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Abstract

Electroconvection in nematic liquid crystals is a paradigm for pattern formation in anisotropic
systems, exhibiting a complex spatiotemporal dynamical structure. We present here the result
of a bifurcation study of the motion of a planar layer of nematic liquid crystals subjected to a
transverse electric field. The linear stability problem is solved analytically for the velocity and elec-
tric potential. Ginzburg Landau type amplitude equations are then used for the weakly nonlinear
analysis near threshold. A rich variety of patterns, like travelling waves and rectangles, standing
rectangles and rolls, alternating waves and more complex spatiotemporal structures, is predicted
at Hopf bifurcation. Eckhaus instability boundaries for these patterns are determined, too.

1 Introduction

Electroconvection(EC) in nematic liquid crystals(NLC) is a pattern forming process related to the
anisotropic properties of the liquid crystal. NLC differ from ordinary, isotropic liquids by the fact
that the molecules they consist of are on average locally oriented along a preferred direction, called
the director. For EC, the NLC is sandwiched between two glass electrode plates and an electric
potential difference is applied across the layer. Above a critical value V. of the applied ac voltage
an electrohydrodynamic instability may occur as a transition from the uniform state to a variety of
patterns. At onset one typically observes periodic patterns of convection rolls - normal or oblique
rolls, depending on the frequency. With increasing voltage transitions take place either to complex
spatiotemporal states, induced by defects, or to more complicated quasi-periodic patterns (see [11] for
a review).

The traditionally used mathematical model to describe the electrohydrodynamic instability in NLC
is the so-called standard model (SM) [10, 17], that combines the continuum theory of Ericksen and
Leslie with the quasistatic Maxwell equations in the hypothesis that the charge conduction in the
liquid crystal is ohmic. The SM is capable to capture several phenomena observed near threshold
of ac-driven EC in planarly aligned nematics (e.g. normal, oblique and dielectric rolls, the structure
and dynamics of defects), however, it does not exhibit an oscillatory instability which gives rise to
the travelling wave patterns frequently observed near onset. Since experiments have shown that the
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electrical conductivity of NLC is non-ohmic [8], this suggested that the dynamics of ion recombination
and dissociation may play a significant role in this system and led to the development of the weak
electrolyte model (WEM) [14, 13]. The WEM is an extension of the SM, in which a slow dissociation-
recombination of the current-carrying ions is taken into account. This additional process requires to
treat the local conductivity o as a further dynamic variable, an can lead to a distinctive change of the
threshold behavior of the electrohydrodynamic instability.

In this work we present results of a nonlinear stability and bifurcation analysis of the weak electrolyte
model. The paper is organized as follows. Section 2 describes the basic equations for the rescaled
WEM in the limit of zero charge relaxation and constant external electric field. Section 3 presents
the linear stability analysis. The linear stability problem is solved analytically for the velocity and
electric potential. In Section 4 Ginzburg Landau type amplitude equations are introduced and then
used for the weakly nonlinear bifurcation analysis near threshold. A rich variety of patterns, like
travelling waves and rectangles, standing rectangles and rolls, alternating waves and more complex
spatiotemporal patterns is predicted at Hopf bifurcation. Codimension two bifurcation is found and
analyzed, and bounds for the Eckhaus instability are given. We conclude in Section 5 with a short
discussion on the results of the computations and open problems.

2 The Weak Electrolyte Model for Electroconvection in Nematic
Liquid Crystals

Nematic liquid crystals are charge carrying fluids with long range, uniaxial orientation and molecular
alignment, giving rise to anisotropic macroscopic properties. Local orientation of molecules is macro-
scopically described by the director field n. The external electric field causes the instability of the
equilibrium state, leading to electroconvective motion. The standard situation is a layer of nematic
liquid crystals sandwiched between two horizontal plates with planar alignment of the director. An
applied voltage induces an external alternating electric field in the z—direction. Usually the aspect
ratios are large and can be idealized to be infinite, thus the layer is considered to be infinitely extended
in the (z,y)—directions. In the approximation of a linear recombination term and of zero diffusivity,
the evolution equations of WEM for the local conductivity o, the internally generated electric poten-
tial @, the velocity v, pressure p and the director n (|n| = 1) in dimensionless units are [14, 13]: the
ion dissociation—recombination dynamics

O +v-V)o = —a?7’V - (uEp) — 2(02 —1— Pinap?), (1)
the equation for the director n
(O +v-V)n=wxn+d(An —h), (2)
the conservation of charge
P(Oy+v-V)p = =V (uEo), (3)

together with the Poisson’s law for the electric charge density p,

p=V-(cE), (4)
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and the generalized Navier Stokes equations

Py(0y+v-V)v = —Vp—V-(T+II)+72pE, (5)
V-v = 0, (6)

where E = (V2R/7) cos(wot)es — V& is the electric field, w = 1/2(V x v) is the vorticity, and A, with
components A;; = %(Uz’,j + vj), is the strain tensor. We use the scaling introduced in [14] in which
lengths, time, orientational elasticities, viscosities, dielectric permittivities, and voltages are measured
in units of d/7 (d: distance between the plates), director relaxation time 7,4, splay deformation constant

K1, v1 = asg — ag, €€, and V., respectively, where

’}qdz V. — K17T2
Kin2 ¢\ epey

and epe | (05 +€4nin;) and &; (1 < j < 6) are the unscaled dielectric permittivity tensor and the Leslie
coefficients, respectively. The Prandtl-type number P; is the ratio Po = Tyisc/Tq, where Tyisc = d? Pm/M
is the viscous relaxation time and p,, is the mass density. The Prandtl-type number P; is the ratio
of the charge relaxation time and the director relaxation time, P; = 7,/74, where 7, = €pey /oy
and 0;; = 01 + o,n;n; is the conductivity tensor . Conductivities are measured in units of the
equilibrium conductivity oy = (u* + 7 )eng, defined in terms of the mobilities pt, the elementary
charge e and the equilibrium concentration ng of the ions. The parameters a,r are given by [14]

o pt 2 . Td
- ) - )
Ueqd2 Trec

with the recombination time 7,e. = (2k,n9)~', k. being the recombination constant. Both of these
parameters are also Prandtl-type time scale ratios.

The units are normalized such that the height of the layer is 7. Using the common planar alignment,
the coordinate system is chosen such that n = (1,0,0) at the upper and lower plates located at
z = £7/2. The ’rigid’ boundary conditions on top and bottom of the layer,

Td =

0
a—z,ng, ns, ¢, v = 0at z = +7/2, (7)

are deduced from the ideal conducting plates condition, rigid anchoring for the director, and finite
viscosity. The molecular field

of of
on v oVn

is derived from the elastic energy density,

h=( ) — eam*(n - E)E,
2f = Ki(V - n)? + Kaln - (¥ x n)J2 + Kyln x (7 x n)?,

due to splay (K1), twist (K3), and bend (K3) deformations — in our scaling the splay deformation
coefficient K is normalized to unity. The tensors u, €, d, T, II are the scaled mobility, dielectric,
projection, viscous stress and Erickson stress tensor, with components

pij = Oij + 0aning, €ij = 0ij + €aning, dij = 0i5 — ning,
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of
=
8nk7j kit
where N = d(AAn — h). The scaled Leslie coefficients aq,..., a6 (a; = &;/71) and the Onsager
coefficient \ in (2) satisfy the Onsager relations a1 + a3 = ag — a5, a3 — 2 = 1, and A = a5 + ag.
We introduce the independent parameters (Miesowicz coefficients)

—1i; = alninjnknlAkl + Oégani + OzgniNj + 044Aij + Oz5njnkAki + OzaninkAkj, Hi]’ =

nm=or+oas+as+ag m=(—a+as+as)/2, n2= (a3 +as+ ag)/2, 13 = /2,

and use the Onsager relations to express A, aq,...,aq in terms of the four independent Miesowicz
coefficients 1y, 71, n2, 3. as

)\:771*7]2, a1:n072n172772+2773+1, 062:*(1+A)/2, agz(lf)\)/Q,

ay =213, as = 21 —2773—(1+)\>/2, a6:2772—2773—(1—)\)/2.

The system (1)—(7) depends on the main bifurcation parameters R and wg (amplitude and frequency
of the external field), four Prandtl-type time scale ratios P;, P», (viscous and charge relaxation time
to director relaxation time), a (mobility parameter) and r (recombination parameter), dielectric and
conductivity anisotropy coefficients ¢, and o, and the material parameters Ks, K3, 70,71, 72,73. The
system (1)—(7) has reflectional

(x7n27n3avl) - (_xa —’I’LQ,—TL3,—'U1)
(y7 n2, UQ) - (_y7 —n2, _UQ)
(Z,?’Lg,vg,q’) - (—Z, —7’L3,—U3,—q))

and translational
(z,y) = (z+&y+n)

symmetries (fields that preserve their signs are suppressed) due to the assumption of an infinitely
extended layer in x and y, but there are no rotational symmetries due to the anisotropy of the system.
The resulting symmetry group is Fy X E; X Z; and the compactified symmetry group, in case of
periodic boundary conditions in (z,y), is O(2) x O(2) x Zs.

The equations (1)—(7) are extremely complicated, and full 3-d simulations for large aspect ratios are
still beyond the scope of present day’s supercomputers. Thus a weakly nonlinear analysis near onset
is particularly useful, and is appreciated by experimentalists.

Typically the Prandtl numbers P;, P, are very small compared to the other parameters, at least in
the conduction range, thus one can take the limit Py = 0 (zero viscous relaxation time) and P; = 0
(zero charge relaxation time). Partial results of a weakly nonlinear analysis of the WEM in this
approximation, in which the z-dependence of the velocity was approximated by two Chandrasekhar
modes and only three Fourier modes have been taken into account, have been presented in [13] for
the case of a Hopf bifurcation with only two minima of the neutral stability surface (see Section 4.2).
The theoretical results were in good agreement with some experiments [8, 9], but still more accurate
numerical computations as well as computations for other parameters and other types of instabilities
are necessary to test the validity of the WEM.
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3 Linear stability analysis

We consider the WEM equations (1)—(7) in the limit of zero viscous and charge relaxation time
P, = P, =0 and we assume a constant external electric field in the zdirection (wg = 0). In this limit
the equations (1)—(6) split into the evolution equations for the variables o and n

Oy +v-V)o = —a*r*V - (uEp) — 2(02 —1), (8)
(O+v-V)n = wxn+d(An—h), 9)

and the equations for v, p and ®

—Vp—V-(T4+I) +7°pE = 0, V.-v=0, (10)
=V (uEo) = 0, (11)

with
p=V-(E), E=(V2R/n)e3— V. (12)

The remaining parameters are the material and WEM parameters Ko, K3,19, 11,172,173, &, Ty €q, Ta,
and the bifurcation parameter R measuring the external electric field strength. Substituting (12) into
(8)—(11) leads to a system of equations for the 'dynamical variables’ o,n2,n3 (|n| = 1) and for the
'slave variables’ ® and v = (v1, ve, v3).

The basic state of (1)—(7) is givenby o =1,v=0,® =0, n = (1, 0, 0), p = const. The stability of this
state is governed by linearized equations for perturbational fields do, dna, dng, d¢, dvj,j = 1,...3,
dp. Owing to the translation invariance w.r.t. (z,y), the perturbational fields are represented by
horizontal Fourier modes,

(50, 6”27 6”3, 5¢7 5vja 6p) = ei(p$+qy) (Zv N25 N3, (I)a Vrj, P)a

where X, Ny etc. depend on (t,z,p,q) and the parameters. The velocities V; are represented by

poloidal and toroidal stream functions F' and G leaving us with a system of linear equations for

(X, No, N3, ®, F,G). With the notations D = (X, Na, N3), S = (®, F,G) the linearized WEM equa-
tions can be written symbolically as

Dt = ﬁD(D,S) = EDD(}%%R)D + £D5(pa q, R)S (13)

0 = Ls(D,S)=Lsp(p,q, R)D + Lss(p,q, R)S (14)

where Lp = (Lx, LNy, LNy), Ls = (Lo, Lp, L) are linear differential operators w.r.t. z. The ex-

pressions of Lp, Lg and the other operators in (13), (14) are given in the Appendix. The boundary
conditions (7) in the new variables read as

Ns=No=N3=0, F=F3=G=0 at z=%r/2 (15)
Formally, (13)-(14) form a linear dynamical system for D,
Dy = L(D’pv q, R)a (16)
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obtained by solving (14) for S(D|p,q, R) = —LgsLspD and substituting this into (13). Since the
solution S(D|p, q, R) with the given boundary conditions is represented by an integral operator, L =
(Lpp — LpsLgeLlsp) is an integro-differential operator with respect to z. The solution of (14) is
facilitated by the fact that the ®—component does not depend on the velocity.

Neutral stability of the basic state occurs on a neutral stability surface in (p, ¢, R)-space on which
L has either a zero eigenvalue (stationary neutral stability surface SNSS) giving rise to a stationary
bifurcation, or a purely imaginary eigenvalue (oscillatory neutral stability surface ONSS) giving rise
to a Hopf bifurcation. The transition to instability occurs at minimum (pe, gc, R.) of lower neutral
stability surface.

To obtain a Galerkin approximation of L w.r.t. D we use natural, adapted to the boundary conditions,
sine- and cosine vertical modes. Due to the z-reflectional symmetry L has odd and even invariant
subspaces spanned by modes of the form D,,, = (a1 sin(2m — 1)z, ag sin2mz, agcos(2m — 1)z), m > 1
odd, and E,, = (a; cos2mz, as cos(2m + 1)z, a3 sin 2mz), m > 0 even, respectively. For the parameter
range considered here the instability occurs in the odd subspace. In this subspace L is represented by
an infinite matrix M composed of 3 x 3 blocks M (m,n) defined by

w/2
—7/2

where D,,; is the D,, mode with a; = d;;. To find these matrices, for any mode D,,, we obtain the
exact solution S, = S(Dy,|p, q, R) of the nonhomogeneous equations (14) subjected to corresponding
boundary conditions and then evaluate the resulting integral (17) analytically. The solution of the
d—equation is straightforward and preserves the chosen modes. In contrast, the solution of the F' and
G—equations involves hyperbolic functions leading to a transcendental dependence of the M;; on (p, q).
We note that, due to the anisotropy and the rigid boundary conditions, these analytical computations
are not trivial.

To compute the critical data (pe, ¢, R.) numerically we used a 3N x 3N truncation of M by restricting
(m,n) to 1 <m,n < N. We move progressively to higher values of N, using the previously computed
values as starting values for the numerical search. The task of determining the local form of the critical
eigenvalue near the minimum of the ONSS involves a three parameter Hopf computation. For N =1,
the analytically derived equations for an imaginary eigenvalue of a 3 x 3 matrix and for a minimum of
R are solved numerically and the results are used as a starting value for the calculations with N > 1,
for which the ONSS is computed with the Werner’s augmented system [16] and minimized using a
Nelder-Mead method [1]. We have first reproduced the calculations done by [14] for the g. = 0-case.
Numerical convergence with an accuracy up to five significant figures was usually observed for N > 9.
We computed the neutral stability surface for values of parameters corresponding to two nematics
MBBA and 152 [4] and we found steady as well as Hopf bifurcation with g. # 0, which complements
the results of [14] and explain the oblique rolls observed experimentally.
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4 Weakly nonlinear analysis

4.1 Ginzburg Landau Formalism for two-dimensional anisotropic systems.

Instabilities of homogeneous states in spatially extended systems are usually described by envelope
or modulation equations of the Ginzburg Landau type. Like normal forms for ODEs and maps, the
form of these equations is mainly determined by the symmetries of the governing PDEs and the type
of instability (see [2, 7, 6]). We refer to this approach to studying instabilities in extended systems in
terms of canonical envelope equations as ‘Ginzburg Landau formalism’.

The weak electrolyte model is a particular case of an axially anisotropic, dissipative systems with two
extended dimensions (z,y). In such systems, the axial anisotropy induces reflection and translation
invariancy in both extended directions, thus the underlying symmetry group is E(1) x E(1) which
compactifies to O(2) x O(2) if periodic boundary conditions are imposed. The standard situation is
that a homogeneous basic solution of a system of PDE’s for physical variables u = (u1, ug, . . .) becomes
unstable if a bifurcation parameter R exceeds a threshold R.. Typically, R. = R(pe, gc) is the minimum
of a neutral stability surface (NSS) R(p,q), on which the basic state is marginally stable against
plane wave perturbations with wave numbers (p, ¢). The NSS is derived from p,(p,q, R) = 0, where
w(p,q, R) = pr(p,q, R) + iw(p, q, R) is the critical eigenvalue of the linearized system. The threshold
values (pe,q.) and we. = w(pe, ¢e, Re) are referred to as the critical wave numbers and frequency,
respectively. By means of a multiple scale expansion one can derive a system of evolution equations
(Ginzburg Landau equations) for slowly varying envelopes that modulate the dynamics of bifurcated
solutions of the linearized problem near onset.

In the next section we will introduce the systems of Ginzburg Landau equations for two-dimensional
anisotropic systems in the case of four minima of the neutral stability surface, used in the weakly
nonlinear analysis of the WEM.

4.2 Globally Coupled Ginzburg Landau Equations

In the following we focus on the Hopf bifurcation in anisotropic systems with four minima of the
neutral stability surface, and hence four critical wave numbers (£p., +¢q.). These wave numbers define
two oblique (‘zig’ and ‘zag’) directions for two pairs of counterpropagating travelling waves of the
linearized equations at onset. The solution of the underlying PDE system near onset, here (8)—(11),
is represented by a superposition of the two pairs of waves in the form

u(t,z,y,2) = (AP U (t,2) + Age! TP Uy(t, 2) + Aze!(TP2=9W Uy (¢, 2)
+ Ay’ PN U (¢, 2))e™e! + cc + hoo.t., (18)

(cc = complex conjugate) where the A;,j = 1...n are small, slowly varying envelopes, and h.o.t.
refers to terms of higher order in R — R. and the A; and their derivatives. The Uj(t, z) are the
(symmetry related) critical modes which are T.—periodic in case of periodic systems, and, if present
in the original PDE, may depend on a further, bounded space variable z.

By means of a formal expansion in the A; and their derivatives, as well as symmetry considerations,
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one can derive a system of modulation equations or the envelopes[3]. The equation for A; reads,

4
A + v, A1 + Uy.Aly = [ao(R — RC) + D(@x, ﬁy) + Z aj|./4j|2].,41 + CL5.AQA3.A4 + h.o.t., (19)
j=1
where (vg, vy) = Vw|. are the critical group velocities, ag, a1, ..., as are complex coefficients, and Dis

a complex second order differential operator in (d,0,) with elliptic real part. The linear coefficients
(vg, vy, ap, and coeflicients of D) in (19) are determined by the first and second order expansion
coefficients of the critical eigenvalue ;1 about criticality, and the nonlinear coefficients a;, 1 < j <5,
are determined by the quadratic and cubic terms of the given PDE system. The h.o.t. in (19) refers
to higher order terms which do not contribute at leading order when (19) is rescaled and expanded in
powers of e = /R — R.. The equations for Ay, A3, A4 follow from (19) through appropriate reflection
operations.

The system (19) is still in unscaled form. The usual scaling R — R, = &2, T = &%, Aj(t,xz,y) =
eA;(T,ex,ey), would lead to a system of four locally coupled Ginzburg Landau equations, provided
the group velocities are small (order O(e)). In the generic case in which v,, v, are of order 1, one has
to resort to four slow wave variables £+ = e(z £ v,t), N+ = e(y £ vyt), adapted to the first order wave
operator on the left hand side of (19). It can be shown [3] that a consistent expansion A; = ¢A;+0(g?)
requires that A, Ay, Az, A4 depend on T" and (&4,74), (§-,n+), (§=,n-), (&4,m—), respectively, and
that the A; satisfy a system of four globally coupled Ginzburg Landau equations. The equation for
Aj is given by

Air = {ag+D(0e,,0,,) + a1|A1]* + as < |Aa(s,n4)* >
taz < [As(&x + 8,4 + 8)|* > Hag < [Ag(&p, )P A
+as < Ao (&4 + 5,m4) As(E4 + 5,14 + 8)Aa(s 4 +5) >, (20)

where D is a rescaled version of 15, and the brackets denote averages over s. The equations for
Asg, As, Ay follow again from (20) through appropriate reflection operations. The meaning of the global
coupling terms is that fast energy transport due to finite group velocities causes wave interactions to
occur on average rather than locally in space.

4.3 Solutions of the Globally Coupled Ginzburg Landau Equations

If spatial variations are ignored, the globally coupled system for the A; reduces to the normal form
for a Hopf bifurcation with O(2) x O(2) symmetry,

dA : .

ﬁ = (a(] + Z aj’Aj’2)A1 + a5A2A3A4. (21)
j=1

with the equations for Ay, As, Ay following by applying the permutations (2,1,4,3), (3,1,4,2),

(4,3,2,1) to the indices of the A; in (21) [12, 15]. The normal form (21) has six basic solutions

corresponding to six basic wave patterns shown by u(t,x,y,z) when represented by (18): travel-

ling and standing waves (TW and SW), two types of travelling rectangles (TR), standing rectangles
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(a) (b)
Figure 1: An Eckhaus stability boundary for TW.

(SR), and alternating waves (AW), which alternate periodically between differently oriented stand-
ing waves. The dynamical repertoire of (21) is rich and not yet fully explored, but several facts are
known. First, several (up to three) basic wave patterns can be simultaneously stable. Second, there
are eight four—dimensional invariant subspaces and in one of them we can find quasiperiodic solutions.
Third, several heteroclinic cycles connecting different basic periodic solutions can occur as attractors
in certain parameter regimes.

The basic periodic solutions of (21) that reside in two—dimensional fixed point subspaces induce wave
solutions of the original system with critical wave numbers (p¢, g.). The globally coupled system of
complex Ginzburg Landau equations (20) allows to extend these solutions to families of wave solutions
with nearby critical wave numbers (p.+¢p, ¢. +£q). If a basic wave pattern appears stably as solution
of (21), the Eckhaus stability boundary (ESB) for fixed R > R, is a closed curve in the (p,q) plane
that separates stable (interior of ESB) and unstable solutions of the family.

In [5] we have analysed the ESB’s for travelling waves. The analysis for all the six wave patterns
is algebraically very complicated due to the fact that the ESB of a particular wave pattern depends
on all six coefficients of the differential operator D as well as on certain combinations of the a;. Our
preliminary results show that in certain parameter regimes finite wavelength instabilities are dominant.
For example, in Figure 1(a) we display a possible form of the TW-ESB. In this figure, wave vectors
(p,q) in the interior of the ESB—curve give rise to Eckhaus stable TW’s. On the solid part of the
ESB—curve we find long wavelength instabilities, and on the dotted part the TW is neutrally stable
against wave vectors (r,s) located on the figure 8 curve shown in Figure 1(b). For other parameters
either the solid or the dotted part disappears.

4.4 Numerical computation of the coefficients a4,...,a5 for the weak electrolyte
model and numerical results

We analyze the wave patterns shown by (20) and their stability in the case of the weak electrolyte
model in order to predict stable electroconvective wave patterns near onset. The computation of the
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nonlinear coefficients a; in the globally coupled Ginzburg Landau equations (20) or (21) proceeds
by numerically evaluating their analytical representation in terms of the bilinear and cubic terms of
the WEM equations (13)-(14) with an adjoint critical mode. This involves solving a hierarchy of
nonhomogeneous linear equations, where at each stage the (14)-equations are inverted numerically
using the Green’s matrix.

The WEM equations depend on the bifurcation parameter R and the ten (dimension less) material
and WEM parameters (K2, K3, €4, 04,70, 71,72, 13,7, @). We are looking for parameter regimes where
the first instability when R increases is a Hopf bifurcation at R = R., with nonzero critical wave
numbers (p¢, qc), the case of interest for experimentalists. In our numerical investigation we varied
Ky, K3 (ratios of the twist and bend distortion coefficients to the splay distortion coefficient), and
kept the remaining eight material parameters fixed. The SM-parameters (€4, 04, 70,71, 72,73) have
been matched to measured values of the materials 152 and MBBA at room temperature, as in [14].
The values of the WEM-specific parameters » and « have been chosen such that a Hopf bifurcation
with g, # 0 occurs. Figure 2 summarizes the results of the weakly nonlinear analysis in the form of a

Parameter Set | Parameter Set Il

0.8

0.5

no stable wave patterns

L L L L L L L L L L L L L
0.2 04 0.6 0.8 1 12 1.4 1.6 1.8 2 22 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

2 K2

Figure 2: Stable wave patterns for the WEM predicted by (21).

stability diagram in the (K7, K2)-plane (I:I52, I:IMBBA). For a given value of Ks, we first computed
a value K3 = K34(K3) such that for K3 above K3 the transverse critical wave number ¢, is zero, and
below it is nonzero. The points K3 = K34(K3) define the locus of a codimension two bifurcation for
which the two NSS minima on the p-axis degenerate in the g—direction. For K3 < K34(K3) we find
different basic wave patterns occurring stably as solutions of (21) in different regions as marked in
the diagrams. Note that for both parameter sets there is a certain range where TW and AW are
simultaneously stable. Moreover, the parameter scans indicate the presence of a codimension three
point that organizes transitions between TW and AW as well as the disappearance of stable basic
patterns for small values of K3. While in this range for set I the basic periodic solutions TW and
AW are replaced by temporally quasiperiodic solutions (QP) residing in four dimensional invariant
subspaces, the dynamics for small K3 in case of set II has not yet been identified. We assume that

10
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here the attractors of (21) are heteroclinic cycles or higher dimensional tori.

5 Conclusions

In this paper we have analyzed stable wave patterns predicted by a Hopf bifurcation with four critical
wave numbers (£p., £¢.), each corresponding to an oblique travelling roll solution of the linearized
WEM equations at onset. The method we developed provides a systematic analysis of the bifurcated
solutions and their stability. In this investigation we varied (K2, K3) and kept the other material
parameters fixed. Our numerical findings suggest that travelling rolls and alternating waves play a
dominant role. We have considered the case of a constant electric field. If the external field is time-
periodic (ac-field), the governing equations represent a parametrically forced nonautonomous system,
and averaging methods must be used prior to a bifurcation analysis. Results of a similar analysis with
nonzero driving frequency wqg of the external field will presented in a future work.

6 Appendix

The linearized WEM equations depend on several anisotropic horizontal differential operators which
become polynomials in (p,q) after Fourier transformation. To obtain a compact representation of
these polynomials we introduce basic polynomials of the form ka = cpp2 + cqq2 (0 < j <12) in Table
1. The parameters a, b, ¢, occurring in this table are defined by

1
a = 1o, b=1[2(m+n2)—(m—?72)2—1]7 c=13, n="n2— M.

With this notation the linearized equations for ¥, No, N3 take the form (prime denotes 0,)

XY = —r¥ —2ipa’e RN} + o?nV2R(D? — k2)d', (A1)
Ny = 2(K30? — k3)Na — 2iq(Ks — 1)N3 — (i/2)La(V), (A2)
ONs = 2(1— K3)igNy + 2(0? + 4R — k3)N3 (A.3)

—eamV2Rip® — (1/2)L3(V),

where
Ly(V) = (14 n)gVi — (1 —n)pVa, L3(V) = (1+n)V{ — (1 —n)ipVs,

and the V; are expressed through F, G as
Vi = iqG + cipF’, Vo = —ipG + bigF’, V3 = k2 F. (A.4)

Note that (A.4) differs slightly from the commonly used representation of velocities in terms of stream
functions. The chosen form turns out to be particularly useful when solving the nonhomogeneous
velocity equations.

The linearized equation for the potential reads

(8% — k2)® — (V2R/7)(04ipNs + ') = 0, (A.5)
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and the equations for the stream functions are given by

(k3k? — BO? + bek20HF — sp3qG' + mV2R(k20? — k2k2)® 4+ Lp(Ny, N3) = 0, (A.6)
1292 3 / _
(A — k29%)G + sp3qF' + eqmy/ R/2(1 + 1)pg®’ + La(Na, N3) = 0, (A7)

where s = ac—2bc—b% +c?, A = bp* + (a — 2b+2¢)p*¢® + bq*, B = c?(a—2b+2¢)p* +b(b* 4+ 3c?)p?q® +
2¢b%¢?, and

Lp(Ny,N3) = pa{[(1+n)c— (1 —n)Ksb]d? — ki} Ny
—ip{c(1 +n)0; — [ky — (1 + n)cea R|O?
+[(1 = m)k3 + (L + n)eaRIkG I Na,
Le(Na,N3) = (k3kj — k302)Na + iq[(1 4+ 1) (92 + eaR) — ki1 N,

| [ [M K (k5| K | K | k | B [ &k |
| c| b | Ky | Ko |1=n|(1-—nK3|1l4eq|1l4o,]|1+(14n)5
cq| b | c 1 | Ks|1+4+n 1+7n 1 1 1
L [ K] ko | kL ki |

(I +mnecKy + (1 -1+ 9Kz + (I + n)eky +
m(c—bKs —cKjz) | (1-n)(1-Kj) (1—n)c
Cq b (I4+n)c—(1—n)bK3 1+7n (I4+n)c+ (1 —n)bKs

Table 1: Coefficients ¢, ¢q in /~cJ2 = cpp? + cyq°.
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