92)z3’
e—27ri(a61+(a—,6’)02)z4’ e—27ri(—ﬁ01—a02)z5’ 6—2m((—a+ﬂ)01+ﬁ02)z6) ] (2‘24)



Table 2: Translation Free (absolutely) Irreducible Representations for the Hexagonal Lattice.
dim(V) | K's
6 K; =k; =(0,1)

s=3 | Ky=ky=(V3/2,-1/2)
K3 = ki —ky = (—V3/2,-1/2)

12 K = ak; + Ok
s=6 K2 = (—Oé + ﬂ)kl - ak2
K3 = ki + (o — Bk
K4 = Oékl + (a - ﬂ)kg
K5 = —ﬁkl - Oékg
Kﬁ = (—Oé + ﬂ)kl + ﬂkg
a,BEZ, a>0>a/2>0,
« and (3 are relatvely prime and « + 3 is not a multiple of 3.

Additional Z>; symmetry.

In this paper we consider the possibility that there is an additional Z, symmetry so that the
bifurcation problems are equivariant with respect to (H+T?) @ Zs, where H = D4 or H = Ds.
We assume that x € Zy takes v to —v, where v € V' is given by (2.13). This induces the following
action on z € C?®:

k(z) = —z. (2.25)

The additional reflection symmetry has no effect on the bifurcation problems associated with
the square lattice. This observation, for the four-dimensional representation of (D4+T?) @ Zo, is
made in [25]. The case of the eight-dimensional representations in Table 1 is the same. Specifically,
we note that the translation (3, ) € T? in (2.20) acts on z in the same way as the reflection
in (2.25). Hence, we need only consider the effect of the additional reflection for the hexagonal
lattice bifurcation problems.

3 Group Theoretic Results.

3.1 Axial subgroups.

In this paper, we consider solution branches that are guaranteed to exist by the equivariant
branching lemma [12, 29]. This lemma provides an algebraic criterion for existence of solution
branches associated with particular subgroups of I'. Specifically, we specify the symmetry of an
equilibrium solution z € C* by the isotropy subgroup 3, C I', where

Y,={cel:o0z=12z}. (3.1)

A subgroup ¥ C I' is an isotropy subgroup if there exists a z € C® for which X, = . Associated
with each isotropy subgroup ¥ C I' is a vector subspace of C?, called the fixed point subspace
and denoted Fix(X), where

Fix(¥)={z€C’:0z=13z, foralloc € X} . (3.2)

The equivariant branching lemma states that provided certain (generic) conditions are satisfied
by the bifurcation, there exists a branch of equilibrium solutions, bifurcating from the origin
at A = 0, with symmetry ¥ for each isotropy subgroup ¥ C I' that satisfies dim(Fix(X))=1.



Table 3: Axial subgroups ¥ (up to conjugacy) of I's. The generators of 'y are given in (2.22)-
(2.24).

Nomenclature z Generators of Fix(¥)
Super Squares (SuS,,3) ]34 Ry )2, oy nn=zm=2z23=24€R
Anti-squares (AS, 3) Dy Rej2s (Tay s 31 |a=m=-m=-ucR
Rolls (R) Z5+8! R,, St (@) nER, mp=23=2,=0
Simple Squares (SiS) Z4+S1 2 R/, S12 (b) z71=m€eR,23=24=0
Rhombs (Rhyj . 5) D3+S13 | Re, 7 R3 /20 S13 @ z1i=2m€eR, zp=2=0
Rhombs (Rhgo ) | D54+S14 | Ra, 7uys S14 @ n=2€R, n=2=0

(@ ST = {(Bs,—as) € T?:s € R} .
(0) S1,2 is generated by ( _’?_

a -8 @
O(2+,82’ o? O(2+ 2 O(2+ﬂ2

2), ) € T2
(©) S 3 is generated by (aﬁm, aiﬁ?) 5 agfm) c T2

() S1,4 is generated by (i, %), (5—;, %) € T2

o~ o~

Following [11], we refer to isotropy subgroups with 1-dimensional fixed point spaces as azial and
the associated spatially doubly-periodic solutions as axial planforms.

This section gives all axial subgroups for the 8-dimensional representations of I'y, and for the
12-dimensional representations of I'y, and I'y, @ Zs. The axial subgroups of I'y and I'y, are obtained
from the classification of axial planforms given by Dionne and Golubitsky [8], while the results
for 'y, @ Zo are new. We follow the convention of identifying all solution branches that are on the
group orbit I'zy of a particular branch zy. Thus we classify isotropy subgroups of I' by conjugacy
class since the isotropy of a point z) € C? is conjugate to the isotropy of a point on its group
orbit; specifically, ¥.,, = 7X,,7 L

Dionne and Golubitsky [8] considered rhombic, square and hexagonal lattices, and determined
the symmetry of the axial planforms on the finest lattice that supports the solution. This was
accomplished by insisting that the isotropy subgroups be translation-free. Here we must ex-
tend their results to the case where the lattice is fixed and hence the representation of I' given.
In this case, the same solutions are obtained, but the isotropy subgroups are not necessarily
translation-free. The pure translation symmetries of a solution branch play a role in determin-
ing the eigenvalue structure of the Jacobian matrix evaluated on that solution branch (see, for
example, Section 4.2).

Square lattice case.

We list in Table 3 the six axial subgroups of Ty acting on C* together with their generators, and
their one-dimensional fixed point subspaces. Note that the pure translation subgroups, denoted
St, S12, S1,3 and Sy 4, depend on the values o and # and hence are not the same for all 8-
dimensional representations. Associated with these fixed point subspaces are planforms that are
periodic with respect to a finer lattice than L. For instance, the rolls are periodic on a finer
one-dimensional lattice, while each type of rhombs solution is periodic on a finer rhombic lattice,
and simple squares are periodic on a finer square lattice.

Hexagonal lattice cases.

Table 4 lists the axial subgroups, up to conjugacy, of I';, acting on C® together with their gen-
erators, and their fixed point subspaces. The axial subgroups associated with I'y, @ Zs are listed
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Table 4: Axial subgroups X (up to conjugacy) of I', and I'y, @ Zs. The generators of I', are given
n (2.18)-(2.20), and the action of k € Zy is given by (2.25).

Nomenclature z Cenerators of ¥ (%) Fix(¥)
Super Hexagons (SuHiﬁ) D¢ Ry/35 Tay 21 =29 =123 =24 =25 = 26 € RT
Rolls (R) Z5+S! R, St 271E€ER, zo=23=24=25 =26 =0
Rhombs (Rhj1,0,3) D3+S14 | Ry, TnBr/3Tuy, S14 | 1 =24 €R, =23 =25 =26=0
Rhombs (thQ,Otﬂ) Dgl—i—SLg) R, R2/3T$1, 81,5 z1=25 € R, 20=23=24=26=0
Rhombs (thg,a”@) D%#—Sm R, Txys 8176 2n1=2€R, z0=23=24=25=0
Simple Hexagons (SiHi) Z6+Sl,273 R,r 3 81,273 21 = %9 = 23 € Ri, Z4 — 25 = 26 = 0

(@) The generators of ST, S14, S15, S1,6, and Sy 23 are given in Table 6.

Table 5: Additional axial subgroups ¥ (up to conjugacy) of I'y, @ Zs. Also see Table 4.

Nomenclature z Cenerators of ¥ (@) Fix(%)
Anti-triangles (AT, ) D¢ ((Rr/3,0),5), ((72,,0), ) | 21 =20 =23 = —24 = —25 = —26 € Ri
Super Triangles (SuT, g) Dg ((Rr/3,0), k), ((72,,0), Id) 21 =20 =123 =24=25= 25 € Ri
Anti-hexagons (AH, ) Dg ((Rr/3,0),Id), ((721,0),k) | 21 =20 =23 =—24=—25 = —2 € R
Simple Triangles (SiT) Z64—Sl72,3 (( /35 ) ) Sl 2,3 21 =29 =23 € Ri, 24 = 25 = 26 = 0
Rhombs (tho) Z%—i—sl,g ((RW,O), ), Sl,g 21,79 € R (b), z3=24 =25 =26 =0
(@) The generators of Sy 23 and Sy are given in Table 6

() A hidden reflection further fixes z; = z;.

in Tables 4 and 5. In the case of I'y, there are two branches each of simple and super hexagons,
which differ by the sign of 27, e.g. SuH™ has z; > 0 while SuH™ has 2; < 0. The equivariant
branching lemma applies to the six axial subgroups in the case that I' = I', and ten isotropy
subgroups in the case that there is an extra Zs symmetry. An eleventh solution branch, rhombs
Rhyg, is known to exist from an analysis of the six-dimensional representation of 'y, @ Zo pre-
sented in [13], where it is called the “pathwork quilt”. This state is discussed further in the next
subsection on hidden symmetries; a hidden reflection fixes z; = 25.

Table 6 indicates how some of the isotropy subgroups in Table 4 are modified by the extra Zso
symmetry. In this table we denote elements of ', = Dg+T? by (h,©) and elements of I';, @ Zs
by ((h,0),1d) and ((h,©),x). Here h € Dg, © € T? and Zy = {Id,x}, where Id specifies the
identity element of a group.

3.2 Hidden symmetries.

The computations, in sections 4 and 5, of the equivariant bifurcation equations take certain
hidden symmetries into account. The hidden symmetries are elements of O(2), which are not in
the holohedry of the lattice, but which nonetheless leave invariant certain fixed point subspaces
of the bifurcation problem restricted to the lattice. The hidden symmetries act only on these
fixed point subspaces and may place some additional restrictions on the form of the bifurcation
problem (2.15). (See Crawford [6] for a detailed treatment of hidden Euclidean symmetries in I'y
mode interaction problems.)

Dionne and Golubitsky [8] classified, by symmetry, the spatially doubly-periodic axial plan-
forms corresponding to translation-free isotropy subgroups. They showed that any planform
corresponding to an isotropy subgroup containing nontrivial translations is in fact supported by
a finer planar lattice. In the context of this finer lattice, the isotropy subgroup contains all the
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Table 6: Generators of subgroups S! and S, of I'j, and 'y, @ Zs.

St.S. Generators of S',S, c Ty, Generators of S, S, c I'}, ® Z»
St (Id, Bs l1 — as {y), Where seR | ((Id, Bst1 + (L as) l5), k), where s € R

S14 (Id, a2a__21i/g 0 — 5295 b2); ((Id, m t), k),

(Id, =5 0+ 7255 ) ((Id, szt (0 —202)), ®)
Si5 (d, =% 6 — azEﬁQ l3), ((Id, 55— g) (b1 —£2)), K)

(Id, o2 b — anBQ 2y ((Id, 2(a+g) (b1 + £2)), k)
Si6 (Id, 555 5 Ot s L), ((1d, 35 {2): K),

(Id, 2a 50+ 55 ﬁafﬁg I2) ((1d, m (261 03)), K).
Sizs | Ud ptym — i ) | (Ud o 0 — g b)s 1d),

(1d, a2—aﬂﬁ+ﬁ2 b~ g b2) ((d, 5 aﬁﬁ+ﬂ2 4~ gy b)), 1d)

Si.2 not applicable (Id, 520~ ¢ — m ), K),

((d, sr=agrsm 4+ sr—aprsn ) ©)

possible symmetries of the planform — there are no hidden symmetries. In the case of the hexago-
nal (square) lattice, the finer lattices are either one-dimensional, rhombic, or hexagonal (square).
The finer rhombic, square, and hexagonal lattices are invariant under Do, Dy, and Dg subgroups
of O(2), respectively. Solutions supported by these finer lattices lie in four— or six-dimensional
fixed-point subspaces of the appropriate I's— or I'j, —equivariant bifurcation problems. For exam-
ple, the four-dimensional subspace {z = (z1,22,0,0) : 21,22 € C} of the square lattice problem
contains all solutions that are periodic on the finer square lattice. This subspace is invariant
under Zy C I';. A hidden reflection in E(2) enlarges Z4 to D4. Similarly, a hidden reflection
enlarges Zg C I'y, to Dg CO(2) for the six-dimensional subspace of solutions that are periodic on
a finer hexagonal lattice.

We determine the hidden symmetries for the non-translation-free axial planforms in Tables 3,
4 and 5 by considering their symmetries on the finer lattice (see [8, 13]). For example, according
to Table 4, simple hexagons have Zg symmetry, while on the finest lattice that supports this
planform they have Dg symmetry; it is the hidden reflection mentioned above that enlarges Zg
to Dg. We summarize the hidden symmetries of the axial planforms as follows:

(i) Simple hexagons (SiH*) have Dg symmetry where Dg is generated by Rr/3 € I'p, and a
(hidden) reflection through the line containing the vector 3¢; —afs, denoted by 7, € FE(2).
This reflection acts as follows

%x1(217227z3707070) = (21723722707070)' (33)

(ii) Simple triangles (SiT) have Dg symmetry where Dg is generated by ((R,/3,0), %) € 'y, @ Zo2
and the (hidden) reflection ((7,,0), ).

(iii) Rhombs (Rhpg) have Dy symmetry where Do is generated by ((R;,0),Id) € T'y, ® Zs and
the (hidden) reflection 7y, R /3.

(iv) Simple squares (SiS) have D4 symmetry where Dy is generated by R/, € I's and a (hidden)
reflection 7, that acts as follows:

77131(2172270)0) = (2175%070)' (34)
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Table 7: Cha

racterization of the rhombs.

Lattice Rhombs | aspect ratio angle

Square Rhsi 0,8 % cos™! (agf‘fﬂg)

Square Rhgo 0.8 g cos ! (%)
Hexagonal | Rhji 0,8 2\%73 cos ™1 (%)
Hexagonal | Rhyg o \/ga(f/gﬁ) cos ™! (%)
Hexagonal | Rhy3.q. % cos™! (— %)
Hexagonal Rhyg % %”

(v) Each roll (R) (square or hexagonal case) has Da+S! symmetry where Dy is generated by
R and 7,.

We find that the hidden reflection (3.3) places additional restrictions on the form of the I'j,
and T'j, & Zs bifurcation problems. The hidden reflection (3.4) does not change the general form
of the I's-equivariant bifurcation problem.

3.3 Axial planforms.

In this section we present examples of the planforms associated with the axial subgroups. Specif-
ically, for each conjugacy class of subgroups ¥ C I' that fixes a one-dimensional subspace, we
present a grey scale plot of the function v(x) in (2.13) for a representative point z €Fix(X).

Figure 3 presents examples of square lattice planforms associated with the axial subgroups
listed in Table 3 in the case that (a,3) = (2,1). The rhombic, super square and anti-square
states depend on («, 3). The rolls and simple squares are, up to scaling of the spatial variable x,
the same for each 8-dimensional representation of I';.

Examples of planforms associated with the axial subgroups of I'y, and 'y, ®Z5 listed in Tables 4
and 5 are depicted in Figures 4 and 5. In the case of I'y, & Zy, the SiH™ (SuH™) branch of simple
(super) hexagons is on the group orbit of the SiH* (SuH™) branch since k(z) = —z. Note that
the only states that are the same (after rescaling x) for every value of o and (3 are the rolls,
the rhombs Rhyg, the simple hexagons, and the simple triangles. Rolls are the only state that is
common to both the square and the hexagonal lattices.

Only the super- and the anti-states of Tables 3, 4 and 5 are characterized by translation
free isotropy subgroups. Hence these are the only axial planforms with (smallest) periodicity
determined by ¢; and £5. All of the other axial planforms are periodic on a finer square, hexagonal,
or rhombic lattice. In particular, the wavelength of their periodicity is 1/k., where x has been
scaled so that k. = /a2 + 32 for square lattice states and k. = /a2 + 32 — af3 for hexagonal
lattice states. Note that while the periodicity of super- and anti-states is given by [¢1| = |la] >
1/k., the lengthscale 1/k. is also evident in the patterns. This lengthscale shows up as small
scale structure in the patterns; compare, for example, simple hexagons with super hexagons in
Figure 4.

Finally, we note that there is a countable set of rhombs that are periodic on square or hexag-
onal lattices. In Table 7 we characterize the rhombs on the square and hexagonal lattices in two
different ways. We give the angle between the wave vectors associated with the critical modes,
e.g. the angle between K; and K3 for Rhy o 3. We also give the aspect ratio of the rectangles
evident in the rhomb patterns in Figures 3-5.
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4 Stability Results: Square Lattice.

In this section we compute the linear stability, at bifurcation, of the six axial planforms listed in
Table 3. We do this within the center manifold framework of a general I's-equivariant bifurcation
problem z = g(z, ), g : C* x R — C*. An equilibrium solution branch zy of the bifurcation
problem is linearly, orbitally stable if all eigenvalues of the Jacobian matrix Dg(zy, A), not forced
by symmetry to be zero, have negative real part for A sufficiently close to zero. If any eigenvalue
has positive real part then the planform is unstable. Implicit in this is that the stability is only
determined with respect to perturbations which can be supported by the lattice.

4.1 D,+T?-equivariant bifurcation problem.

We begin by considering the I's-equivariant bifurcation problem z = g(z,\), g : C* x R — C*.
We assume that local to the bifurcation point, z = 0,A = 0, g can be expanded in a Taylor
series about z = 0. This series is determined to sufficient order that we are subsequently able to
evaluate the sign of the real part of each eigenvalue.

The equivariance condition (2.16) for I' = T'y is satisfied if (see, for example, Appendix A.3
in [6])

21 = gi(z1, 22,23, 21)
2o = ¢g1(22,7%1, 24, 723)
z3 = g1(23,%4,21,7%2) (4.1)
2y = gi1(z,23,22,21)
where
91(z) = 91(2) , (4.2)
and
O(2101(2)) = Z101(2) , for all © € T?. (4.3)

Equivariance with respect to Dy C I' is guaranteed by conditions (4.1) and (4.2), while equivari-
ance with respect to T? C I'y is equivalent to condition (4.3), i.e., to Z1g1(z) being an invariant
function of the T?-action. We proceed by finding the most general TZ-invariant polynomial
h = z1g1(z); the details of this calculation are relegated to the appendix. The T?-invariant func-
tion h is then used to find the leading order terms in the equivariant bifurcation problem. We
find that

ao=af(af 2l 2 2l + 02 T 4 b T A+ 02+ ), (44)

where it follows from (4.2) that f is a real-valued function of its arguments and that by, b €
R. Condition (4.1) determines the remaining components of g from ¢;. Note that the hidden
symmetry (3.4) is automatically satisfied since g1(z1, 22,0,0) = ¢1(21,Z2,0,0).

The cubic truncation of (4.4) is given by

21 = )\21 + Zl(a1|21‘2 + CLQ‘ZQ‘Q + CL3‘Z3|2 + (14‘Z4|2) + O(H 4 H5) 5 (45)

where the coefficients are real, and we assume, without loss of generality, that time is scaled so
that the linear term is Az.

14



4.2 Stability calculations.

To compute the eigenvalues that determine the orbital stability of the axial planforms we exploit
the fact that their symmetry imposes severe restrictions on the 8 x 8 (real) Jacobian matrix Dg
evaluated on the solution branch. Described briefly below are the two approaches that we use
for this computation, which are both standard (see [12]).

The first approach uses the observation that the Jacobian matrix evaluated on a solution
branch z) commutes with each element o € 3, . For example, the Jacobian matrix Dg evaluated
on the rolls solution branch commutes with the linear transformations that generate ¥ = Z$+S*
in Table 3, namely

Z+— 7 (4.6)

and
7 (Zla €2ﬂi(a2+ﬁ2)sz2’ 627ri(a27ﬁ2)sz3’ €4ﬂiaﬁsz4)’ s e R. (47)

We choose an ordering of the coordinates on R® to be (1,22, 73, T4, Y1, Y2, Y3, y4), Where x; and
y; are the real and imaginary parts of z;, respectively. We let g; = g7 + z'g;, where the r and 7
superscripts specify real and imaginary parts, so that @; = g and y; = gj», j=1,...,4. It follows
from the observation that Dg, evaluated on the rolls solution branch, must commute with the
above transformations that Dg is diagonal and three of the eigenvalues have multiplicity two.
Moreover, the group orbit of rolls is one-dimensional so there is a zero eigenvalue associated with
translation along the group orbit. The null direction is determined by computing the tangent
vector to the group orbit, 7.e.,

0

8—91‘9209(@“1,0,0,0) = (—2miazx1,0,0,0), 21 € R, (4.8)

where the action of © on C* is given by (2.20). It follows that (0,0,0,0,1,0,0,0) is a null
eigenvector of Dg so that the eigenvalue g—‘;ﬁ is zero.

The second approach to computing the eigenvalues relies on forming the isotypic decomposition
of C* for the isotropy subgroup ¥,, of a solution zy [12]. This decomposition determines coordi-
nates that block-diagonalize Dg. The isotypic decomposition proceeds by first decomposing C*
into Y-irreducible subspaces V; so that Ci=VooVid -V, (A representation is X-irreducible
if the only Y-invariant subspace of Vj, other than {0}, is Vj itself.) The isotypic components
W; are then formed by combining the irreducible subspaces that are X-isomorphic. (Two -
irreducible subspaces are Y-isomorphic if there exists a linear isomorphic mapping between them
which commutes with the action of ¥.) The isotypic decomposition is C* = Wy @ W, @ - - - & Wy,
k < {, where the W; are uniquely determined.

For example the isotypic decomposition of C* for ¥ = Dy[R, /25 Tzp ), Which applies to the
super squares state, is

c' = R{(1,,1,)}eR{(1,1,-1,-1)} e R{(1,-1,1,-1)} @ R{(1,-1,-1,1)}
OR{(i,i,i,1), (—i,4, —i,1), (i,0,0,7), (0,4, —3,0)} . (4.9)

The one-dimensional isotypic components immediately determine four of the eigenvalues of Dg
evaluated on the super squares solution branch; these are
991 991 091  Og1 091 091 Ogi _Ogi
8951 8%2 8%3 8%4 ’ 81:1 81:2 8%3 8%4 ’
Oof _ O Oof Ooi  Ogi _Ogi _Ouf  Ouf (w.10)
8951 8%2 8%3 8%4
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Additional restrictions are placed on the matrix obtained by restricting Dg to the four-dimensional
isotypic component Wy. Specifically, Dg\w4 commutes with the action of D4 on Wy = R*, where
Wy is the direct sum of two isomorphic Dy-absolutely irreducible subspaces. (Recall that a rep-
resentation of a group I' acts absolutely irreducibly on a space V' if the only linear maps on V
commuting with I" are multiples of the identity.) It follows that A = Dg]y;, has the form

(112 b12
(deb , (4.11)
where Iy is the 2 x 2 identity matrix and a,b,c,d € R. Each eigenvalue in this matrix has
multiplicity two. Moreover, two of the eigenvalues must be zero because the group orbit of super

squares is two-dimensional. Thus the eigenvalues are determined by simply computing the trace
of A, which, in terms of real coordinates, is

_ Ddi | Og5 | Og | Ogi

Tr(A) = .
(4) Oy1 Oya  Oyz  Oya

(4.12)
This can be further simplified by noting that, since Dg commutes with the transformations R,
and 75,

Ogi _ g5 _ Ogh _ 0gi

= = = 4.13
dy1 Oy Oys Oy (4.13)
on the super squares solution branch. Thus the repeated eigenvalue, %Tr(A), is simply 22—53.

The details of the computations of the eigenvalues for the remaining axial planforms are
omitted but the results are summarised in the second column of Table 8. Note that symmetry
considerations alone determine that the eigenvalues of Dg are real for all of the axial planforms.

From the leading order terms in the equivariant bifurcation problem (4.4), and the expressions
for the eigenvalues given in the second column of Table 8, the signs of the eigenvalues of Dg at
bifurcation may be determined. Provided the nondegeneracy condition,

b1 + baar # 0, (4.14)

is satisfied, the sign of the second (repeated) eigenvalue for the super squares and anti-squares
solution branches is evaluated by keeping all terms through O(2(a + ) — 1) in (4.4) and using
the observation that ,
991  _ (% _ %)
8yj 82]' 82]-
The signs of all remaining non-zero eigenvalues are determined by the cubic truncation (4.5)
provided the nondegeneracy conditions,

(4.15)

z=z z=z

a1 #0,+as, ta3, *as , (a1 +a2)# £(az+as), (a1 —az)# £(a3 —as), (4.16)

are satisfied. The results for all the axial planforms are summarized in the third column of
Table 8. If the nondegeneracy conditions are satisfied we can draw a number of conclusions from
this table.

1. Any one of the axial solution branches can bifurcate supercritically to produce a stable
solution.

2. If the super squares and anti-squares are neutrally stable at cubic order, then one and only
one of these two states bifurcates stably.
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Table 8: Eigenvalues and their multiplicities for axial planforms associated with 8-dim. repre-
sentations of I'y. The coefficients a1, as, as, a4, b1, by are defined by equations 4.4 and 4.5.

Axial Planform and FEigenvalues Signs of Non-zero
Branching Equation Eigenvalues
Roll 0, Y 9% (4
olls © e o (twice), sgn(ay), sgn(as —ay),
0=\ +ayz3+--- g—gg (twice), g—ifz (twice) | sgn(as —aq), sgn(ag —aq)
Simple Squares 0 (twice), g—gi (four times), sgn(as + ag — ay — as),
agt agt dg7 dg7
0=z + (a1 +ag)z® +--- 8—39511—%8—2, a—gll _8_2 sgn(ai; +az), sgn(a; — az)
Rhombs (Rhy 4 ) 0 (twice), g—gg (four times), sgn(ag + a4 — ay — ag),
agt agt g7 g7
0=z + (a1 +ag)zd +--- 8_39511 + 8—2, a—gll - 8—2 sgn(a; +asz), sgn(a; —as)
Rhombs (Rhyz 4, 3) 0 (twice), g—gg (four times), sgn(az + az — a1 — aq),
og7 g7 g7 og7
0=z + (a1 +as)z® +--- a—gll + B_gi’ 6—5}1 - a—ii sgn(a; +aq), sgn(a; — as)
Super Squares 0 (twice), 23—% (twice), sgn(—b10 — baav),
0= M\z+ g—g£+g—g£+g—g£ gg’ sgn(a1+a2+a3+a4),
(a1+a2+a3+a4)$3+-~ g—ﬁ+g—£—g—£—g—£, sgn(a1+a2—a3—a4),
+(by + bo)a2@TATL 4 g—ﬁ - gﬁi + g—;‘ig - gii, sgn(ay — az + az — as),
agt dg7 ag7 agt
8_:?:11_8_%_8_%"’_82 sgn(a; —az —asg + ay)
Anti-Squares sgn (b1 + baa),
0= \z+ sgn(ai + az + ag + as),
(a1 + ag + a3 + aq)zd + - -- Same as Super Squares sgn(a; + as — ag — ayq),
— (b1 + by)z?@ AL 4 sgn(ay — az + a3z — as),
sgn(ai — ag — az + ay)
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3. If all the axial planforms bifurcate supercritically, then at least one of them is stable.

4. If any axial solution branch bifurcates subcritically, then rolls, super squares and anti-
squares are all unstable.

5. If rolls, super squares, or anti-squares bifurcate subcritically, then all axial planforms are
unstable at bifurcation.

6. If simple squares is the only axial solution branch to bifurcate subcritically, then one, but
not both, of the rhombs solutions may be stable. Similarly, if one of the rhombs solutions
bifurcates subcritically, then simple squares or the other rhombs solution branch may be
stable, though they cannot both be stable in this case.

7. The only solution branches that can co-exist stably are simple squares SiS and the rhombs
Rhg1,0,8, Rhe2 o 3. Any combination of two of these states can bifurcate stably, but not all
three.

5 Stability Results: Hexagonal Lattice.

In this section we compute the linear stability, at bifurcation, of the axial planforms that are
associated with the twelve-dimensional representations of I', and T'y, @ Zs (see Tables 4 and
5). As with the square lattice case, we do this within the framework of a general I'-equivariant
bifurcation problem z = g(z, \), where g : C® x R — C°,

In the case of I' = I'y, @ Zy there are only odd terms in the Taylor expansion of g due to the Zs
symmetry. However, if the Zs symmetry is absent, then even terms are admissible. In particular,
we find that the coefficients of most, but not all, quadratic terms in the Taylor expansion of g

. . 2
are zero; the exception is € = % 8%%153’

i.e., the following vector is I'j-equivariant

(2273, 2371, 2122, 25 26, 2624, Z475) (5.1)
The presence of such a quadratic term ensures that generically all of the axial planforms bifurcate
unstably [15]. In order to obtain stable axial solution branches we focus on the degenerate
bifurcation problem defined by ¢ = 0. We then discuss briefly the unfolding of this bifurcation

problem (i.e., the case 0 < |¢| < 1), before analyzing the generic I'j, ® Zs-equivariant bifurcation
problem.

5.1 Dg+T?—equivariant bifurcation problem.

In this section we give the Taylor expansion of the equivariant bifurcation problem (2.15) to
sufficient order to determine the signs of the real part of eigenvalues for the axial planforms.

Our approach to determining the leading terms in the I'p-equivariant bifurcation problem
is the same as that employed in Section 4.1 for the I's-equivariant problem. The general I';-
equivariant vector field that satisfies the equivariance condition (2.16) is

2 = g1(21, 22,23, 24, 25, %)

2y = g1(22, 23,21, 25, 26, 24)

3 = g1(23,21, 22, 26, 24, 25)

24 = g1(24, 26, 25, 21, 23, 22) (5.2)
5 = g1(2s, 24, 26, 22, 21, 23)

%6 = 9g1(z6, 25, 2, 23,22, 21) ,
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where

91(z) = g1(2) , (5.3)
and
@(Elgl (z)) = 71g1(z) , for all ©@ € T2 . (5.4)

The hidden reflection (3.3) puts an additional restriction on the function g;(z), namely
gl(zlv 22, 23,0,0, O) = 91(21, 23,22, 0,0, 0) . (55)

The details of the calculation of the T?-invariant function Z; g; are presented in the appendix.

From this invariant function, we determine that the general form of the equivariant vector field
through O(2a — 1) is

2 = 21 fi(ui,u2,us, ua, us, s, q1, G1, G4, Ga) + 2223 folur, ug, us, ua, us, ue, q1,q1, 4, Ga)
+e sa—B-1_p _B_a—f B=1_a—p _a—B_06
12 252,26 + ex 2 zy Tzg 'z + O20), (5.6)
where
U; = \Zj\Q , g1 = 212223 , (4 = Z425%6 , (5~7)

and e, es € R are constants. It follows from (5.3) and (5.5), respectively, that

[i(ur, ug, uz, ug, us, ue, g1, q1,qa, Ga) = (w1, u2, us, us, us, ue, q1,q1, G- q4) (5.8)
fj(u17u27u37070707q17q17070) = fj(u17u37u27070707q17q17070) ) .] - 172 .

The other components of the bifurcation equations are determined from (5.6) using (5.2).

5.2 Stability in the degenerate case ¢ = 0.

As in the square lattice case, we begin by determining the restrictions that symmetry places on
the eigenvalues of the 12 x 12 real Jacobian matrix Dg when it is evaluated on an axial solution
branch. The results are summarized in column two of Table 9.

The calculations that lead to the results in Table 9 are similar to the corresponding calculations
in the square lattice case. We omit the details. Note that rolls and simple hexagons lie in
the six-dimensional fixed-point subspace {z = (z1, 22,23,0,0,0) : z1,29,23 € C} on which the
hidden reflection 7, (3.3) acts; for these solutions the hidden symmetry is taken into account in
determining the eigenvalues of Dg. In the case of super hexagons, we find the computation of
the eigenvalues of Dg is simplified by forming the Dg-isotypic decomposition of CO. It is

Cc’ = R(1,1,1,1,1,1) ® R(1,1,1, -1, -1, 1) ® R(4,4,4,4,4,4) ® R(3,i,i, —i, —i, —i)
& R{(1,-1,0,0,-1,1),(-1,0,1,-1,1,0),(0,1,-1,—-1,1,0),(1,-1,0,1,0,—1)}
® R{(—,0,4,1,0,—1),(0,—1,1,0,i,—1i), (0,7, —i, —i,4,0), (—i,4,0, —3,0,9) } . (5.9)
From the expressions for the eigenvalues given in the second column of Table 9 and the

equivariant bifurcation problem (5.6) the signs of the eigenvalues for the degenerate case € = 0
may be calculated. Provided the condition

a+p

€1
NI 5.10
&’ -7 (5.10)
is satisfied, the eigenvalue ‘ ‘ ‘
agy 1,0¢7 = 0Ogj
91 _ _(ﬂ + ﬂ) , (5.11)
Oyr 2\0y2  Oys
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0¢

Planform Eigenvalues Signs of Non-zero Eigenvalues §
=5
D
dg7 agy . dgr . ag¢ .
Rolls Fe 0 7o (twice), Fi= (twice), 7o (twice), sgn(ay), sgn(ag — ay), sgn(as — ay), sgn(ag — a1), =
007 gl ) 297 07 ]
e T e (@) (twice), e P (@) (twice), 0 sgn(az — ay)
. a9y a9y dg7 dg7 . . .
Simnple Sl 2Bk @, Gk G @) (wice), sgn(a + 202), sen(ar — ay),
Hexagons g—zi (six times), 3% , 0 (twice ) sgn(as + a5 + ag — a; — 2a2), sgn[x(cr — by — 2bs)]
g g og7 ag7 .
Rhombs ot o0 0 e — aa o O (twice) sgn(a; + aq), sgn(a; — aq),
)  ogr | gt 09y 84T 097 DgT
(thl’a”@’) w1, 2 (four times) such that py + po = Fe T ey M2 = 5.2 50 — P D sgn(az + a5 — a1 — aq), sgn(az + ag — a1 — aq)
. 997 947 091 _ 997y : . \
Rhombs Fe- T 3er + Be- — e » O (twice) sgn(a; + as), sgn(a; — as),
. __dgy |, 9gh 095 095 _ 0g3 093
(thz’a”g) 11, 2 (four times) such that g + po = Fee T oy M2 = 5.2 50 — P Der sgn(az + a4 — a1 — as), sgn(az + ag — a1 — as)
. 991 | 9971 o971 _ 99y : . \
Rhombs de- T 3o+ Be- — e » O (twice) sgn(a; + ag), sgn(a; — ag),
s es) o _ 995 , 993 995 Og 0g3 Og . .
(Rhp3a8) | w1, p2 (four times) such that py + po = B T ok, Hifly = Gt gt — ot sgn(az +ay —a; —ag), sgn(az +as —ay — ag)
Ogy | 997 , 997 | 997 | 991 | Ogi 991 | 991 | 991  9gi 997  9gi . .
a_l‘1+8_$2+8_$3+8_14+615+8_976’ (9_971+a_ir2+6_:m_8_x4_8_975_8_1‘67 5gn(a1—|—2a2—|—a4+a5—|—a6), 5gn(a1—|—2a2—a4—a5—a6)
991 | 091 | 991 4 991 | 991 | Og1 S b — O — by — e — _
1 + Dys + Bys + Bya + dys + Byo’ bgn[as( bl 21)2 b4 b5 b6 +c+c2 63)],
991 4 991 991 _ 991 _ dg1 _ 991 S b — Db — by — be — _
Super I + Dy + dys dya dys dys bgn[as( bl 21)2 b4 b5 b6 +c co + 63)],
! 99t _ 991 _ 99} . ; -
Hexagons 25, = 54k — g,z (twice), 0 (twice), sgn[—(2a — Ber — (a + B)ea],
. agr agr agr
p1, pi2 (twice), such that g + po = 2571 — 571 — 57t sgn(py + p2) = sgn(a; — az),
2 2 2
_1f (991 _ 997 991 _ 99y o917 _ 9971 . —q 2 2
pipe = 5{ (ﬁ - 8_w12> + (a—wll - aTé) + (a—w; - a—$13> sgn(p1p2) = sgn2(ar — a2)® — (as — as)
2 2 2
dg7 997 Ogy _ 99y 991 _ Og7 2 2
() (o) (e ~ (a1 — ag)® — (a5 — ac)’

(@) Here the

effect on Dg of the hidden symmetry 7, (3.3) is included.

99s ‘uoryenbe 3uryouriq oY) Aq PaUINLIs}OP SI suodexsy Iadns pue o[duwils 10] x opnjdure oy J,

‘(0 =2) gI'¢c pue 9'¢ suoryenbo £q paugop axe %o ‘% ‘!q ‘'p SJUSIOIFO0D YT, ‘() = 2 9SLD d}RIOUITOP



for super hexagons is determined by retaining all terms up to and including the leading order
(a, B)-dependent terms in (5.6). The remaining eigenvalues are determined by a quartic trunca-
tion, that is

= )\21 + €2223 + 21(a1|21|2 + (12|22‘2 + a2|23\2 + CL4|Z4‘2 + CL5‘Z5|2 + CL@‘Z6|2)
+22§3(bl|21‘2 + b2‘2’2|2 + b2|23‘2 + b4‘Z4|2 + b5|25‘2 + b@|26‘2) (5.12)

+21(c1212223 + Co2a25%6 + c3ZaZ5%6) + O(|| 2 |°)
provided the additional nondegeneracy conditions

a1 # 0, as, a4, *as, *ag ,
(a1 +2a2) # 0, £(aq + a5 + ag) ,
ap —ay # =£(as —as), £(as —ag), £(as —ag) , (5.13)
2(a; —a2)® # (ay —as)?® + (ag — ag)* + (a5 — ag)? ,
c1—by —2by # 0, by+bs+bg £ (ca—c3),

are satisfied. Again, all coefficients are real and we assume time has been scaled so that the linear
term in g(z) is Az. The third column of Table 9 summarises the results in the case € = 0.
From the signs of the eigenvalues given in Table 9 we can draw a number of conclusions:

1. While all axial solution branches bifurcate unstably when € # 0, we find, in the degenerate
case ¢ = 0, that any one of the axial solution branches can bifurcate supercritically to
produce a stable solution.

2. There are two distinct branches of simple and super hexagons, denoted SiH* and SuH*,
respectively, associated with > 0 and z < 0 in the branching equation. If simple hexagons
are neutrally stable at cubic order, then one and only one of the two branches SiH* is
stable. If super hexagons are neutrally stable at cubic order, then one and only one of the
two branches SuH* will be stable if (2a.— 3)e1 + (a4 B)ez > 0, while they are both unstable
if (20 — B)er + (a4 B)ea < 0.

3. If 2a — B)er + (a+ B)ea < 0 then it is possible for all of the axial planforms to bifurcate
supercritically, but none be stable. On the other hand, if (2a — B)e; + (o + B)ea > 0 and
all axial planforms bifurcate supercritically, then at least one of them must be stable.

4. If any axial solution branch bifurcates subcritically, then rolls and super hexagons are
unstable.

5. If rolls or super hexagons bifurcate subcritically, then all axial planforms are unstable at
bifurcation.

6. If simple hexagons is the only axial solution branch to bifurcate subcritically, then it is still
possible that one, but not more, of the rhombs solutions is stable. Similarly, if rhombs
is the only axial solution branch to bifurcate subcritically, then it is possible for simple
hexagons to be stable, or for one or more of the remaining rhombs solutions to be stable.
However, if simple hexagons and one of the rhombs bifurcate subcritically, then all axial
solution branches are unstable.

7. If two of the rhombs solution branches bifurcate subcritically, then it is possible that the
remaining rhombs solution or simple hexagons is stable, but not both. However, if all three
rhombs solution branches are subcritical, then all axial planforms are unstable.
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Table 10: Stability results for the hexagonal lattice bifurcation problem in the case |¢| < 1, from
column two of Table 9, and equations 5.2, 5.6 and 5.12. Also see column three of Table 9; only
the eigenvalues that depend on € are given here.

Planform e-Dependent Eigenvalues Branching Equation
Rolls ex + (ag — ay)x® + - - 0=z +ax3
—ex + (ag —ay)x® + - - +0(z?)
ex +2(a1 + 2a9)x? + - - 0=\ + ez?
Simple —2ex + 2(ay — az)x? + - - +(a1 + 2az)x®
Hexagons —ex + (a4 + a5 + ag — ay — 2az)x? + - - +0(z*)
—3ex + 3(61 — by — 2b2)l‘3 + -
Rhombs U, po; p1 + pro = (—2ay — 2ay4 + 2as + a5 + ag)r® +--- | 0= Az + (a1 + aq)2>
(Rhintap @) | pape = —ea? +0(x?)

+(a1 + as — az — as) (a1 + as — as — ag)z* + - -

ex + 2(ay + 2as + ay + as + ag)r? + - - -

ex + 2(ay + 2a — ag — a5 — ag)x® + - - 0= Az + ex?
Super —3lex + (by + 2bg + by +bs +bg —c1 — 2 +c3)xd] + - - +(ay + 2a9)2?
Hexagons —3lex + (by + 2bg + by + b5 +bg — c1 +c2 —c3)a3] + - - +(aq + as + ag)z®
w1, pho; p1 + po = —4ex + 4(a; — ag)x? + - - +0(2*)

ppie = 4e?x? — 8(ay — as)ex® + 4(a1 — az)?a?

—2[(&4 — a5)2 + (a4 — a6)2 + (a5 — a6)2]:134 + -

(@) The results for Rhombs (Rhp2.q,5), or Rhombs (Rhyp3 o 3), are obtained from those for
Rhombs (Rhj,4,5) by interchanging the 4 and 5, or 4 and 6, subscripts, respectively.

8. The only solution branches that can co-exist stably are simple hexagons SiH and the rhombs
Rhp1,0,8, Rhpo a8, Rhps o 3. Any combination of two of these states can bifurcate stably.
It is also possible for all three types of rhombs to be stable simultaneously. However, if two
or more of the rhombs are stable, then simple hexagons are unstable.

5.3 Secondary Bifurcations for 0 < |¢] < 1.

In this section we address briefly the unfolding of the degenerate bifurcation problem ¢ = 0
analyzed in the previous section. Specifically, we indicate how the stability of the axial solutions
change along the solution branch in the case that |¢|] < 1. While a complete analysis of the
unfolding is beyond the scope of the present paper, we do present an example in which part of a
bifurcation diagram is computed. This example indicates the wealth of secondary transitions that
occur close to A = 0 when |e|] < 1. For € # 0, certain eigenvalues given in Table 9 are modified
to those given in Table 10. Note that, as discussed above, the presence of the quadratic term
in the bifurcation problem ensures that at least one of the eigenvalues for each axial planform is
positive for (A, z) sufficiently close to the origin.
As a specific example, we consider the bifurcation problem

21 = Az14€ZZ3+ 2 (a1\21|2 + a2‘2’2|2 + a2‘2’3|2 + a4|,24\2 + a5|25\2 + a6|zﬁ\2)
+ by 7273 (|2l + |23?) + €1 2 PR ey BRSPS (5.14)
where

ay = —1.5, ag = —3.5, a4 = 05, ay, = 06, ag — 07, b2 = 06, €1 = 10, €y = 0.5. (515)
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This choice satisfies the non-degeneracy conditions (5.13). It follows from Table 9 that all three
rhomb states are stable when ¢ = 0. We show two bifurcation diagrams for 0 < ¢ < 1. The
bifurcation diagrams indicate, schematically, the amplitude || z || as a function of the bifurcation
parameter A\ for each axial planform. Solutions on the same group orbit are identified and bi-
furcation points are indicated by solid circles. We follow the convention that solid lines indicate
stable solutions and dotted lines indicate unstable solutions. Figure 6 is a well-known bifurcation
diagram that applies to the six-dimensional representation of I'j; here it is obtained by restricting
our analysis to the six-dimensional subspace where z = (21, 22, 23,0, 0,0). Figure 7 gives the bifur-
cation diagram that applies, for the same coefficient values (5.15), in the full twelve-dimensional
space.

In the six-dimensional subspace, where z4 = z5 = 26 = 0, only two axial planforms exist, rolls
and simple hexagons. In this subspace, and for the choice of coefficients (5.15), Figure 6 indicates
that as A increases through 0, the trivial solution becomes unstable and there is a transition to
stable simple hexagons. On further increase of A the hexagons become unstable and there is a
transition to rolls. Both the transition to hexagons and that to rolls exhibit hysteresis. The
bifurcation scenario of Figure 6 has been investigated in a wide variety of hydrodynamic systems
[3, 10, 18, 24], in solidification problems [2, 22, 30|, and in chemical reaction-diffusion systems
[9, 21].

Figure 7 indicates how the familiar bifurcation diagram in Figure 6 is modified when we
consider stability within the full twelve-dimensional space. In this case, rolls are always unstable
to rhombs, and the range of stability of simple hexagons is greatly decreased. Indeed simple
hexagons are stable only in a subcritical regime where super hexagons are also stable. In this case,
on increasing A, there is first a jump at A = 0 to stable super hexagons and then a transition to one
of the three stable rhombs states. All of the transitions exhibit hysteresis. While the bifurcations
to simple and super hexagons are transcritical, all other primary bifurcations are pitchforks. All
of the secondary bifurcation points indicated in the diagram approach A =|| z [|= 0 as ¢ — 0.
The paths of the secondary branches have not been computed.

5.4 Stability results: I' =1, @ Zs.

In this section we consider the consequences of the additional Zy symmetry, k(z) = —z, for the
generic bifurcation problem on the hexagonal lattice, z = g(z, \), g : C® x R — CS. Specifically
we consider the branching and stability assignments for the axial planforms listed in Tables 4
and 5.

The Zo symmetry places some additional restrictions on the eigenvalues of rolls and rhombs
listed in Table 9; specifically, it ensures that g—zg = g—gg = (0 on these solution branches. The
eigenvalues for simple and super hexagons, listed in Table 9, are unchanged. The eigenvalues
of Dg for the remaining axial planforms are listed in Table 11. We note that the Dg-isotypic
decomposition of C8 is the same for the super hexagons, anti-hexagons, super-triangles and
anti-triangles planforms; it is given by (5.9). Indeed, the only difference between the eigenvalue
structure for the triangle states and the hexagon states is that the null vectors lie in different
isotypic components in the two cases.

The additional Zs symmetry forces the coefficients of all even order terms in the Taylor
expansion of the I'y-equivariant bifurcation problem (5.6) to be zero. Hence there are no quadratic
terms; the differences between the degenerate bifurcation problem with I'p-symmetry (e = 0) and
the generic bifurcation problem with T'y, @ Zo-symmetry arise at O(|| z ||*). Thus the eigenvalues
for the rolls and the rhombs in Table 9, which are determined by a cubic truncation, are unchanged
by the extra Zs symmetry. Note that certain eigenvalues of simple and super hexagons for the
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Planform Eigenvalues Signs of Non-zero Eigenvalues
dg7 | g g7 g7 dg5 dg}

Rhombs 8_;]711 + 6_:312 (a)7 6_:311 - 6_212 (a) ’ 8_23; ) azz ) Sgn(al + a2)7 Sgn(al - a2)7 _Sgn(al - a2)7
(Rhpo) g'—zg (twice), g'Tqi (twice), g‘—;i (twice), 0 (twice) sgn(aq + ag — a1 — az), sgn(ayq + as — a1 — az), sgn(as + ag — a1 — az)
Simple

Hexagons See Table 9. sgn(a; + 2az),sgn(a; — az),sgn(aqs + as + ag — a1 — 2az), —sgn(dz)
Simple

Triangles | 990 + 254 (@) 000 091 (@) (twice), 5% (six times), 354, 0 (twice) | sgn(ar + 2a2), sgn(ar — az), sgn(as + as + ag — a1 — 2a2),sgn(d>)

Signs of A1, A2, 1 and pe as for super triangles.

‘g1°¢ uoryenbo Aq paugep a1e 2 ‘!p ‘*p SIUSIOIPE0D 9Y T,

Super See Table 9. —sgn(da + d3), —sgn[(2a — Ber + (o + B)ea],
Hexagons —sgn[3(dy + ds) — (28 — a)(e; — eg)x?(@=3)] (¥)
N Signs of A1, A2, 1 and pe as for super triangles.
Anti- Same as Super Hexagons. See Table 9. (—=1)** lsgn[(2a — B)er + (o + B)ea], —sgn(dy — ds)
Hexagons —sgn[3(dy — dy) — (=1)%(26 — a)(e1 — eg)z?(@=3)] ®)
dgi | g% | dgi | g1 | Ogi | 997  dgi | 9gi | g  9gi  9gi _ 9g}
Super ot ot o T o T o T o B T B T Ber ~ Dok~ Ber — Bu sgn(A\1) = sgn(ay + 2as + a4 + a5 + ag),
Triangles 0 (twice), p1, pe (twice) such that pq + pe = 22‘—;ﬁ — % — g'—Zi sgn(A2) = sgn(ay + 2a3 — ag — as — ag),
) SN2 ) S\ 2 . N2 . SN2
99, 99, 99, 99, 99, 99, 99, g,
e =3 (- 28) + (L -2) +(L-2) - (-2) sgn(u + p12) = sgn(ar — ay),
) SN2 ) 2
991 991 991 991
(G -s) - (G-) ) sn(jiagiz) = sgn[2(ar — a2)” ~ (a1 — a5)” — (as — ag)® — (a5 — 1)’
991 dg1 dg1 . dg1 dg1 dg7 dg7 dg1 dg1
250 — 58— SU (twice), Gob 4 GE + 5ok — ok — g — S0 (—1)**lsgn[(20c — B)er + (a4 B)ea], sgn(dy — ds),
dgT | 8gT | OgT | dgT . dgT . dgT o o
o0+ ok + Gob + ok t o T s sgn(3(dz + da) + (—1)*(26 — o) (e1 — eg)x* @] ()
Signs of A1, A2, u1 and o as for super triangles.
Anti- Same as Super Triangles. —sgn[(2a — Ber + (a + B)es], sgn(ds + ds),
Triangles sgn[3(de — dg) + (28 — a)(e1 — eg)x>(@=3)] (¥)

(@) Here the effect on Dg of the hidden symmetry T, (3.3) is included.  ® The («, 3)-dependent terms can be neglected here for all cases except (a, 8) = (3,2).



degenerate T'j, bifurcation problem depend on the coefficients of quartic terms (see Table 9).
These eigenvalues are now determined at quintic order, that is by the truncation

5= Az + z(ar]z 2+ aglzo? + aglzs|? + aglza|? + as|zs|? + aglz6]?)
+z1(fulzl* + falziPlze® + - + foelzs P 26]° + foslze|*) (5.16)
+ZoZ3(d1212923 + doZ12223 + d3242526 + d4Z425%¢)
—l—eliflfﬁ*lzngég‘*ﬁ + egilﬁflzg‘fﬁszﬂég +0(|z|7) .

The stability results for the axial planforms are summarized in Table 11. Note that the leading
order «, 3 dependent terms are O(2ae — 1), where 2a — 1 > 5, with 2o — 1 = 5 only in the case
of (a, B) = (3,2).

We assume that the following nondegeneracy conditions are satisfied:

ai ;é 07 :i:(lg, :i:(l47 :l:a’f)a :i:(l(j,
(a1 +a2) # (as+as), (as+ag), (a5 +ag) ,
(a1 + 2a2) 75 0, j:(a4 + as + aﬁ),
(a1 —az) # =*(as—as), *(as —ap), £(as —ap) , (5.17)
20a; —a2)? # (ag —as)?® + (ag — ag)* + (a5 — ag)? ,
a , _afh
€9 20—
d2 ;é 07 :i:d37
0 if (a, B) # (3,2)
hEd 7 { £(252) it (a,0) = 3,2

In this case we can draw a number of conclusions from Tables 9 and 11.

1. The rhombs Rhyg always bifurcate unstably. This observation was made in [13].

2. If simple triangles and simple hexagons are neutrally stable at cubic order, then one and
only one of the two branches is stable. The relative stability properties of these two solutions
is determined at quintic order.

3. It is possible for super hexagons, anti-hexagons, super triangles and anti-triangles to be
unstable, even if they are all neutrally stable at cubic order.

4. Tt is possible for all of the axial planforms to bifurcate supercritically, but none be stable.

5. If any axial solution branch bifurcates subcritically, then rolls, super hexagons, super tri-
angles, anti-hexagons and anti-triangles are all unstable.

6. If rolls or super hexagons bifurcate subcritically, then all axial planforms are unstable at
bifurcation.

7. If simple hexagons and simple triangles are the only axial solution branches to bifurcate
subcritically, then it is still possible that one, but not more, of the rhombs solutions is stable.
Similarly, if rhombs Rhy; 5 (7 = 1,2, or 3) is the only axial solution branch to bifurcate
subcritically, then it is possible for simple hexagons or simple triangles to be stable, or for
one or more of the remaining rhombs solutions to be stable.
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8. If simple hexagons and the rhombs Rhyg bifurcate subcritically, then it is possible for one,
but not more, of the other rhombs to be stable. However, if simple hexagons and one of
the rhombs other than Rhpyg bifurcate subcritically, then all axial solution branches are
unstable.

9. If two of the rhombs Rhyj 3 (j = 1,2,3) solution branches bifurcate subcritically, then
it is possible that one, and only one, of the following solutions is stable: the remaining
rhombs Rhy; o 3, simple hexagons or simple triangles. However, if Rhjyy and one of the
other rhombs bifurcate subcritically, or if all three of the rhombs Rhy,; g solution branches
are subcritical, then all of the axial solutions are unstable.

10. If «v is odd, then the only solution branches that can co-exist stably are simple hexagons or
simple triangles and the rhombs Rhy1 o 8, Rhio o 3, Rhps o . Any combination of two of
these states can bifurcate stably. It is also possible for all three types of rhombs to be stable
simultaneously. However, if two or more of the rhombs are stable, then simple hexagons
and simple triangles are unstable. If « is even, then it is also possible for super hexagons
and anti-hexagons to be stable simultaneously, or for super triangles and anti-triangles to
both be stable.

6 Conclusions.

We have investigated steady, spatially-periodic planforms which bifurcate from a spatially-uniform
time-independent solution of E(2)-equivariant and E(2)®Zs-equivariant PDEs. We considered
separately the cases where the solutions are doubly-periodic on a square lattice and on a hexag-
onal lattice. The fundamental period ¢ of the lattice was chosen so that the dual lattice contains
wavevectors of critical length k.. For the square lattice £ = \/a? + $%/k., while for the hexagonal
lattice £ = /a2 + 32 — af/k., where a > (3 > 0 are integers.

For each lattice we determined the relative stability of the planforms which are guaranteed
to bifurcate from the trivial solution by the equivariant branching lemma [12, 29]. Our analysis
proceeded by first determining the general form of the equivariant bifurcation problems, and
then using these equations to compute the linear orbital stability of the axial planforms. For the
square lattice, an order 2(a 4+ ) — 1 truncation of the equivariant bifurcation problem on C*
is required to completely determine the signs of the eigenvalues. In the case of the hexagonal
lattice, an order (2« — 1) truncation is necessary. However, an important practical consideration,
in both cases, is that much is already determined at cubic order.

Previous bifurcation studies of the stability of spatially-periodic planforms have focused on
the “small box” limit for which the size of the periodic domain coincides with the wavelength of
the instability, i.e., £ = 1/k.. This leads to a bifurcation problem on C? for the square lattice
and a bifurcation problem on C? for the hexagonal lattice. These bifurcation problems allow
one to investigate the relative stability of rolls and simple squares in the case of the square
lattice, and rolls and simple hexagons in the hexagonal case. In this paper we considered the
countable set of irreducible representations, on C* and C® respectively, of the symmetry groups
associated with the square and hexagonal lattices. This analysis extends the results of the earlier
C? and C? bifurcation studies, both enlarging the number of planforms which are supported by
the lattice and allowing for a wider class of disturbances in the stability analysis. In particular,
by considering all of the irreducible representations the stability of rolls, simple squares, simple
hexagons, and simple triangles, to a countable set of perturbations, can be determined. For
example, our bifurcation analysis provides a framework for addressing the relative stability of
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simple hexagons (or simple squares) and a countable set of rhombs. This is of special interest in
light of recent laboratory experiments on chemical Turing patterns in which both hexagonal and
rhombic patterns are observed [14]. Our unfolding of the degenerate bifurcation problem on the
hexagonal lattice provides a simple mathematical setting for investigating a transition between
these states.

Our stability analysis in the case of the Euclidean group is incomplete since, for a given
periodic pattern, we consider only those perturbations that are periodic on the same type of
lattice. For example, there is no simple bifurcation theoretic framework for computing the relative
stability of squares and hexagons since no lattice supports them both. However, we are able to
compute the stability of hexagons relative to rhombs, which are “almost square”, i.e., which are
composed of rectangles with aspect ratio that is close to 1 (see Table 7). For example, for the
representation of Dg+T? with (o, ) = (4, 3), the thombs Rhy3 4 3 are made up of rectangles with
aspect ratio approximately 0.96; the angle between the wave vectors K; and Kg in this case is
about 92°.

By not requiring the periodicity ¢ of the lattice to coincide with the wavelength of the in-
stability 1/k., we were able to investigate axial solution branches with periodicity 1/k. and
simultaneously solution branches that have fundamental periodicity ¢ > 1/k.. In this paper we
called the latter states super squares, super hexagons, super triangles, and anti-squares, anti-
hexagons, anti-triangles. For E(2)(©Z2)-equivariant PDEs, there is an infinite family of these
solution branches that is parameterized by the integer pair (o, 3). The wavelength of the insta-
bility 1/k. determines the size of the small scale structure of these super and anti-state patterns,
while ¢ determines their periodicity. By increasing o and § we obtain axial planforms that are
periodic on larger and larger scales relative to 1/k., all of which bifurcate from the trivial so-
lution at A = 0. This is perhaps interesting in light of recent hydrodynamic experiments on
quasi-patterns [10]. We emphasize, however, that the existence of a center manifold in the case
where the critical wavevectors do not generate a periodic lattice, has not been established, e.g.,
in the case that there are twelve critical wavevectors equally spaced on the critical circle.

The symmetry groups assumed in our analysis arise naturally when periodic boundary condi-
tions are used. Thus our results apply directly to certain numerical studies that incorporate such
boundary conditions. The “small box” limit is obtained by restricting the computational domain
so that it contains only one hexagon or square and applying periodic boundary conditions. Our
analysis applies to computations carried out on larger periodic domains. For example, computa-
tions done on a square domain of side length \/a? + 32 /k. admit, local to the bifurcation point,
not only steady rolls and simple squares, but also two different rhombic patterns, as well as the
super and anti-square states. This paper has shown that each of these states has the possibility
of being stable.
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7 Appendix.

In this appendix we sketch the calculations of the equivariant bifurcation equations presented in
sections 4.1 and 5.1.

D,+T?—equivariant bifurcation problem:
Let h(z) = z191(z) be a T?-invariant function that has Taylor expansion
—k3 _ka ks k7 Sks

Z ay 2V 72 s ks phagks Jhr ke (7.1)
k;i>0

where ko > 0. Given the action (2.20) of T2 on C*, the T?-invariance of h determines that ax = 0
unless

(k1 — k2) (a1 + B62) + (k3 — ky) (=301 + aba)
+ (k?g, - k6) (ﬁ@l + Ot92) + (k?7 - k:g) (—a91 + 592) = 0 (72)

for all (01,602) € T2, Clearly, ky = ko, k3 = ka4, ks = kg, and k; = kg is a solution to equation

(7.2), which yields the T?-invariants |z;|2, j = 1,2,3,4. In the following we factor out all powers

of |z;|? from the translation invariant monomials Py (z) = ZNgha ks gha ks zKe k1 zks and only

consider monomials of the form z{"z%2L2{, where we adopt the convention that zt = ZJ‘ ml i

m < 0. In this way we reduce the problem of finding all T?-invariant monomials to one of finding
m,n,p,q € Z such that
m(abdy + B02) + n(—pF601 + abs) + p(B01 + abs) + q(—aby + (62) = 0. (7.3)
Since 07 and 65 are independent this requires
(m—qga—(n-p)f=0, (n+pla+(m+qs=0. (7.4)

Furthermore, since « and [ are relatively prime, this implies

m—q=jp, n—p=ja, (7.5)
n+p:k/87 m+q:_ka7

where j, k € Z. Solving for m,n,p and q gives

m =~ (ka ) o+ kD) (7.6
1 1

Since « and [ are relatively prime and not both odd, the system of equations (7.6) has no
(nontrivial) solution if any two of m, n,p or ¢ are zero. It then follows that both k and j are even
and equations (7.6) may be replaced by

m = _(k/a_j/ﬁ) ) n= (j/Oé—i-k‘/ﬁ) ) (77)
p:_(j/a_k/ﬁ>7 q:_(k/a—i_j/ﬁ)v
where j/, kK € Z. If j/ = 0,k # 0 or j/ # 0,k' = 0, then (7.7) yields the translation invariant

monomials

BAay, Lagasa (7.8)
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and their complex conjugates.

The monomials (7.8) are order 2(aw + ). We now show that these are the lowest order

(nontrivial) translation invariant monomials of the form 2]"25z5z{. To do this we consider the

remaining cases for which j'k" # 0 in 7.7:
1. />0, >0
2. 7/ >0,K <0
3.7/ <0,k >0
4. §' <0,k < 0.

In case 1, since no solution to (7.7) exists if two of m, n, p and ¢ are zero, the order of the invariant
is
im| + [n| + [pl + la > |n| + lg| = (5 + &) (@ + B) = 2(a + ) (7.9)

since j', k' > 0.
Similarly, in case 2 the order of the invariant is

Im| + [n| + Ipl + lgl > Im| + Ip| = (5 + [K')(a + B) = 2(a + ). (7.10)

The argument that |m|+|n|+ |p|+ |¢| > 2(a+ ) is similar for cases 3 and 4. Hence no invariants
of order less than or equal to 2(« 4 (3) occur for j'k" # 0.

D+ T?—equivariant bifurcation problem:

As in the square lattice case, we assume that local to the bifurcation point we can Taylor
expand the function g1 (z). We proceed by determining the form of T2-invariant monomials. In
the following, we assume that overall factors of |zj|27 7 = 1,...,6, have been removed from the

monomials. Then, following the convention that 2 = 2}"‘ if n < 0, we find that the T?-invariant
monomials have the form

22p 2R 2l 2, (7.11)
where m,n,p,q,r,s € Z satisfy
m—-n+q—s=jf, n—p—r+s=—ja, (7.12)
n—p—q+r==Ekpg, m—p—q+s=ka,

where 5,k € Z.
There are no nontrivial solutions of (7.12) with more than three of m,n,p,q,r, s zero. In the
case that j = k =0 in (7.12), then m = n = p and ¢ = r = s, which yield the invariants

212023 and 242526 , (7.13)

and their complex conjugates.
We claim that the lowest order («, )-dependent invariants (|j| + |k| # 0) are

8 s0—B a3 Br0—Bz0-0,5 B0 za=p P

2125 " Zy 5 25 Zs 6 25 2 , (7.14)

and their complex conjugates, which are order 2a. Note that the set of the three invariants (7.14)
together with their complex conjugates is invariant under the action of Dg. We justify the above
assertion by the following steps:
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1. Show that we can assume that one of m,n,p is zero and that one of ¢, 7, s is zero. We then
focus on the specific case with p = 0 since the invariants with m = 0 and n = 0 can be
transformed to p = 0 by the action of R, 3 € Dg on the invariant.

2. Consider the cases where p = 0 and exactly two of m,n,q,r, s are zero.
3. Consider the cases where p = 0 and only one of ¢, r, s is zero.

Step 1. Consider m,n,p > 0. If m,n,p are all nonzero, then we can construct a lower degree
T2-invariant monomial from (7.11) by factoring out the invariant z;2523. Thus the lowest degree
monomials cannot have m,n,p > 0. Similarly, if m,n,p < 0, then we can lower the degree by
factoring out the invariant z;2z»z3.

Suppose now that m,n,p do not all have the same sign; for example, consider the case
m >mn > 0 > p. Then the order of the monomial is m + n + |p| + |q| + |r]| + |s|. However, if
z{”zé‘iz'))ngzgzg is invariant, then so is ZT*"Z:L)pH"zZzgzg, which is of lower order m—+|p|+|q|+|r|+]s]
unless n = 0, in which case it has the same order. Since we only aim to find the lowest order
(o, B)-dependent monomials, we can assume n = 0 in (7.11). The argument is the same for the
other orderings of m,n,p, and 0; in each case we can find a lower degree invariant monomial
unless one of m,n,p is zero. Hence, the lowest order («, 3)-dependent monomial has at least one
of m,n,p equal to zero, and by a similar argument we can assume that one of ¢, r, s is zero. In
the following steps, we assume that p = 0.

Step 2. Let p = 0 and exactly two of m,n,q,r,s be zero. From step 1, we can assume that
at least one of ¢, r, s is zero. There are nine combinations to consider; in each case we obtain an
invariant of degree greater than 2c. As an example, consider p = r = s = 0. Then equations
(7.12) can be solved provided we choose j and k such that

(k- ja = (j +2k)5 . (7.15)
Thus
k—j—=18, j+2%k=la, (7.16)
where [ € Z. Solving for j and k gives
1 1
and, since a + (3 is not a multiple of 3, [ must be divisible by 3. Let [ = 3I’,l’ € Z, then we find
m = l/ﬁ(QOé—ﬁ) ;
n = la28-a), (7.18)
¢ = U —ab+p%.

The order of the invariant 2”25 2] is 3I'a3, which is greater than the order of the invariants (7.14).
The other eight combinations, with three non-zero exponents, also give invariants of order either
3af, a® + af, or 202 + af — ($2, all of which are greater than 2c.

Step 3. If p = 0, then it follows from (7.12) that

m o= -G -Ba+p),

n = kﬂ—ja—k%(j—k)(a—i—ﬂ), (7.19)
g—s = jf—ka— (- K)a+5),

res = K+ - R+,
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We set (k — j) = 31, | € Z, because a + ( in not a multiple of 3. Hence,

m = jf+l(a+p5),

n = —jla=p)+I(26-0a),
g—s = —jla=pB)—12a-p), (7.20)
r—s = j+I128—-a),

where 5,1 € Z.

We consider the three cases ¢ = 0, 7 = 0, and s = 0 separately. The invariant 2z 725720
in (7.14) is obtained in the case p = s = 0 for [ = 0, j = 1 in (7.20). The cases p = ¢ = 0
and p = r = 0 lead to nontrivial invariant monomials of degree greater than 2. For example,
if p = ¢ = 0, the degree of the monomial is |m| + |n| + |r| + |s|. It follows from the restriction
a > > «a/2 in Table 2 that

|m| + |n| +|r| +|s| > m+n+7r|=|l|(a+45) > 2|l|a . (7.21)
Hence, the degree of the monomial is greater than 2« unless [ = 0. However, if [ = 0, then
im[ + |n| +[r| + |s| = |j|(3a — 8) > 2|j]a . (7.22)

This proves that the monomials associated with p = ¢ = 0, mnrs # 0, are all of degree greater
than 2. The argument in the case p = r = 0 is similar.
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Figure 1: (a) Critical circles for the square lattice when k. = 1, /3 and 5. (b) Critical circles for
the hexagonal lattice when k. = 1 and /7.

0+ 0y

K4l 'Kl

(a) (b)

Figure 2: (a) Square lattice wave vectors K; for the eight-dimensional representations of I's in
Table 1. (b) Hexagonal lattice wave vectors K; for the twelve-dimensional representations of I'y,
in Table 2.
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Figure 3: Axial planforms associated with 8-dimensional representation of I's with (o, 3) = (2,1)
and x1,z9 € [—1,1] (i.e., four copies of the fundamental domain are shown); (a) rolls, (b) rhombs
(Rhgi1,2,1), (c) rhombs (Rhg21), (d) simple squares, (e) super squares, and (f) anti-squares.
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Figure 4: Axial planforms associated with 12-dimensional representation of I'y with («, )

(3,2), 1,29 € [—%, %], (a) thombs (Rhp 32), (b) rhombs (Rhp32), (¢) rhombs (Rhps3.2), (d)

rolls, (e) simple hexagons (SiH"), and (f) super hexagons (SuH™).



(a) (b) (c)

(d) (e) (f)
Figure 5: Axial planforms associated with 12-dimensional representation of I';, & Zs with
(o, B) = (3,2), x1,22 € [—%, %], (a) rhombs (Rhyg), (b) super hexagons, (c) anti-hexagons, (d)

simple triangles, (e) super triangles, and (f) anti-triangles. (See Figure 4 for the additional axial
planforms: rolls, simple hexagons, Rhp; 32, Rhp2 39, and Rhpsz39.)



Figure 6: Example of an hexagonal lattice bifurcation diagram for solutions in the six-dimensional
subspace, z = (z1, 22, 23,0,0,0). Solid (dotted) lines indicate stable (unstable) solutions. The
secondary solution branch has the form z = (x1, x2,x2,0,0,0), where z1, 22 € R.

Simple Hexagons™

B Simple Hexagons™

Figure 7: Example of an hexagonal lattice bifurcation diagram for the twelve-dimensional repre-
sentations of I'y. Here 0 < € < 1 in equation 5.14; see equation 5.15 for the other coefficients.
Secondary bifurcation points are indicated by a solid circle; no secondary solution branches are
shown.
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