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Abstract

Spatially Modulated Structures in Convective Systems
by
Hsien-Ching Kao
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Edgar Knobloch, Chair

This dissertation focuses on the study of spatially modulated structures in pattern forming
systems. The work is motivated by recent interest in spatially localized states observed in
convective systems. Weakly nonlinear analysis is applied to derive the modulation equations
and systematic studies, both analytical and numerical, are then performed on the simplified
equations. The following is a summary of this work:

Weakly Subcritical Patterns
The transition from subcritical to supercritical periodic patterns is described by the
one-dimensional cubic-quintic Ginzburg-Landau equation

Ay = A+ Agy + D APA + i (a1 APA, + a, A2A7) — |A*A,

where A(z,t) represents the pattern amplitude. The coefficients are real indicating
that the system is spatially reversible. Coefficients p and b are treated as bifurcation
parameters. Properties of the equation such as well-posedness, gradient structure, and
bifurcation behavior depend significantly on the parameters a; and as. In this system,
periodic patterns may in turn become unstable through one of two different mecha-
nisms, an Eckhaus instability or an oscillatory instability. Dynamics and bifurcations
near the instability thresholds are analyzed. Among the stationary solutions, the front
solution which connects the zero state to a spatially periodic state plays the most im-
portant role. The location of the front in the parameter p is treated as a Maxwell
point. The spatially modulated solutions which bifurcate from the periodic solutions
demonstrate protosnaking behavior near this point. These results are used to shed
light on both variational and non-variational systems exhibiting homoclinic snaking.

Localized Patterns in Rotating Convection and Magnetoconvection
In two-dimensional rotating convection and magnetoconvection, the formation of spa-
tially localized patterns is strongly affected by the interaction between convection and
a large scale mode: zonal velocity in rotating convection and magnetic flux in magne-
toconvection. A nonlocal fifth order Ginzburg-Landau theory is developed to describe



the localization near a codimension-two point. The study of the fifth-order Ginzburg-
Landau theory gives us better understanding of the appearance of spatially modulated
solutions and their subsequent bifurcation behavior. These results are used to explain
the properties of spatially localized convectons in the full convection problem. The
effect of boundary conditions is also analyzed which shows how the bifurcation picture
is modified in the presence of mixed boundary conditions.

Exact Solutions of the Cubic-Quintic Swift-Hohenberg Equation
Meromorphic exact solutions of the cubic-quintic Swift-Hohenberg equation

up = pw— (14 9p) > u + bu® — cu®

are studied and a one-parameter family of real exact solutions is derived. The solutions
are of two types, differing in their symmetry properties, and are connected via an exact
heteroclinic solution. These exact solutions are used as initial conditions for numerical
continuation which shows that some of these lie on secondary branches while others
fall on isolas. The approach substantially enhances our understanding of the solution
space of this equation.
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Chapter 1

Introduction

Patterns appear naturally in a variety of systems, in particular, in fluid systems [1],
chemical reactions [2], biology [3], and nonlinear optics [4]. These systems, are mostly
driven dissipative systems and coherent structures like stripes, spots, spirals, labyrinths,. . .,
are formed from initially homogeneous background via spontaneous symmetric-breaking bi-
furcations. This fascinating field of study has generated a lot of attention and also yields
rich applications in fabrication, lithography, or even computer graphics. A classical and
probably the best studied example of pattern formation is Rayleigh-Bénard convection [1],
which occurs in a plane fluid layer heated from below. The applied temperature difference

Figure 1.1: (a) Shadowgraph of hexagonal convection cells. (b) Hexagonal cells transform
to roll pattern [5].

AT between bottom and top acts as the ”driving force” which causes the uniform conduc-
tion state to lose its stability and periodic convection to appear as AT exceeds a certain
threshold. Figure 1.1 shows the experimental observation of this phenomenon. A detailed
analysis of the loss of stability to periodic convection can be found in [6].

To study the pattern forming behavior in Rayleigh-Bénard convection, a partial differ-
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ential equation, the so-called Swift-Hohenberg equation
up =ru— (14 V)2 — u?, (1.1)

has been suggested in [7]. Here u = u(r,t), r € R? is an order parameter representing
the magnitude of the slow eigenvector of the linearized system and may be identified with
the temperature deviation (from the pure conduction profile) or the vertical fluid velocity
at the layer mid-plane. This equation is suitable for the description of two-dimensional
convection for which Eq. (1.1) becomes one-dimensional. However, in full three-dimensional
convection, the nonlinear term is nonlocal in space and Eq. (1.1) then represents a model
equation believed to retain the essential properties of the full convection problem.
The one-dimensional Swift-Hohenberg equation has been generalized to

uy = ru — (14 Ope)’u + f(u), (1.2)

where f(u) = o(Ju|) as u — 0 is a smooth nonlinear function of u. This equation, with
different nonlinearities, has been used for modeling purposes for various systems and serves
as a paradigm in pattern formation. According to linear stability analysis, the trivial state,
u = 0, loses stability as r becomes greater than zero and a steady state bifurcation to a
periodic state with wavenumber & = 1 occurs at » = 0. This bifurcation can be either
supercritical or subcritical which depends on the nonlinearity f(u). If f(u) has the Taylor
expansion

f(u) = fou® + fsu® + O(u?), (1.3)
the bifurcation is subcritical when 38f2 + 27f; > 0 and supercritical when 38f2 + 27f3; < 0
[8]. Note that in the classical Swift-Hohenberg equation, f(u) = —u?, the bifurcation to

periodic state is always supercritical.

The patterns introduced previously in Rayleigh-Bénard convection are spatially-extended
patterns. Recent interest in convective fluid pattern formation has focused on localized pat-
terns in coupled-convection systems. Such localized patterns appear mostly in the region
of subcritical bifurcation. This bifurcation behavior has been observed in [9, 10, 11, 12]
in full numerical simulations of binary-fluid convection and doubly-diffusive convection. In
these systems, a bistability exists between the pure conduction state and periodic convection
state. Figure 1.2 [9] shows an example of the bifurcation diagram in binary-fluid convection
of water-ethanol mixture. The vertical axis corresponds to Nu — 1, where Nu is the dimen-
sionless number, Nusselt number, which measures the ratio of convective to conductive heat
transfer across the layer. The horizontal axis corresponds to Ra, which is the dimensionless
number, Rayleigh number, that is proportional to the applied temperature difference. When
the fluid mixture is heated from below, the destabilizing temperature gradient competes
with a stabilizing concentration gradient that develops in response to the heating whenever
the separation ratio of the mixture is negative. As demonstrated in the figure, besides the
usual periodic convection structure (SOC, steady overturning convection) there are spatially
periodic traveling waves (TW), chaotic states (black dots), and spatially localized states.
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There are two branches of stationary localized states, each of which obeys either odd or
even reflection symmetry, which enter a snaking or pinning region as the norm, Nu — 1,
of the solution increases, and then ”"snake” back and forth across this region with further
increase in norm. These oscillations of the localized states in the bifurcation diagram reflect
the nucleation of new convection cells at either end of the localized structure and hence the
process whereby the structure grows in length (and hence norm).

005}
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002}

Nusselt number — 1

001}

I _Absolute instability — — —

=~
~ hpse®ee

0 . sestt .
1740 1750 1760 1770 1780 1790
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Figure 1.2: Bifurcation diagram showing Nusselt number Nu—1 as a function of the Rayleigh
number in binary-fluid convection [9].

The bifurcation scenario described above, so-called homoclinic snaking, has attracted
much attention. This type of bifurcation scenario can be well-described within the frame-
work of the generalized Swift-Hohenberg equation with quadratic-cubic or cubic-quintic non-
linearity

f23(u) = f2U2 -+ f3u3, f35(u) = f3U3 + f5u5, (14)

where the coefficients of the nonlinear terms are chosen to satisfy the condition for subcritical-
ity. The generalized Swift-Hohenberg equation with cubic-quintic nonlinearity is equivariant
under v — —u while in the quadratic-cubic case there is no such equivariance property. The
choice of fo3 or f35 nonlinearity depends on whether the underlying system has up-down re-
flection symmetry or not. Here the up-down reflection corresponds to the the transformation
z — —z, where z is the vertical coordinate and z = 0 corresponds to the layer mid-plane.
The bifurcation diagram for the quadratic-cubic Swift-Hohenberg equation (hereafter SH23)
is shown in figure 1.3 [13]. The black line corresponds to a spatially periodic state while the
blue lines, which bifurcate from the periodic branch through the Eckhaus mechanism [25],
correspond to localized states. There are two types of localized states, each with a peak or
a trough at its center. The localized branches switch their stability (stable to unstable or
unstable to stable) as they pass through successive saddle-nodes. However, in contrast to
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Figure 1.3: Bifurcation diagram and sample solution profiles of SH23 [13]. Here N represents
the L?-norm of the solution. Black line: periodic state. Blue line: localized state. The thick
line indicates the solution branch is stable while the thin line indicates the solution branch
is unstable.

convective systems, the system described by Eq. (1.2) has gradient structure, i.e.,

ut:—i—z, FE/F{—gUQJr%[(l—F@m)U]Q—/Ouf(v)dv}dx (1.5)

when suitable boundary conditions are applied. Here I' is the spatial domain and F' is
referred to as the free energy of the system. The Maxwell point r,;, which is the value of
r such that the periodic state has the same free energy as the zero state, can therefore be
defined. This point is of great value since the snaking branches exist and oscillate around it.
Besides the snaking structure, there are also rung-like structures which consist of asymmetric
localized states and connect the localized branches with different parity.

To study this behavior in the subcritical region, I consider the case when the bifurcation
is weakly subcritical and the picture can be described by a modulation equation, the cubic-
quintic Ginzburg-Landau equation (hereafter GL35) [20, 21]

Ay = A+ Age + i (01| APA, + a,A2A%) + B AJPA — |A]*4, (1.6)

where A(z,t) represents the pattern amplitude and the coefficients are all real. Equation (1.6)
is the most general normal form equation for a weakly subcritical or supercritical bifurcation
when the underlying system is translation invariant and reflection symmetric in x. More
detailed background of this equation will be given in chapter 2. The branch of periodic states
is now identified with the homogeneous state |A| # 0. Equation (1.6) is not a topological
normal form but a truncated normal form at fifth order and due to the absence of higher and
beyond all orders terms, the nonadiabatic effects are absent and the snaking region collapses
into a point identified in gradient systems with the Maxwell point [14, 15]. The nonadiabatic
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terms describe the pinning between the fronts bounding the structure on either side and the
pattern within, and thereby generate homoclinic snaking centered on the Maxwell point.
However, despite their absence, GL35 retains the essential properties of spatially localized
states, including their origin and termination. In addition, it applies to systems that are
not of gradient type. Thus, GL35 provides much useful information about the location of
the pinning or snaking region in both gradient and nongradient systems, and their behavior
outside of this region.

A bifurcation picture different from usual homoclinic snaking, slanted snaking, occurs
when there is a large scale mode present in the system. The slanted snaking behavior can
be observed in two-dimensional rotating convection and magnetoconvection with stress-free
boundary conditions [16, 17]. In these two systems, the large scale modes correspond to
zonal velocity and magnetic flux, respectively. These two physical variables vary on a large
spatial scale despite the presence of localized structures. Furthermore, the spatial averages of
these variables are constants in time and thus represent conservation laws for these systems
when periodic boundary conditions are applied in the horizontal direction. In this situation,
the usual nearly vertical snaking structure is replaced by a slanted snaking structure as
the localized solution branch grows in norm. In contrast with homoclinic snaking, slanted
snaking allows localized states to be present outside the region of bistability and indeed when
spatially periodic convection sets in supercritically and no bistability is present at all. Figure
1.4 shows the bifurcation diagram for slanted snaking in a rotating convection system.
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Figure 1.4: Bifurcation diagram showing the average poloidal kinetic energy as a function
of the Rayleigh number Ra for slanted snaking when Taylor number T'a = 20 and Prandtl
number o = 0.1 [17].

The leading order modulation behavior of pattern forming systems with a large scale
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mode has been studied in [18, 19] and is described by the coupled set of equations

_ 52
AP A = €AVY, (1.7)

Vi = Vxx+£(JAP) . (1.8)

where A(X,T) is the convection amplitude and V(X,T) is the large scale mode. In the
stationary situation, these equations reduce to a nonlocal Ginzburg-Landau equation which
can be used to explain the bifurcation of a branch of modulated states. I am interested
in the modulation behavior near a codimension-two point where the leading order theory
becomes invalid through the vanishing of a cubic nonlinear term in the stationary equation.
The pattern forming behavior near the codimension-two point is again described by a fifth
order Ginzburg-Landau equation similar as GL35 except that the coefficients now contain
nonlocal contributions which change the bifurcation behavior [47]. Due to the nonlocal
nature, the Maxwell point is no longer present at a single value but broadens into a range
of values and becomes a "Maxwell curve” in the bifurcation diagram. The connections
between the nonlocal equation and the two convection problems, rotating convection and
magnetoconvection, are established in this work.

All the properties described above rely heavily on the use of stress-free boundary con-
ditions but in real physical systems these boundary conditions cannot be easily realized. A
possible generalization is to break the stress-free boundary conditions weakly and see how
the bifurcation behavior changes due to this effect. To study this, mixed boundary condi-
tions between stress-free and no-slip are introduced; as a result the large scale mode becomes
weakly damped and a new length scale appears in the problem. This scale decreases the
range of the nonlocal coupling and permits interpolation between global and local coupling.
These results shed light on numerical investigation of two-dimensional convection systems
and suggest possible experimental work on probing the localized convection phenomenon in
a suitable parameter region.

In the study of the generalized Swift-Hohenberg equation, I focus on the stationary case,
in which the equation reduces to the fourth order ordinary differential equation

1
77AT = TA+AXx—

u" = (r—Du—2u" + f(u). (1.9)

The bifurcation behavior of this ODE has been studied extensively but there remains the
question whether there are nontrivial O(1) solutions that are not related to the states which
bifurcate from the periodic solutions that originate from the homogeneous state u = 0.
These solutions may not be stable but can still play important roles in the understanding of
transient behavior when studying time evolution properties of large amplitude initial condi-
tions. In addition, the presence of such states may shed additional light on the bifurcation
properties of this type of system. ODEs such as Eq. (1.9) can be generalized to complex or-
dinary differential equations so techniques from complex analysis can be applied in searching
for solutions. I focus on the class of meromorphic functions to construct exact meromorphic
solutions of the cubic-quintic Swift-Hohenberg equation (hereafter SH35) and show these are
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the only meromorphic solutions that can be found. Based on these results, an one-parameter
family of real exact solutions is obtained and the solutions are then used as initial conditions
for numerical continuation [80]. The procedure enables us to uncover, for example, a series
of complex isolas of solutions, which would otherwise be extremely difficult to detect.

The stationary equations studied in this thesis can be understood as finite-dimensional
dynamical systems using spatial dynamics interpretation. This allows the use of numerical
continuation package, AUTO [36], which is developed for the study of bifurcation behavior
in finite-dimensional algebraic and ODE systems.

This dissertation is organized as follows. Chapter 2 explains how I arrive at Eq. (1.6)
and its relation with one-dimensional weakly subcritical patterns. The discussions of spatial
structures and time-dependent behavior are both given in this chapter. Chapter 3 is devoted
to the study of two-dimensional rotating convection and magnetoconvection, focusing on
slanted snaking and modulation behavior. A detailed weakly nonlinear analysis is provided
and the resulting equation, the nonlocal Ginzburg-Landau equation, is studied. The results
can be compared with full numerical simulations and suggest possible directions of future
investigation. Chapter 4 is a study of exact meromorphic solutions of SH35 and their bifur-
cations. In chapter 5, the conclusions, I give a brief summary of my thesis and show some
results from ongoing work. Several possible topics and directions for future research inspired
by these works are given at the end. For ease of reading, most of the calculational details
are rendered in appendices.



Chapter 2

Weakly Subcritical Patterns

The generic bifurcation of a homogeneous state to a one-dimensional stationary periodic
pattern is described by the cubic real Ginzburg-Landau equation

Ay = pA+ A, — bJAPA. (2.1)

Eckhaus instability is of fundamental importance in the supercritical region (b > 0) since
it determines the wavenumber interval around the band center k. within which spatially
periodic solutions are stable. On the real line, this interval shrinks to zero as the closer one
approaches the primary bifurcation [22], i.e., the threshold for instability of the trivial state
|A| = 0. The theory has been extended to periodic domains with a finite period [23, 24]. In
this case the allowed wavenumbers are discrete and the wavenumber closest to band center is
stable, with the wavenumbers on either side Eckhaus-unstable. Lecture notes on the Eckhaus
instability in the cubic real Ginzburg-Landau equation can be found in [25].

Equation( 2.1) fails, however, in the vicinity of subcritical to supercritical transition, i.e.,
when b is small. In this case the equation must be augmented by fifth order terms, and
generically one finds that three additional terms enter into the description of the problem
and the resulting equation takes the form as Eq. (1.6). This equation was proposed in [26]
and studied in [27, 28, 29]; its validity was analyzed rigorously in [30]. A generalization to
two-dimensional systems with anisotropy, for example, for instabilities in a nematic liquid
crystal, is given in [31].

Equation (1.6) describes the transition in a number of physical systems of interest, in-
cluding the Blasius boundary layer [26], binary fluid convection [9] and doubly diffusive
convection [12], and can be used to predict the location of the snaking region in these sys-
tems within which spatially localized states are present.

This chapter builds upon works that appear in [20, 21].
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2.1 The cubic-quintic Ginzburg-Landau equation

Consider the evolution of the complex amplitude A of a wavetrain u(z, t) with wavenum-
ber k. near a steady state pattern-forming instability of a homogeneous state

u(z,t) = e {A(z, e't)e™ " + c.c.} + h.ot., (2.2)

where € < 1 determines simultaneously the distance from the primary bifurcation and
the degree of subcriticality of the primary bifurcation. The scaling of the amplitude A is
a consequence of choosing the coefficient of the term |A]?A to be O(€?), a condition that
permits us to bring fifth order terms self-consistently into the theory. These terms are in turn
required to stabilize solutions when the primary bifurcation is subcritical and the resulting
theory is thus a codimension-two description of the bifurcation of steady wavetrains. If
the underlying system is translation- and reflection-invariant in x, the fifth order terms can
only belong to |A|*A,, A%?A%, and |A|*A. Multiple scale analysis now leads to an amplitude
equation of the form as Eq. (1.6). Here p and b are real O(1) unfolding parameters, a; and
ay are two real O(1) coefficients which can be positive or negative, and the variables = and
t now refer to €2z and €'t, respectively. The coefficients of A, A,,, and of the quintic term
can always be set equal to 1 by a suitable rescaling of ¢, x, and A. However, y represents
the bifurcation parameter and hence is retained in what follows. In unscaled variables all
terms in this equation are of fifth order, with ¢*u denoting the distance from the bifurcation
point. Terms proportional to ¢A, may be present which reflect the shift of band center in
multiple scale expansions but these can be eliminated by the change of variable A — Ae~%*
for a suitably chosen ¢.

An equation of this type can be derived from the generalized Swift-Hohenberg equation
near the primary pattern-forming instability [32, 33] and a sketch of the derivation is provided
in Appendix A. The envelope description is valid provided |A| > 0 throughout the domain
since the spatial phase of the wavetrain (2.2) becomes undefined at zeros of |A|; thus zeros of
|A| are generally associated with the presence of phase jumps. Equation (1.6) is equivariant
under the three operations:

(i) z—xz, A= Ac'™,
(i) z—a+z9, A— A,
(i) =z —x, A— A",

where ¢g, o and x; are arbitrary constants. The first two operations are a consequence of
translation invariance of the underlying problem, while the third arises when the underlying
system is invariant under reflection of z. In this case the coefficients u, a;, as and b must all
be real. The symmetry (iii) renders Eq. (1.6) spatially reversible.

When ay = 0, Eq. (1.6) has gradient structure,

OF(A,AY)

A pr—
! SA*

(2.3)
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where

4 6
Fiaa) = [{iap-pap - 150 B Bap - rantan o
r

and I' is either the whole real line or a finite closed interval. In particular in the latter case
all solutions approach a time-independent state corresponding to a local minimum of the
free energy F'(A, A*) provided F' is bounded from below. However, this is not necessarily the
case. In fact the lower bound on F is finite only when |a;| < \/ig and in this case Eq. (1.6)
is well-posed. This result follows from the estimate

blA[Y  |AlS
Pz [fiap - pap - 20 BE - Blapa) o 25)
I

which in turn implies, using Young’s inequality, that

Pz [{(- B e (G- 180 ap - w2b@?m: (26)

for all § > 0. If the domain size is finite and the coefficients of |A,|*> and |A|® are both
positive in inequality 2. 6 are both positive then F is bounded from below. This condition is
only true when |a;] < f However when |a,| > f the integrand for periodic wavetrains of

the form A = Ryexp(ikz), where Ry is a constant, reduces to

b R6 a kR} a, R? 2 1 a?
R2k2 o R2 R 0 ~ R2 k 0 -1 RG
o T o Tl T 3T o\ ) T3 1)
for large Ry. Thus for |a;| > \[ the free energy F' of wavetrains with k& = ——a1R2 diverges

to negative infinity as Ry — oo thereby permitting the existence of runaway solutions.

The situation is yet more interesting when a, is nonzero since no free energy then exists
and the time evolution of the system need not be monotonic. Thus the presence of the terms
ia1|A]* A, and iay A? A% in the amplitude equation changes qualitatively the evolution of the
system near the pattern forming bifurcation. In particular, oscillations may now be present
[29], and these may be expected near the saddle-node on the primary solution branch, where
the growth rates of the amplitude and phase modes are both small and hence comparable. In
the general case with nonzero as, global existence of smooth solutions has only been proved
for (ay — a1)* < 4 [34]. Remark that for the quadratic-cubic Swift-Hohenberg equation

(ay,as2) = <21 N 0> thus F is bounded from below and oscillations are absent. The latter is

of course a consequence of the gradient structure of the equation.

2.2 Stationary solutions

Stationary solutions of Eq. (1.6) satisfy the equation
Agr +i (a1 AP A, + as A®AL) + pA + b|APA — |A*A = 0. (2.7)
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In the following, we view this equation as a dynamical system in space. In view of the two
continuous symmetries associated with translations and phase shifts the equation has two
conserved quantities [27]

b 1 +
B = (u+20D) AR + | AL+ S|4l - [5*@] AP, (2.8)
L= (Ad; - A4, + D2 Al (2.9)

In terms of A(z) = R(z)e™®, where R(z) and ¢(x) are real-valued functions, these take the
form

E = (u+2asL) R? + (R + R%?) + gR“ - B + M} RS, (2.10)
L = R, + #R“. (2.11)
Thus
R2+U=E, (2.12)
where L? 3as — a; b
U(R;pu, L) = Tt (u + TL) R* + 5R4 + BR® (2.13)

and f = W — 3. The problem (2.7) has thus been reduced to that of a particle of
energy F in a potential U. The form of the potential depends on the integral L as well as on
the bifurcation parameter u. Thus solutions of Eq. (2.12) come in two-parameter families,
specified by the values of E and L. In general the solution of Eq. (2.12) will be a periodic
function of z. In view of the fact that ¢, = (L/R?)+ (a1 + az)R?, this solution corresponds
to a complex amplitude A(z) with two frequencies, one associated with oscillations in the
amplitude R(z) and the other with oscillations in the spatial phase ¢(z). In the following we
refer to such solutions as two frequency states, while noting that in periodic domains with
finite spatial period the two frequencies must be rationally related. In the following we write
k = ¢, and refer to k as the wavenumber. Of particular interest are equilibria of Eq. (2.12)
with R = Ry, where Ry is a constant. If the associated k # 0 such a solution corresponds to
a wave of constant amplitude Ry. We call such solutions rotating waves (RW) by analogy
with the corresponding solution in the time domain, cf. [35]. Likewise, periodic solutions of
Eq. (2.12) with £ = 0 will be called standing waves (SW). Both solution types are single
frequency states. We mention that equilibria with £ = 0 correspond in the original problem
(2.2) to periodic wavetrains with wavenumber k., while equilibria with £ # 0 (i.e., RW)
correspond to periodic wavetrains with wavenumber k. + €2k. In contrast, SW correspond
to spatially modulated wavetrains. Finally, homoclinic and heteroclinic orbits correspond to
pulses, holes, and fronts, respectively.
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The notion of stability within Eq. (2.7) refers to spatial stability. In particular, the loss
of stability of an equilibrium corresponds to the appearance of new steady states with an
r-dependent amplitude R and phase ¢. Such bifurcations occur at amplitudes R, defined
by Ur = 0 and satisfying Ugrg > 0, where

Urr = 8k* + 4[b + (a1 + a2)k] Ry + 2 (af — a3 — 4) R (2.14)
and £ is the corresponding wavenumber. To demonstrate this result, we write
A= (Ry+r)expi(ks + ¢o + 1) (2.15)

with |r|, || < 1. The linearized system of equations governing the evolution of the pertur-
bations r and v is then given by

r 0 1 0 0 r
1 oL UgrL 9L
i S = 2 (URR + URL@) 0 0 —=34% § ’ (2.16)
de | ¥ 0 0 0 1 (0
q 0 —mE 0 0 q

where the coefficients are all evaluated at R = Ry and ¢, = k. The associated spatial
eigenvalues and eigenvectors are

0 + _URR/2
0 U —Urgrr/2
)\1,2 =0, V12 = 1 ; >\3,4 ==+ _$7 V34 = _j}&
1 8L R? OR
0 :Fmﬁ\/ _URR/2

The equilibrium is elliptic when Ugrr > 0 and hyperbolic when Urr < 0. The degenerate
solution with Ugr = Urgr = 0 is in general a saddle but can be elliptic if Urgr = 0, Ugrrrr > 0.
b

Such an equilibrium is given by R§ = —g5 and occurs when b = —8(L?p*)* < 0 and

p+ 224 [, = 6(L*B)'/2, where 8 > 0. When the energy E is increased above that for a local
minimum, periodic solutions bifurcate from the elliptic equilibrium, and these correspond to
quasiperiodic wavetrains whose amplitude oscillates with spatial period close to 2w1/2/Ugg.

We begin with the equilibria (R, k). With ¢, = k these satisfy the polynomial equation

p— k>4 [b+k(ay —a))] R2 — Ry = 0. (2.17)

Thus homogeneous states with k = 0 set in first as p increases, followed by RW with & # 0
at u = k*. The amplitude Ry of these states is given by the roots R(jf of this equation,

1
(RE)? =5 [V = V0P + 4= w2, (2.18)
where b = b+ k(az — a;). Thus when ¥ < 0 (the supercritical case), only the R{ solution

exists and it bifurcates supercritically from the trivial state at 4 = k2. This solution is
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temporally stable with respect to amplitude perturbations, i.e., perturbations with the same
wavenumber k as the solution. When ¢ > 0 (the subcritical case), a saddle-node bifurcation
oceurs at ig, (k) = k* — 2 creating both Ry and Ry solutions, with Ry unstable and Ry
stable. The R, branch connects to the trivial state at u = k% via a subcritical bifurcation.
When (az — a1)* — 4 < 0, the curve p = pg, (k) has positive curvature leading to a modest
interval of bistability (figure 2.1(a)) and under this condition the global existence of solutions
has been proved [34]. In contrast, when (as —a;)* —4 > 0 the curve u = p, (k) has negative
curvature leading to a subcritical region that broadens rapidly with increasing wavenumber
k (figure 2.1(b)). These differences are reflected in the bifurcation diagrams at fixed k shown
in figure 2.2 and more dramatically in bifurcation diagrams constructed for fixed pu > 0
(figures 2.3(a,b)) and p < 0 (figures 2.3(c,d)). The curves |az — a;| = 2 in the (ay, as) plane
are shown in figure 2.4 and are tangent to the curve 3 = 0 at the points (a;, as) = £(v/3,1).

@ (b)

—=k? —p=k? v
2 2,2 » Region for RY 2,2
- = =u=k?-b%/4 9 0 | == =p=kP-b%/4
s “ 10
Region for Rg Vs .

~ Region for

= d e, |~
10 r =3 T, bOt?l RJ
e 0

N,

“
x. -20 N

0 22" Region for ) ,
both Rgg % s

0N
Ly
Y

5 s 5

‘ ‘

Figure 2.1: The existence region in parameter space of periodic states when (a) ay —a; = 1,

b=1, and (b) az —a; = 3, b = 1. In both cases the state Ry exists for u > k? if ¥ < 0,
2, _ . . . 2

and for 1 > k? — Y- if ¥/ > 0; R exists in the region between p = k? and p = k* — -, but

the (3111"Ve2 p=k?— % in (a,b) has positive (negative) curvature depending on the sign of

(GQ — Cll) —4.

Different types of spatially modulated states can be determined by examining the shape
of the potential U(R; i, L). Figures 2.5 and 2.6 classify the possibilities for L = 0 and L > 0,
respectively. The L < 0 case can be obtained from L > 0 by changing the signs of a; and as.
These results allow us to identify different types of homoclinic and heteroclinic orbits which
play an important role in what follows. Explicit expressions for these orbits may be found
in Appendix B.

Of these the heteroclinic orbits play the most important part. Owing to the shape of
U(R; p, L) such orbits necessarily involve the trivial state A = 0 and require the conditions
E = L =0. In addition we require that the potential U(R; 11, 0) has a pair of local maxima,
one at R = 0, one at R = Ry, # 0, both of the same height. This condition defines the
equivalent of a Maxwell point py = % < 0 for the present system, and requires b > 0,
B < 0. The resulting heteroclinic orbit connects the trivial state R = 0 to a periodic

wavetrain with R2, = —& and ky; = (“%?)b, and hence corresponds to a front between the
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@) (b)

Figure 2.2: Bifurcation diagrams showing R as a function of p for (a,b) |as — a1| < 2, (c,d)
lag — ay| > 2. Panels (a,b) are for ag —a; = 1, b =1 and show (a) k£ > 0, (b) £ < 0. Panels
(c,d) are for ag —a; = 3, b =1 and show (¢) £ >0, (d) k£ < 0. Solid (dashed) lines indicate
solutions that are stable (unstable) in time with respect to amplitude perturbations. These
correspond to Ry and Ry, respectively.

trivial state and a spatially periodic pattern (see figure 2.7 and Appendix B). One can check
that g, (k) < pa < 0 with equality when

as(ay + ag) = 4. (2.19)

It follows that if ag(a; 4+ az) < 4, then the amplitude Ry belongs to the Ry (kys) branch and
is then referred to as R},; if az(a; +ag) > 4, the amplitude Ry belongs to the Ry (k) branch
and is then referred to as I?);. In figure 2.8, we show for comparison two different homoclinic
orbits, the first homoclinic to the trivial state (A = 0) and the second to a nontrivial state

(A#0).

2.3 Steady state bifurcations from primary branches

From the discussion in section 2.2, we know that quasiperiodic solutions can bifurcate
from the primary branch with fixed wavenumber k when the equilibrium point corresponding
to the amplitude Ry(k) is elliptic. The period of the associated amplitude modulation is
approximately equal to 2m4/2/Ugg near the original periodic state.
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Figure 2.3: Bifurcation diagrams showing R? as a function of k when (a) u =1, ay —a; = 1,
(by pu=1,a,—a; =3, (¢) p=—1, a2 —a; =1, and (d) p = —1, ag — a; = 3. Solid
(dashed) lines indicate solutions that are stable (unstable) in time with respect to amplitude
perturbations.

If the domain size is infinite, the first modulation branch occurs when Urg = 0. To
describe the initial stages of this bifurcation we fix the coefficients a, as, and b, and treat
as the primary bifurcation parameter. The instability is triggered by a change in the potential
U as p varies, and takes place when Ugg passes through zero, subject to the requirement that

ko, the asymptotic wavenumber at infinity, remains fixed. Thus U = U(R; u, L(p)) = U(R; p)
and the instability sets in at

U+ 2kay £/ (V + 2kay)? + 4(4 + a3 — a})k?

Ro(k)?
o(k) 4+ a2 —a?

>0, po=Rs—VR+E. (2.20)

The branching direction of the stationary modulated states that result can be readily
determined by a local expansion of U around (Ry, p9). We write (R, 1) = (Ro+ R, pio +dp)
and suppose that generically Urrr0Ugruo 7 0. Thus

i i . U
U(R; 1) = U(Ro; ) + Upyo0udR + %(53)3 + hot., (2.21)

where §R = O(|6p|*/?) and the subscript 0 indicates that the quantity is evaluated at the
bifurcation point. The bifurcation occurs as p increases (decreases) provided UrrpoUgy,o is
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| |---a+4=0
|| —a=0

—_ 2—
g ---(a2 al) =4

Figure 2.4: (Color online) The (a1, as) plane splits into a number of regions with different
behavior (see text). Black dots indicate the parameter values used in subsequent figures, with
the numbers indicating the corresponding figure. The region 5 = (alJ{gz)Q — axlmtay) % <0
(between solid black lines) contains heteroclinic solutions between the origin and either Rf
(if ag(a; + ag) < 4) or Ry (if az(a; + az) > 4). The line o = a3 — a3 = 0 plays a role in
determining the sequence of secondary bifurcations while the sign of a+4 plays an important
role in the temporal analysis.

negative (positive); the corresponding stationary solution is given by

1 1. 3 1/4
= (_§URRR,OURM,05N) )

2URu 001t 2 2
SR=+4+ | ———— [3sech? (hz) — 1] + O(|dp]), h 5

UrRRry0

(2.22)

which corresponds to a pulse or hole solutions according to whether U RrRR,0 > 0or U rRR,0 < 0

(see BEq. (2.21)). In the present case Eq. (2.13) together with the fact that Ugro = 0 at the
bifurcation point imply that

[NJRM,O = 2Ry, URRR,O = 24Ry(b+ 8BRY). (2.23)

Thus U ruo 1s always positive and the bifurcated solution is a hole with branching to the
right (or pulse with branching to the left) whenever b + 83R3 is negative (or positive).
When the periodic wavetrain lies at the band center, i.e., k = 0, the bifurcation is now

located at o 2()2( ) ) 2
a? — a2 —
(R(zpﬂl)): 2 2 12 222
44 a3 —ai (44 a3 —ai)
and hence lies close to the saddle-node (R?, 1) = (b/2, —b*/4) whenever |a] —a3| < 1, b > 0.
Since Uggr,o is now equal to —8R3 [2 + az(a; + az)] it follows that the bifurcating solution

is a hole branching to the right when 2 + as(a; 4+ a2) > 0, or a pulse branching to the left
when 2 + ay(a; + az) < 0.

(2.24)
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Figure 2.5: The potential U(R; u, L) when L = 0, drawn reflected in R = 0. (a) up = —1,
b=1,08=09(p<0,6>0). b)p=10b=-1,=-09 (p>0,8<0). (c
p=-1,b=5B=—-1(,8<0and b>4yuB). (d) u=1,b= -5 8=1 (i, > 0 and
b< —4vuB). (e) u=-1,b=37,=—1(u,8 <0and 2/3uB < b < 4/up). (f) p=1,
b=-37,8=1 (1,8 >0and —4V/uB < b < —2v/3uB). (g) p= —1,b=33, = —1
(u, 8 <0and b<2y3uB). (h) p=1,0=-33, =1 (u,B>0and b > —2/3up5).

@ (b) (c) (d)

0 0

0.12 25 0.12 2 4 2
R R R R

Figure 2.6: The potential U(R;pu, L) when L = 1. (a) p =1, b =4, a1 = 1, ag = 1,
(8<0,R3_ >0, Rj_(1/+bR3_/2) >2L*). byp=1,b=—-1,a,=1,a=1, (<0
and at least one of the other conditions in (a) is violated). (c¢) p = 40, b = —20, a; = 4,
ay =05 (8> 0,b < 0,0 < 328/ < 303, Ri_ (i +VR2/2) < 2L%). (d) p =40, b =5,
a; = 4, az = 0.5 (6 > 0 and at least one of the other conditions in (c) is violated). Here

—bt4/b2—-328u'/3
po= g B and By, =~V SRR

The bifurcation also sets in at R = 0 when k£ = 0 which the previous discussion is invalid.
We expect a bifurcation to periodic RW together with pulse states. Suppose that u = O(e?),
where € < 1. The RW take the form

A = eRexp(ikz) + O(e?), (2.25)
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Figure 2.7: The profile ReA(z) from Appendix B, Eq. (B.1), of the heteroclinic solution at
= pp ~ —0.0146 when b =1, a; = 1, and ay = 6.
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Figure 2.8: (a) Homoclinic solution to A =0 at 4 =0 when b= -2, f =1 and a; +ay = 64
(Appendix B, Eq. (B.5)). (b) Homoclinic solution to a nonzero equilibrium corresponding
to a rotating wave at u = —1 with Ry =~ 1.1791 and k£ = —1.3903 when b = 3.5, a; = ay = 2
(Appendix B, Eq. (B.6)).

where k = O(e), while the pulse states take the different form
A= €eR(X,€)expicp(X,€) + O(e?), (2.26)

where X = ex is a slow spatial scale. Substituting this ansatz into Eq. (2.7) with R(X,¢€) =
ROX) 4+ eRO(X) + ..., (X, €) = ¢O(X) + edV(X) + ..., u = €y, we obtain at O(e?)

RO + 1sRO +bR©% = (2.27)
and at O(e?)

P = —i(al + as)RO? £ 0, (2.28)
Thus RW and pulse states bifurcate simultaneously from A = 0 at g = 0, much as in

the Swift-Hohenberg equation. However, owing to the absence of pinning, there is a one-
parameter family of pulse solutions, parametrized by an arbitrary phase. In finite domains,
however large, the modulated solutions are expected to bifurcate from the RW at small but
finite amplitude.
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If the domain size is finite, boundary conditions select a discrete set of branches from
the continuous family of such solutions parametrized by the constants of integration £ and
L. Since Eq. (2.7) is spatially reversible, solutions satisfying periodic boundary conditions
(PBC) on a domain of period 2I" satisfy boundary conditions

Re[4,] =0, Im[A4]=0 (2.29)

on a domain of length I', we focus in the following on stationary solutions satisfying the
boundary conditions (2.29). We mention that more generally periodic boundary conditions
on u(x), ie., u(x + 2I') = u(x) for all z, imply the boundary condition

A(*(x + 2I)) exp 2ik I = A(e%z), (2.30)

for all  on the amplitude A.
In the following we plot bifurcation diagrams showing the solution amplitude measured
by the quantity || - ||z, as a function of the parameter p, where

1 r 1/2
4l = ([ 1P+ 1aPa) (2.31)

Bifurcations from the k£ = 0 primary branch

Since the & = 0 branch is the first of the (subcritical) primary branches to set in for b > 0
as [ increases, we present in figures 2.9-2.15 the £ = 0 branch together with a number of
secondary branches, computed using the continuation software AUTO [36]. These consist of
states with spatially varying amplitude R(x) and phase ¢(z) and bifurcate from the k = 0
branch in secondary bifurcations we refer to as Eckhaus bifurcations (see section 2.4). These
secondary branches either terminate on the same & = 0 branch, or do so on a different
primary branch (k # 0) or not at all. Figure 2.9 reveals that when a; = ay = 0 [37] the
secondary branches originate and terminate on the same k£ = 0 primary branch. Each branch
can be labeled by a pair of integers (n, m) specifying the number of half wavelengths of R(z)
and ¢(x) within the domain I'. Solutions with n = 1 (the first secondary branch) bifurcate
nearest to the primary bifurcation at ;1 = 0 and terminate nearest to the saddle-node. Figure
2.10(a) shows typical results when ajas # 0. In this case, unless b is too small (figure 2.10(b)),
the n = 1 branch no longer terminates on the k£ = 0 primary branch but terminates instead
on the primary branch with k& = 7/I". However, since an n = 1 Eckhaus instability near the
k = 0 saddle-node remains, a new n = 1 branch bifurcates from the & = 0 branch near the
saddle-node bifurcation and this time extends monotonically to larger amplitudes. States of
this type represent a defect in the original wavetrain with wavenumber k. that may be located
either in the center of the domain or at its boundary, e.g. figure 2.12(b), and we refer to
them as defect states [38]. These states resemble those familiar from studies of the Eckhaus
instability for the supercritical Ginzburg-Landau equation [23, 24] but are present here even
for £ = 0. The figures show that the defect states bifurcate from the k£ = 0 branch either
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below or above the saddle-node, depending on parameters; for increasingly negative b the
bifurcation point moves to larger and larger amplitude, leaving behind stable supercritical
periodic states. The termination points of the smaller amplitude secondary branches may
likewise lie below or above the saddle-node. Figures 2.11-2.13 show that these basic effects
of the presence of the coefficients a;, ay persist to other values provided a? — a2 —4 < 0 (see
Eq. (2.14) with k = 0). In contrast, when af — a3 — 4 > 0 (figures 2.14-2.15) the secondary
branches are all strongly subcritical and all terminate on branches with k # 0. The curves
a? — a3 — 4 = 0 are also shown in figure 2.4.
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Figure 2.9: (Color online) Bifurcation diagrams for subcritical stationary solutions with
k = 0 with several secondary branches of nonuniform states satisfying boundary conditions
(2.29). Parameters: a; =0, ap =0, I' = 167. (a) b = 0.5. (b) b = 0.2. (¢) Sample profiles
R(z) along the branch bifurcating from point 1 in (a).

It will have been noticed that all secondary branches bifurcating from R, except those
bifurcating close to the saddle-node, develop a protosnaking region with a sudden increase
of Hy norm located near the Maxwell point p, = % < 0. This point plays a fundamental
role in understanding the behavior shown in figures 2.9-2.15. We have seen that at p = pyy,
a heteroclinic connection between A = 0 and A = Ry exp(ikpx) is present (figure 2.7).
Although one might expect the presence of homoclinic snaking extending over a finite interval
whenever kj; # 0, this is not the case here owing to the absence of a coupling between the
front and the spatial oscillations with wavenumber kj;. As a result the snaking region
collapses to a single point p = pys. Despite this, the presence of this point determines the
branch on which the secondary branches involved terminate. This is because the presence
of the heteroclinic orbit at u = ujy; determines the wavenumber k,;, and this wavenumber
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Figure 2.10: (Color online) Bifurcation diagrams for subcritical stationary solutions with
k = 0 with several secondary branches of nonuniform states satisfying boundary conditions
(2.29). Parameters: a; = 0.6, ap = 0.1, I' = 167. (a) b = 0.5. (b) b = 0.25. (c¢) Sample
profiles of ReA(x) (solid line) and ImA(x) (dashed line) along the branch bifurcating from
point 1 in (a). This branch terminates on a primary branch with k£ = 7/I" & ky;.

in turn determines the primary branch on which the branches terminate. For example, in
figure 2.9, the selected wavenumber kj; = 0 and all secondary branches terminate on the
k = 0 branch from which they first bifurcated. In figure 2.10, the wavenumber k), ~ —0.0696
and indeed the n = 1 branch no longer terminates on a £ = 0 branch and instead terminates
on a primary branch with wavenumber closest to kj; that is compatible with the imposed
boundary conditions (2.29) and domain length I', viz. |k| = 7/I' = 0.0625 (m = 1). The
secondary branches with n > 2 do not come sufficiently close to forming the heteroclinic
orbit and so continue to terminate on the & = 0 branch. In figures 2.11 and 2.12 the
corresponding wavenumbers are ky = —0.1424 (m = 2) and kyy = —0.2174 (m = 3) and
these wavenumbers determine the type of change that must take place before the different
secondary solutions can approach the heteroclinic connection. These changes are illustrated
clearly in the lower panels in figure 2.11 which show that the branches bifurcating at points
1 (n=1) and 2 (n = 2) both become m = 2 states despite bifurcating at different locations
from the £ = 0 branch. Since phase has to be added along these secondary branches for
these changes to take place it follows that the quantity L in the potential U(R; u, L) must
either pass through zero in order that the phase may jump by 7, or remain identically zero
so that multiple phase changes can take place.

In figures 2.9-2.12 the heteroclinic orbit that forms at u,; connects the states R = 0 and
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Figure 2.11: (Color online) (a) Bifurcation diagram for subcritical stationary solutions with
k = 0 with several secondary branches of nonuniform states satisfying boundary conditions
(2.29). The first three secondary branches terminate on a primary branch with & # 0. (b,c)
Sample profiles of ReA(x) (solid line) and ImA(z) (dashed line) along the branch bifurcating
from points 1 and 2, respectively, showing that both branches terminate on a primary branch
with wavenumber k = 27 /T" = kj;. Parameters: b = 0.5, a; = 1.1, as = 0.1, I' = 167.

R}, In figure 2.13 it connects instead the states R = 0 and Ry, i.e., a stable state R = 0 to
an amplitude-unstable state R,,. In such a situation the associated front will move, allowing
the stable state to invade the unstable state. For the cases a?—a3—4 > 0 with (a; —ag)*—4 <
0 (figure 2.14) and a? — a2 — 4 < 0 with (a; — a2)?> — 4 > 0 (figure 2.15) the predictions
pun ~ —0.197, R}, ~ 1.255, ky &~ —0.906 (figure 2.14) and py &~ —0.0941, R}, ~ 0.8677,
ky ~ —0.207 (figure 2.15) continue to agree well with the numerical computations shown
in the figures. Thus the wavenumber selection process via the formation of a heteroclinic
connection continues to determine the termination points of the secondary branches even
when the k # 0 primary branches are highly subcritical.

The above bifurcation diagrams have all been obtained for a domain of one given length,
I' = 16wr. When I is increased, the termination points of the secondary branches must
switch to branches containing extra wavelengths of the Maxwell wavelength Ay, = 27/ky,.
The mechanism whereby this occurs has been studied in detail in gradient systems [38, 37].
Similar behavior has also been found in nongradient systems such as the partial differential
equations describing natural doubly diffusive convection [38].
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Figure 2.12: (Color online) (a) Bifurcation diagram for subcritical stationary solutions with
k = 0 with several secondary branches of nonuniform states satisfying boundary conditions
(2.29). Parameters: b = 0.5, a; = 1.5, as = 1.0, I' = 16m. Branches bifurcating at points 1
and 2 in (a) terminate at the same wavenumber, k = —3/16. (b) Sample profiles of ReA(z)
(solid line) and ImA(z) (dashed line) along the defect branch bifurcating at point 3 in (a).

Bifurcations from the k£ = 1 primary branch

In figures 2.16 and 2.17 we show the corresponding results for the primary k£ = 1 bifur-
cation. As shown in Appendix C when a; = as, = 0 two steady state branches bifurcate
together from p = 1. The prediction follows from a careful analysis of the symmetry of the
problem when periodic boundary conditions are imposed and is confirmed in figure 2.16.
The larger amplitude branch consists of RW states of the form A = Ryexpi(x + ¢¢), where
Ry is a constant, while the smaller amplitude branch consists of SW states of the form
A = R(z)expigpy, where R(z) is z-dependent and near u = 1 resembles cos z. Here ¢q is an
arbitrary phase. Both states of course satisfy periodic boundary conditions in space, and can
be translated in x so as to satisfy the imposed boundary conditions (2.29). Figure 2.16(a)
also shows that the RW and SW branches may be connected by a secondary branch of time-
independent states, of the form A = R(x)expi(¢(z) + ¢o), while other secondary branches
bifurcating from the RW branch develop into defect states and extend monotonically to large
amplitude (figure 2.16(d)). Figure 2.16 shows that the former are periodic since both R(z)
and ¢(x) oscillate with same frequency, while along the latter R(z) and ¢(z) oscillate with
different frequencies and the solutions appear quasiperiodic.

Once either a; or as is nonzero, a similar analysis shows that the RW branch splits into
two distinct rotating waves RW* both of which continue to bifurcate simultaneously from
p = 1. In addition when 0 < |k(a; 4 a2)| < |b| the SW state turns into a mixed mode (MW)
state that bifurcates from the A = 0 state simultaneously with the RW*. The MW are no
longer present as a primary branch once |k(a; + ag)| > |b| (see Appendix C). Figure 2.17(a)
shows the RW* in the subcritical case when a; = 0.6, as = 0.8, b = 0.5. Thus in this case no
MW are present as a primary branch although the figure reveals the presence of two types of
finite amplitude secondary branches resembling states of this type. The first type bifurcates
from the ¥ = 1 RW™' branch below the saddle-node and terminates on a primary branch
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Figure 2.13: (Color online) Bifurcation diagrams for subcritical stationary solutions with k =
0 with several secondary branches of nonuniform states satisfying boundary conditions (2.29)
showing the reconnection process that takes place with decreasing b. Branches bifurcating at
points 1 and 2 in (a) terminate at the same wavenumber, k = —1/8. Parameters: a; = 1.5,
ay =16, =167. (a) b=0.5. (b) b=0.4. (c) b =0.395.

with k£ # 0,1. The second type represents defect states that extend to large amplitudes
without termination. These secondary branches are outside of the range of validity of the
weakly nonlinear theory in Appendix C but are found in a higher codimension analysis of
the a; = as = 0 degeneracy [39]. Only the defect states are present in the supercritical case
(figure 2.17(b), a1 = 1.4, ay = 1.2, b = —0.5).

In the special case a; + a; = 0 the MW states degenerate into SW and bifurcate from
i = 1 together with the RW=*. Figure 2.18 shows an example of the resulting bifurcation
diagram. Finally, figure 2.19 shows an example with 0 < |k(a; + a2)| < |b| in which the MW
are present and bifurcate together with the RW*. However, at larger amplitudes the two
sets of branches behave quite differently, with the MW terminating on RW™.

Theoretical interpretation

It is possible to develop, to a certain extent, a theoretical understanding of the above
results. The understanding is based on the presence of the conserved quantities £ and L,
and the shape of the potential U(R; u, L) (Egs. (2.10)—-(2.13)). With boundary conditions
(2.29), secondary bifurcations to two-frequency states can only occur on a primary branch
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Figure 2.14: (Color online) Bifurcation diagrams for (a) subcritical and (b) supercritical sta-
tionary solutions with £ = 0 with several secondary branches of nonuniform states satisfying
boundary conditions (2.29). All secondary branches terminate at nonzero wavenumber. Pa-
rameters: a; = 2.1, ap = 0.2, I' = 16m. (a) b = 0.5. (b) b = —0.01. (c) Sample profiles of
ReA(x) along the branch bifurcating from point 1 in (a).

at locations where
272n?
rz -’
Explicit expression for Ugg can be found in Eq. (2.14). Since stationary solutions are deter-
mined up to translation in z and phase rotation by the integrals E and L, the behavior of
a branch of two-frequency states is determined by a set of implicit functions containing F
and L with p as a bifurcation parameter. These relations capture the requirement that an
integer number of half-wavelengths of both R(z) and ¢(x) fit in the domain I' and take the
form

Urr = n € N. (232)

r fimaz dR

—= , neN; (2.33)
Rmae [ /R2 — aata p2

T _ / L " 4R, meZ. (2.34)

n Jrpw VE—U(Rip L)

Here R, and R, are the roots of E = U(R;u, L) corresponding to the turning points
of the trajectory in the potential. Thus each branch of two-frequency states is determined
by a pair of integers n and m. In particular, on the primary k& = 0 branch, the secondary
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Figure 2.15: (Color online) Bifurcation diagrams for subcritical stationary solutions with
k = 0 with several secondary branches of nonuniform states satisfying boundary conditions
(2.29). Some secondary branches terminate on the & = 0 primary branch. Parameters:
a; = 1.6, a3 =—0.5,T =167. (a) b=0.5. (b) b=042. (¢c) b=0.41. (d) b=0.2.
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bifurcation points satisfy
Urr = 4bR3 4 2(a? — a3 — 4)Ry = 2m*n? /T2, (2.35)

cf. Eq. (2.14). Thus in the supercritical case (b < 0), Urg < 0 when a? —a3 —4 < 0
and no secondary bifurcations are present. However, if a? — a2 — 4 > 0 the quantity Urg
becomes positive at sufficiently large R triggering secondary bifurcations. In contrast, in
the subcritical case (b > 0) Ugg increases monotonically with Ry provided a? — a3 —4 > 0,
and consequently secondary bifurcations for each n appear exactly once along the branch.
However, when a? — a3 — 4 < 0 Ugg first increases with Ry but then decreases. When
a3 —a? = 0, Urg > 0 along the whole R, branch; if —4 < a3 — a? < 0 the region where
Urr > 0 extends above the saddle-node, but it shrinks below the saddle-node if a%—a% > 0. If
a3—a? is so large that the maximum of Ugp falls below 72 /T2, no bifurcation point is present.
These results are reflected in the properties of figures 2.9-2.15. In the case af — a3 < 4, if
we increase the domain size [', the number of bifurcation points scales as I'. The bifurcation
points accumulate near Urp = 0, ie., at R2 = 0 and R3 = 4+a2%b_a%. If we let p, be the
nth bifurcation point in the sequence that accumulates at Ry = 0 when I' is large (i.e., at
p = 0), then the p, scale as n?/T'? and a similar scaling holds at the other accumulation

point unless this point coincides with the saddle-node. In the latter case a? = a3 and the
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Figure 2.16: (Color online) Bifurcation diagrams for (a) subcritical and (b) supercritical sta-
tionary solutions with £ = 1 with several secondary branches of nonuniform states satisfying
boundary conditions (2.29). (c) Sample profiles of ReA(z) (solid line) and ImA(z) (dashed
line) along the branch extending between points 1 and 10 in panel (a). (d) Sample profiles of
ReA(z) along the secondary branch bifurcating from the RW branch at point 3 in panel (a).
The behavior along the branches bifurcating from points 2 and 4-7 is qualitatively similar
to (d). Parameters: a; =0, ag =0, I' = 167. (a) b =0.5. (b) b = —0.5.

distance du,, from the saddle-node scales as n*/I™. Note that since the integer n represents
the mode number, the accumulation point is reached in the limit n — 1, with n/T", n = 1,
representing the smallest wavenumber allowed by the boundary conditions. Such scaling
laws are also found in the Swift-Hohenberg equation, and arise in studies of natural doubly
diffusive convection as well [38]. As shown in Appendix D, the direction of branching of the
resulting quasiperiodic states is readily computable and the predictions therein agree well
with our numerical computations.

When k # 0 the conditions (2.34) provide implicit relations that determine the locations
of bifurcation points. The integrals can be evaluated in terms of Jacobi elliptic functions,
and the results determine the variation of £ and L with the parameter p along the secondary
branch. Each branch is characterized by the integer n which is constant along the branch.
This is not true for the integer m, however, which is in general only piecewise constant
along the branch. This is a consequence of phase jumps that may take along place along
the branch. These occur when R passes through zero at some z € (0,1") and require that
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Figure 2.17: (Color online) Bifurcation diagrams for (a) subcritical and (b) supercritical
stationary solutions with £ =1 (RW™) and k = —1 (RW™) together with several secondary
branches of nonuniform states satisfying boundary conditions (2.29) on a domain of length
' = 16w. Parameters: (a) b = 0.5, a; = 0.6, and a; = 0.8. (b) b = —0.5, a; = 1.4,
and ay = 1.2. (c) Sample profiles of ReA(x) (solid line) and ImA(x) (dashed line) along
the branch in (a) bifurcating at point 3 showing a gradual change of wavenumber between
points 3 and 7. ImA(z) oscillates 7 out of phase with ReA(z). Similar wavenumber changes
occur along the branches in (a) bifurcating at points 1 and 2. (d) Sample profiles of ReA(x)
(solid line) and ImA(x) (dashed line) along the branch bifurcating at point 1 in (b) showing
a gradual change of wavenumber between points 1 and 5.

simultaneously L = 0. The phase jump is determined by writing

/Rmaz LdR (™  LdR N /Rm LdR (2.36)
r. RNE—-U Jp. RRVE—-U Jp RVE-U’ '

and taking R, = O(|L|?), 1/2 < p < 1. The integral from R, to R.. (= O(1)) is O(|L|/Rx)
and so vanishes in the limit L — 0. The first integral dominates because R, = |L|/VE +
o(|L|) as L — 0, E = O(1), and U — L?/R? = O(R?) = o(L*/R?) in Ryin < R < R,. Thus

, (2.37)

e

lim /R* _ Lk sgn(L) /00 U sgn(L)
frd = n
0 g RVE-U O a1 P

where sgn(L) denotes the sign of L along the branch before it reaches 0. Thus the total
change of phase over the domain I" as L crosses zero is —sgn(L)nm. The phase remains
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Figure 2.18: (Color online) (a) Bifurcation diagram showing the simultaneous bifurcation at
W= 6—14 of an SW branch and a pair of RW branches with £ = £0.125. A secondary branch
of spatially modulated states connects the SW and RW™ branches between points 1 and 3.
(b) Sample profiles of R(x) along the SW branch. Parameters: b = 0.5, a; = —0.2, ay = 0.2,
I' = 16m.
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Figure 2.19: (Color online) (a) Bifurcation diagram showing the simultaneous bifurcation at
1t = 555 of a branch of two-frequency states (MW: red (gray) curve) undergoing protosnaking
and a pair of branches of periodic states RW* with k = j:%. The two-frequency states
terminate on RW~. (b) Sample profiles of ReA(z) (solid line) and ImA(z) (dashed line)
along the MW branch in (a). Parameters: b = 0.5, a; = 0.3, ap = 0.2, ' = 167.

constant unless another phase jump takes place. It follows from Eq. (2.34b) that

/ORW % IR {% _ %} | (2.39)

This relation constrains greatly the phase jumps that may occur along the secondary branches
and in particular the allowed interconnections among the primary branches. In particular,
in the special case a; = —as, the necessary condition for a phase jump to take place is
2m = sgn(L)n. Thus if the primary branch has nonzero wavenumber k = “* the condition
Ugrr = 2’}22"2 for a secondary bifurcation collapses to bR3 — 2R3 = 0 implying that the only
secondary branch that can undergo a phase jump is the branch bifurcating at RZ = b/2. We

emphasize that these phase jumps correspond to phase jumps that occur over large scales in
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the original problem; strictly, we cannot take the limit L — 0 without encountering higher
order terms omitted from the Ginzburg-Landau description (1.6).

Transition from subcritical to supercritical behavior

The results presented above enable us to understand the sequence of transitions that
must take place as b decreases through b = 0 and the £ = 0 primary branch goes from
being subcritical to being supercritical. There are two fundamentally distinct scenarios,
distinguished by the sign of the quantity a? — a3 —4. When a? — a3 — 4 < 0 figure 2.9 shows
that as b decreases the secondary bifurcation points on the & = 0 branch move to higher
amplitude while the termination points move towards lower amplitude. In addition, since
ks is proportional to b its value decreases thereby making it more and more likely that the
secondary branch originates and terminates on the same branch. The mechanism whereby
the termination point switches from a primary branch with k£ ~ kj; to the k& = 0 branch
relies on reconnection between the protosnaking branch and a defect branch originating from
the & = 0 branch (not shown), as discussed elsewhere [38]. A similar reconnection eliminates
the secondary branches one by one until none remain. Figure 2.13 shows an example of
the process: as b decreases an n = 3 mixed mode branch approaches and reconnects with
a defect branch leaving behind a short segment connecting the subcritical £ = 0 branch to
itself together with a larger amplitude, completely disconnected branch of defect-like states.
With further decrease of b the endpoints of the short segment come together, eliminating
the segment, while the disconnected branch moves farther away. In this particular example
the protosnaking branches turn towards larger p and undergo a twist before terminating
on a periodic state but this does not occur in other cases we have examined. Thus when
a? — a3 — 4 < 0 secondary bifurcation points annihilate pairwise and there is a minimum
value of b, by = (7/T)\/4 + a3 — a3, such for 0 < b < by, n0 secondary bifurcations take
place on the subcritical branch, i.e., localized states are absent.

Figure 2.15 shows that similar reconnections are responsible for successive elimination
of the secondary branches in the case a? — a3 —4 > 0 as well. In this case the secondary
branches bifurcate strongly subcritically and the Maxwell point u,, typically falls outside the
coexistence range between A = 0 and the k£ = 0 branch (figure 2.14(a)). As b decreases both
par and g, (0) decrease as b%, implying that in large domains secondary branches continue to
bifurcate subcritically. Moreover, when b decreases the secondary bifurcation points move up
in amplitude and so move through the saddle-node to the upper £ = 0 branch as the saddle-
node moves downward. Of course the protosnaking behaviour disappears as the system
becomes supercritical but the subcritical secondary branches remain (figure 2.14(b)). These
terminate on periodic states that bifurcate subcritically from A = 0 at u > 0, cf. figure 2.2(c).

Figure 2.16(b) shows a typical result in the supercritical case b = —0.5 with £ = 1 and
a; = ay = 0. The two branches that bifurcate from A = 0 at ;4 = 1 are both supercritical
and only secondary branches of defect type are present, much as in the standard Eckhaus
problem [24]. In contrast, once ajas # 0 (figure 2.17(b)) the SW branch is absent and ad-
ditional Eckhaus bifurcations occur on the RW branch at small amplitude with connections
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to primary branches with k # 0, 1, while defect states continue to bifurcate at larger ampli-
tudes. Observe that no protosnaking develops on any of the secondary branches bifurcating
from the £ = 1 branches, implying the absence of heteroclinic connections between A = 0
and A = Rpexpiz. This is a consequence of the centrifugal barrier (L # 0) in the potential
U(R; p, L) for this state, and is in turn a consequence of the fact that here k = 1 is selected
by the boundary conditions and not by the condition for a heteroclinic connection.

2.4 Temporal stability analysis

Since R{ is amplitude-stable while R is amplitude-unstable it follows that in the former
case the front connects two stable states, while in the latter case it connects a stable state
(A =0) to an unstable state (A~). This distinction is of great consequence for the stability
and motion of the front. The curve (2.19) is also shown in figure 2.4.

In this section we examine the stability properties of primary branches with both £ = 0
and k # 0 with respect to long wave perturbations with wavenumber |¢| < |k|. The analysis
performed is analogous to the classical Eckhaus analysis [22] but the results, presented in
the form of stability regions in the (k,u) plane, are substantially different owing to the
subcriticality of the basic wavetrain and the presence of the coefficients aq, as, assumed to
be nonzero. The problem is formally posed on the real line and no boundary conditions are
imposed on the perturbations.

Stability of primary branches

Nontrivial constant-amplitude steady solutions A = Ryexpi(kz + ¢o) of Eq. (1.6) fall
into three classes:

(1) Supercritical case: b’ < 0, R{ exists in the region p > k2.

b/2
I .

(2) Subcritical case: ¥ > 0, Ry solution exists in the region p > k? —
(3) Suberitical case: ¥ > 0, Ry solution exists in the region k* — & < u < k2.
To study the stability, we calculate the spectrum of periodic solutions by writing
A = Rye'Feto0) (1 4 q). (2.39)
The perturbation a = a(x,t) evolves according to

a; = —(2p — 2k* + V' R3) (a + a*) + 2ika, + agp + iR3(a1a, + azal) + O(la?).  (2.40)

The stability of the periodic solutions is determined by the eigenvalues of the linearized
problem. Writing

ag(z,t) = Bu()e'™ + Bi(t)e i, (2.41)
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where ¢ > 0 is a real wavenumber, we find that 8; and [, are complex-valued functions of

time satisfying
d(p\_[(cf CJ)(&)
dt ( B2 ) B < Cy Cr B2 )’ (242)

CE=—2u+3k* —(V +a19) B2 — (k+q)*, CF = —2u+2k* — (V' £ axq) R2.

where

Thus the eigenvalues of the stability matrix are

or=—9g—¢C £\ (9+¢)?—A(f+ ), (2.43)

where

fluk) = (2+a5—af){p—k +VR)} +2u— 6k> — 4ka, R,
GUk) = 20u— k) +HRE,

When ¢ = 0 there is a marginal mode a = ¢ with eigenvalue ¢ = 0 corresponding to
translation invariance. The remaining mode is referred to as the amplitude mode and is
stable when g > 0 (i.e., on Rj) and unstable when g < 0 (i.e., on Ry ). The function f can
be computed directly from the potential U and satisfies

Upp = —2f (2.44)

on periodic wavetrains. This property plays an important role in characterizing the relation-
ship between temporal and spatial stability when ¢ # 0.
An eigenmode of wavenumber ¢ is unstable provided

(i) ¢*(f + ¢*) < 0: Both eigenvalues are real and there is only one unstable eigenvalue
o, > 0, yielding the unstable solution

ag(z,t) = ™ [CF Be'™ + (o — CF) Bre "],
where [ is a complex constant.

(ii) g + ¢* < 0 and ¢*(f + ¢*) > 0: The eigenvalues can be either real or complex, but
both are unstable. The former case applies when ¢g? > ¢*(f — 2g), leading to unstable
solutions of the form

ag(w,t) = 7 [C;ﬂeiqz + (o*i — Cfr) ﬁ*e’iqw} ,

where 3 is again a complex constant. In contrast, when g*> < ¢*(f —2g) the eigenvalues
are complex, and the unstable solutions take the form

dq(x7t) = et {O;Bl(t)eiql" + [(Ur . Ci}-) 6;(75) + Uzﬁ;(tﬂ e—iqa:} ’
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where

p1(t) = B cos(o;t) + vsin(o;t), Ba(t), = —fsin(o;t) 4 v cos(o;t),

with 8 and v are complex constants. Here 0, = —g—¢% 0; = /(9 + ¢®)> — @(f + ¢*).

From the discussions above, an eigenmode of wavenumber ¢ is stable if and only if both
(f + ¢*) and g + ¢* are positive. This is so for all ¢ if and only if f and g are both
nonnegative. This is so for periodic wavetrains satisfy R = R§ whenever Upg(RJ) < 0. In
this case localized states in the form of front, pulse and hole solutions connecting to R as
|z| — oo may be stable since the background state to which they connect is itself stable.

In the following we refer to the instability triggered by real eigenvalues as the Eckhaus
instability (phase mode), since it is associated with the appearance of stationary but spatially
modulated solutions (cf. section 2.3). Instability of type (ii) with complex eigenvalues will be
called oscillatory instability (amplitude and oscillatory modes). To determine the regions in
the (k, u) plane corresponding to stable and unstable solutions on the real line, we determine
the conditions under which at least some unstable wavenumbers ¢ are present. In this case
the conditions (i) and (ii) for instability can be rewritten as:

(i) f<0O, (ii)) g <min{0, f}. (2.45)
Figure 2.20 shows the eigenvalues o as functions of ¢ near the onset of instability.

@ | (0)

0 0.1 0.2 03 0.4 05

q

Figure 2.20: Eigenvalues o as functions of ¢ near the onset of instability. (a) Phase mode:
f=-0.2and g = 1. (b) Real and oscillatory modes: f =1 and g = —0.1.

The case a; = a; =0

In the following we use the notation (1)(i) to refer to case (1) as defined in section 2.4
and condition (i) as defined in Eq. (2.45), etc. We begin with the case a; = as = 0. In this
case, the range of p within which the periodic wavetrain is unstable is
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(1)(i) and (2)(i):

Moreover, in order that Ry be present, we also need the conditions y > k? (supercritical
case) and p > k? — b%/4 (subcritical case). The resulting instability regions are shown

in figure 2.21(a,c).
(3)(1):

Condition (i) thus holds for all u along the R, branch (figure 2.21(b)), i.e., Ry is

unstable.

The resulting bifurcation diagrams resemble those familiar from the supercritical case [24],
with amplitude-stable solutions unstable with respect to the Eckhaus instability at small

2

¥ b
w< 2k — — — g\/bQ + 16k2.

8

2 b2 2

amplitude and stable at large amplitude.
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Figure 2.21: The (k,u) plane when a; = a; = 0 and (a) b = 1, R{, (b) b = 1, Ry, (c)
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The general case

In the general case with at least one of a; and ay nonzero, we let a = ag — a? and
s = /U2 +4(u—k?). To find the range of p for instability of type (i), we rewrite the
condition f < 0 as a condition on s. When o + 4 # 0,

(1)(i) and (2)(i):

(24 )V —dkay > 40V + 2a,k)% + 16(4 + a)k?
(4+a){{3+ 11 a } - e } <0. (2.48)
(3)(1):
(24 )b —4kay > 4V + 2a1k)? + 16(4 + a)k?
(4—1—04){{3— ita ] — 47 aP } <0. (2.49)
When 4 + a = 0, these relations become
(1)(1) and (2)(1):
(0 + 2a1k) (V' + s) + 4k* > 0. (2.50)
(3)(1):
(b + 2a,k) (b — s) + 4k* > 0. (2.51)

We summarize these results in two different types of plots. In the first we superpose the
curves f = 0 and g = f on the bifurcation diagram in figure 2.3 showing the amplitude
Ry of a periodic wavetrain as a function of the wavenumber k for different values of b and
=1 (figure 2.22) and p = —1 (figure 2.23). Plots of this type determine the range of stable
periodic states. We show the same information in the (k,u) plane in figure 2.24 for b > 0
(the subcritical case) and figure 2.25 for b < 0 (the supercritical case), in both cases focusing
on the stability properties of the RJ state. In both cases as has been taken to be positive.
In each plot we indicate the regions in which a wavetrain with wavenumber £ is stable with
respect to the Eckhaus instability and where it is unstable. These regions are delimited by
the union of two curves, the curve p = pg, (k) for |k| small (near band center) and the curve
p = k?* for those wavenumbers for which the primary bifurcation is supercritical (larger |k|),
and by the curve f = 0 corresponding to the Eckhaus instability. The resulting plots should
be compared with figure 2.21 computed for a; = as = 0. We see that when a; # 0, as # 0
the stability region becomes asymmetrical with respect to &k — —k, and may either grow or
shrink. Indeed for some coefficient values the region of stability is suppressed altogether.
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Figure 2.22: (Color online) Bifurcation diagrams R2(k) when g = b = 1 showing the onset
of type (i) (f = 0, black dashed line) and type (ii) (¢ = f, black line) instabilities. Thick
blue (gray) line indicates stable solutions while the thick dashed blue (gray) line indicates
the R, solutions unstable with respect to instability (i) only. (a) a; = 3, ay = 4. (b)
ap=-3, as=—-2. (¢c)a; =3, ag =6. (d) a1 = =3, az =0.

The instability regions for the R, branch are more complex since in addition to instability
(i), we may also have instability (ii), with either two real positive eigenvalues or a pair of
unstable complex eigenvalues. The condition for instability (ii) is

ab’? — 8a kb — 16k>
2 i

(1 + g) s —[(1+ )b — dark] s +

5 (2.52)

subject to the requirement s < b’ that defines the existence range for R,. We show the
location of complex eigenvalues on the subcritical branch R, for b > 0 in figure 2.26 and
for b < 0 in figure 2.27. Note that complex eigenvalues are only present close to the saddle-
node where the time scales for the growth of amplitude and phase perturbations become
comparable. We also mention that the quantity f — 29 = a3Rj — (a1 R3 + 2k)? is negative
whenever a, = 0. In this case, the condition for the presence of complex eigenvalues, g* <
¢*(f — 2g), cannot be satisfied. This is as expected since Eq. (1.6) is then of gradient type.
We leave to future work the possibility that the unstable oscillations present when ay # 0
acquire stability at finite amplitude and the role played by the complex eigenvalues in the
stability properties of the various secondary states identified in section 2.3.

Additional light can be shed on the plots in figures 2.24-2.27 by examining the special
(and simpler) case k = 0 (the band center), starting with instability (i). In the supercritical
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Figure 2.23: (Color online) Bifurcation diagrams R3(k) when p = —1, b = 3 showing the
onset of type (i) (f = 0, black dashed line) and type (ii) (¢ = f, black line) instabilities.
Thick blue (gray) line indicates stable solutions while the thick dashed blue (gray) line
indicates the R, solutions unstable with respect to instability (i) only. (a) a; = 3, ag = 4.
(b) ap = =3, aa = —2. (¢) a3 =3, ay =6. (d) a3 = =3, ay =0.

2(2+0)b?
(440a)?
In the subcritical regime the R{ branch is unstable for all g when 4 + o < 0. When
2(24-a)b?
(4+a)?
towards o = 0 and vanishes when « reaches zero. The subcritical R, branch is always

unstable. The instability (ii) only appears on the R; branch, and then only when o > 0

with —% <p < — ((12102)22. These results are reflected in figures 2.24-2.27.

regime the Ry branch is unstable only when 4 + a < 0, within the range u > —

which shrinks as « increases

—4 < a < 0 there is a range of instability, —% <p < —

Finite size effects

In the presence of restrictions on g, e.g., due to a finite domain size, the allowed wavenum-
ber ¢ limits the range of unstable p. For example, for periodic boundary conditions with
period 2I', the wavenumbers &+, and ¢ must be integer multiples of . With k. = & (N +1),
where N is a nonnegative integer and 0 < [ < 1, the possible values of k and ¢ are
kn = %(n —1) and ¢, = 5 with n € Z and m € N, respectively. The smallest unsta-
ble wavenumber ¢, is therefore finite, cf. [23, 24], resulting in a slight decrease in the range

of instability.
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Figure 2.24: The parameter range (ky = k/[b|, up = p1/b?) for instability (i) of R when b > 0
and ay > 0. Dashed curve: saddle-node. Solid curve: p = k?. Dash-dotted curve: Eckhaus
boundary. (a) a; =1, as =2 (o >0). (b) ay = —1, ag =2 (> 0). (¢c) a3 =13, ag =1
(-4 <a<0). (d)a =-06, a0 =05(-4<a<0). () ag =28, ax =1 (a < —4).
(f) ag = =21, aa =05 (e < —4). (g) a1 =3, aa =1 (o« < —4). (h) a1 = —2.3, ay = 0.5
(a < —4).

Stability of secondary branches

We have also examined the stability of the secondary branches by computing numerically
the temporal spectrum o, and examining the behavior of the leading eigenvalues along the
various branches, focusing primarily on the secondary branches bifurcating from the £ = 0
branch. Figures 2.9-2.15 show that the bifurcation to the first of these is always supercritical
when b > 0, implying that the first secondary branch has initially a single unstable eigenvalue.
When the branch enters the protosnaking region this eigenvalue becomes very small. If the
branch remains monotonic this eigenvalue remains positive but if the branch undergoes folds
it can become negative thereby stabilizing the branch. This is so in figures 2.10(b), 2.12(a),
and 2.14(a). In figure 2.12(a) there are in fact four folds on the first secondary branch, the
first three of which are not visible on the scale of the figure. In other cases, however, the
portion of the branch with positive slope remains unstable. This is the case, for example, in
figures 2.13(b,c).

2.5 Dynamics of periodic wavetrains

In this section we derive modulation equations describing the dynamics near the onset of
each type of secondary instability and compare the resulting dynamics with results obtained
via direct numerical simulation of Eq. (1.6). The time-stepping used here and in the subse-
quent sections employs the Fourier-based method ETD4RK [40]. Dealiasing is achieved via
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Figure 2.25: The parameter range (k, = k/|b|, 1y = p/b?) for instability (i) of Ry when
b < 0 and ay > 0. Dashed curve: saddle-node. Solid curve: u = k%. Dash-dotted curve:
Eckhaus boundary. (a) a; = 0.7, as = 1 (a > 0). (b) a3 = —0.7, az = 1.5 (a > 0). (c)
ap =18 as=1(-4<a<0). (d) a =-21, aa=0.5 (v < —4). (e) a3 =2.3, a3 = 0.5
(a < —4). (f) a1 = —2.23, aa = 0.5 (o < —4). (g) a1 = 2.65, az = 0.5 (a < —4). (h)
a; = —2.65, as = 0.5 (o < —4).

mode truncation.

Phase mode (Eckhaus instability)

Here we assume that the periodic state Ry (ko) is such that ¢ = O(1) > 0 and f = 0,
i.e., RS (ko) is close to the onset of instability. Figure 2.20(a) shows the eigenvalue o, versus
the perturbation wavenumber ¢ when f is slightly negative. The unstable modes are phase
modes and result in Eckhaus instability, i.e., in phase slips [23].

To describe the dynamics that result we use multiple scale analysis to derive an evolution
equation for the phase of the pattern. Define g be the value of p which f(uo, ko) = 0 and
let Ry be evaluated at (p, k) = (g0, ko). When 0,,f (110, ko), f can be approximated as

[(4+ aj — a)(Bg)? + 4k5/ (Rg)?]

VU2 + 4o — k3)

where Ry is evaluated at (u,k) = (uo, ko). If af — a3 < 4, 0,f|,_,, is always positive

implying that Ry is Eckhaus-stable for u > po. In contrast, if a? — a3 > 4, the quantity
ouf |M:#0 can be negative in an appropriate region of the (aj,as) plane and this allows the
phase mode to be unstable when p > po. There is no instability when p < pyq.

In the nondegenerate case 9, f (1o, ko) = O(1) we assume that du = O(e?) and the ¢* term
in Eq. (2.43) is comparable with f,i.e., ¢ = O(€). The corresponding timescale is determined
by the magnitude of the most unstable eigenvalue which is O(e™?). For eigenmodes near

f=0ufl,—, 0n+o(lop]) = op+o(oul), (2.53)
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Figure 2.26: (Color online) The parameter range (ky, = k/[b|, upy = u/b*) for instability (i)
and (ii) of Ry when b > 0 and as > 0. Black dashed curve: saddle-node. Black solid
curve: 1 = k?. Red (gray) solid curve: boundary of instability (i). Red (gray) dashed
curve: boundary of instability (ii). (a) a3 = 1, as = 1.4 (a > 0). (b) a3 = —1, ay = 1.42
(a>0). (c) a3 =346, aa =3 (-4 <a<0). (d) a3 = 346, aa =3 (-4 < a <0). (e
ar =245, as =1 (a < —4). (f) a1 = =3, as = 1.5 (a < —4).

g = 0, the real part of the eigenvector is O(¢€) smaller than its imaginary part implying that
the instability results primarily in phase modulation. We therefore write

Sp= €y, T =€ X =er,
A=RI(1+ O 4@ 4 .)ei(k0x+€¢(0)+€3¢(l)+“'), (2.54)

where 7(™ and ¢ are real functions of X and 7. It can now be shown that with this scaling
the phase perturbation ¢(*) satisfies the nonlinear phase equation [22]

20087 = =6k xx + 265 + 270X 6V (2.55)
where [ =€ fa, go = gl,,, 4, and

U R
— JARRDTO py = ayR2 + (a1 R} + 2k) - (2.56)
4b.,
The perturbed amplitude r© is slaved to ¢§?),
2gorY = b_qbg?). (2.57)

These results can also be written in terms of the perturbation wavenumber k = ¢§§),

2g0KT = (—HXX + for + sz)XX . (2.58)
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Figure 2.27: (Color online) The parameter range (ky, = k/[b|, iy = p/b*) for instability (i)
and (ii) of Ry when b < 0 and as > 0. Black dashed curve: saddle-node. Black solid
curve: 1 = k?. Red (gray) solid curve: boundary of instability (i). Red (gray) dashed
curve: boundary of instability (ii). (a) a3 = 0.45, a3 = 2 (a > 0). (b) a3 = —1, ay = 2
(a>0). (c)a; =22, aa =14 (-4 <a<0). (d) ag=-28, aa=22 (-4 <a<0). (e
a1 =32, ap =22 (a < —4). (f) ay = =3, a2 = 1.73 (a < —4).

A sketch of the derivation is given in Appendix E.
Equation (2.58) has stationary spatially localized solutions in the Eckhaus-stable regime
f2 > 0. In the stationary case, the phase equation can be integrated twice, yielding

—kxx + fok + K% = 0. (2.59)

The integration constants are set to zero by the requirement that the asymptotic wavenumber
outside the structure remains unchanged. Bifurcation to localized solutions takes place as
f2 becomes positive and the resulting solution takes the form

Ko(X) = —?;—J;zsech2 (\/TEX) : (2.60)

Within the phase description the stability properties of this solution follow from the fact
that Eq. (2.58) has a Lyapunov functional,

Glk] = /]R (% + %/{2 + %KB) X, (2.61)

i.e., G[k] decreases monotonically with time. Consider G(s) = G[ro + sw|, where w is an
arbitrary smooth function that tends to 0 as | X| — oo. Locally around s = 0, we have

G(s) = G(0) + %é”(o)s2 +O(s), (2.62)
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where G”(0) takes the form

G"(0) = B / {wg(, + (2 — 6sech®X’) w2} X', X' = @X. (2.63)
2 Jel 2 2

Consider now the eigenvalue problem,
—w" + (4 — 12sech’X’) w = Aw. (2.64)

It is known [41] that Eq. (2.64) has one negative eigenvalue A = —5. It follows that G”(0) < 0
for a suitable choice of w and hence that the solution given in Eq. (2.60) is unstable. The
presence of an unstable localized state for f > 0 is consistent with the well-known fact that
the Eckhaus instability is subcritical.

We now turn to the study of the dynamical evolution of the Eckhaus instability that
takes place when f < 0 using direct numerical integration of Eq. (1.6) for different choices
of (a1,as) with a; — ag, ko, g > 0 and f < 0 fixed. The reason for fixing f and g is to
ensure that the spectrum of the linearized equation remains unchanged for different choices
of (ay,as) and this can be done by modifying the values p and b. We pick a; — ay = 0.45,
f=-0.02, g =1.3, kg = 7/10 with domain size I' = 200 and periodic boundary conditions.
The number of grid points, here and elsewhere, is 512 with time step equal to 0.01. We
examine the cases a; = 0.65, 0.75, 1.25, and 2.25 with v ~ —7.3351, —6.1736, —4.3349,
and —3.9596. The initial condition we choose is a periodic wavetrain with a superimposed
perturbation a = ;€' + cpe %, q = 67 /T, corresponding to the most unstable mode in the
given domain. Time evolution of the profile of Re[A] is shown in figure 2.28 initialized with
perturbation amplitude /c? + ¢3 = 0.05. With the given initial condition, the number of
rolls changes from 10 to 7 as a result of phase slips triggered by the Eckhaus instability, and
it is clear that the time for a phase slip to occur is smaller when |v| is larger. Phase slips
occur at t = T =~ 1860, 2465, 4380 and 5075, respectively; for the perturbation amplitude
V& +c2 = 0.05 the time T is determined largely by nonlinear processes and not by the
linear growth phase of the instability.

In figure 2.29 we examine the dependence of these results on initial conditions. The figure
shows the dynamics of an Eckhaus unstable 10-roll periodic wavetrain with a superimposed
unstable mode with perturbation wavenumber (a) 27/T", (b) 47/T", (¢) 67/T", and (d) 8 /T".
The simulation shows that the number of rolls decreases by 1, 2, 3 and 4. Here a; = 0.75,
as = 0.3 and the remaining quantities are as in figure 2.28.

We also investigate the dependence of the time to phase slip on the linear growth rate
0. (q). Here we fix a = 0.2, g = 1.3, v = =7, and choose the wavenumber of the periodic
wavetrain kg = 7/10. Values of the parameters a;, p, and b are adjusted so that the
numerical value of f is approximately equal to —0.01503, —0.01751, —0.01999, and —0.02247.
In each case the most unstable mode corresponds to ¢ = 67/I" with the corresponding
temporal eigenvalue o, ~ 2.0847 x 107>, 2.9261 x 107°, 3.7680 x 1075, and 4.6105 x 10~°,
respectively. Figure 2.30 shows the time evolution resulting from an initial perturbation with
V2 + 3 = 0.001; figure 2.31 confirms that for these small amplitudes the time 7" to phase
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Figure 2.28: Time evolution of Re[A] with PBC in a domain of size I' = 200. Parameters:
f=-002 g =13, kg = 7/10, and a; — ay = 0.45. (a) a; = 0.65. (b) a; = 0.75. (c)
a; = 1.25. (d) a; = 2.25. In each case the solution has been initialized with a sinusoidal
perturbation of amplitude /c? 4+ ¢3 = 0.05 and wavenumber ¢ = 67/

slip is determined by the linear growth rate o'. This is no longer the case for perturbations
with amplitude y/c} + ¢3 = 0.01, cf. figure 2.29.

The degenerate situation f|,_, = 9.f],_, = 0 arises when a? — a3 > 4 and is always
present in the supercritical case (b' < 0). In the subcritical case (b’ > 0) |a;| must be smaller

than |as| + 2/|az| for this degeneracy to occur. At this degenerate point Ry and b are given
by

(R(J{)2 :2\k0|(a%—a§—4)’1/2, b= —2|k0|(a%—a§—4)1/2—k0(a1+a2). (2.65)

It can be shown that at this point aﬁ f (o) is always negative implying that the periodic state
is always unstable when p is slightly perturbed from . The derivation of the phase equation
corresponding to this case is similar to the nondegenerate case except that du = O(e) instead
of O(€?), and also results in Eq. (2.55).

The degeneracy v = 0 is of greater interest. This degeneracy only arises when 5 > 0
implying that (ay, as) must lie in the range |a; — az| > 2. We remark that Eq. (1.6) may not
be well-posed in this regime. From Eq. (2.58), we can see that in order for the next higher
order term (k3)xx to come in, the scaling must be modified:

X=cx, T=¢ rk=0(), v=en. (2.66)
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Figure 2.29: Time evolution of Re[A] with PBC in a domain of size I' = 200 triggered by the
Eckhaus instability. Parameter values are a; = 0.75, as = 0.3, with the remaining quantities
as in figure 2.28. The superposed initial perturbation is periodic with wavenumber (a) 27 /T,
(b) 47 /T, (c) 6/T", and (d) 87/I". In each case the solution has been initialized with a
sinusoidal perturbation of amplitude \/c} + ¢3 = 0.05 and wavenumber g = 67/T.

The size of 7 is controlled by varying b. Since « is O(¢), the perturbations of the phase and
amplitude will be O(1) and O(e), respectively, so that

A=R{Q+er® 4300 4 .)ei<k0$+¢<o)+62¢(l)+“'). (2.67)

Following the procedure in the nondegenerate case, one can show that the perturbed wavenum-
ber k satisfies the Cahn-Hilliard equation but with a negative cubic coefficient,

200k = [—kxx + for + 7167 — 2 (1 + 2ko /b1 )* k7] . (2.68)

When this is the case solutions of Eq. (2.68) exhibit finite time blow up [42]; the blow up time
corresponds to the occurrence of a phase slip, i.e., the breakdown of the phase description. In
numerical simulations, solutions of Eq. (1.6) always blow up owing to the generation of high
frequency modes in this regime. This result is consistent with the failure of well-posedness
when |a; — ag| > 2. In figure 2.32 we present numerical results before blow up occurs. In
contrast with the generic situation when |y| = O(1) > 0, the rolls narrow right before a
phase slip.

Amplitude and oscillatory modes

We now assume that the periodic state satisfies f = O(1) > 0 and that g &~ 0. The
instability sets in when g becomes slightly negative and only occurs for periodic wavetrains
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Figure 2.30: Time evolution of Re[A] with PBC in a domain of size I' = 200. Parameter
values: a; = 0.2, g=1.3,7=7. (a) f = —0.01503 (o, = 2.0847 x 107°). (b) f = —0.01751
(0r = 29261 x 107°). (c) f = —0.01999 (o, = 3.7680 x 107°). (d) f = —0.02247 (o4 =
4.6105 x 107°). In each case the solution has been initialized with a sinusoidal perturbation
of amplitude /c? + ¢ = 0.001 and wavenumber ¢ = 67/T..
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slightly below the saddle-node (pg = kg —b/4). The spectrum as a function of the perturbed
wavenumber ¢ is shown in figure 2.20(b) and indicates that the eigenvalues are real and
unstable when ¢ is close to zero and become complex unstable as ¢ exceeds a certain limit.

Since f = fy = agflz — (2k0 + “171’/)2 when p = g the coefficient a; must be nonzero and large
enough for f to be positive. Thus this type of instability is only present when the system is
sufficiently far from a gradient system.

When p is close to the onset of instability, the dependence of g on p — pg is

9(p) = 2(p — po) = b/t — o ~ =0/t = pro. (2.69)

Let 6p = p— po = O (e*). In order for g to compete with the ¢ term in the temporal
eigenvalue, the amplitude must vary on O(e™') scales. But there is another spatial scale
which comes from the modes with real unstable eigenvalues. These modes lie within a
narrow region around ¢ = 0 of €2 width. The inclusion of this spatial scale is important
when the domain size is relatively large. We refer these modes as amplitude modes while the
modes in the region of unstable complex eigenvalues are oscillatory modes. With the given
scaling, the magnitude of the real and the imaginary parts of the eigenvalues are of different
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Figure 2.31: (a) The linear growth rate o' as function of f from figure 2.30. (b) Time T
to phase slip in figure 2.30 multiplied by o, as function of 0;1.
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Figure 2.32: Time evolution of Re[A] with PBC in a domain of size I' = 200. Parameter
values: a3 = —2.9, ay = —0.7, f = —0.02, v = 0. The instability is initialized using an
unstable mode with wavenumber (a) 47/I" and (b) 67/T.
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order, O (e72) for the real part and O (e7') for the imaginary part. These facts suggest the
following choice of multiscale scaling:

X =exr, Xo=¢x, T)=c¢t, Ty=¢et,
op =€yl a=ea" a4+ (2.70)

Here dp > 0 since pq is already at the saddle-node.
In the following we write a®™ = a{™ + ia™. The first two orders in e then yield the

i

equations
al) —b_al% =0, (2.71)
a — by, = 0, (2.72)
as%l — b_az(}))(l = b_az(g)(2 — a,ﬁ% + af,?))(le — b'2a£0)2 + 2b'u1a£0), (2.73)
1 1 0 0 0
oty —bralk, = bralk, —a, +al% . (2.74)
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Thus a'” and a§°) both satisfy a one-dimensional wave equation on O (¢71) scales with
wave speed /fo. We therefore introduce the comoving variables ¢ = X; — +/foT} and
n = X1 + v/ foT: and look for solutions of the form

al® = A (&, X0, To) + As(n, Xo, To) + Ao(Xa, Tb), (2.75)

T

a® = (b, /b_) [—Al(g, Xo, T) + As(1, Xo, To) + Ag(Xo, TQ)} . (2.76)

Combining Egs. (2.73) and (2.74) together gives

2 foaf‘alf)ﬁ = (aTQ — blﬂl -+ b/QaS,O)) (Agm — Al,ﬁ) + Angg - AQ’mm - \/% (ALS + A2:77)X2(2'77>

Requiring that A; and As remain bounded as || — oo, |n| — oo, we obtain the following
coupled equations for the slow evolution of the amplitudes A; and A,

(0, + VIo0x) Ave = Avgee + Vi Ave — B2 (A + Ao) A, (2.78)
(0r, = VIoOx) Aoy = Asyyuy + Vi Aoy = U (A3 + Ag) Ay, (2.79)

Since the spatial average of A; and A, can be absorbed into A and Ay, we may assume
(A1) = (As) = 0, where (-) indicates the average over the comoving space variables. Inte-
grating both Egs. (2.78) and (2.79) once and averaging Eqgs. (2.73) and (2.74) with respect
to & and 7, respectively, we obtain finally a pair of equations that describe the interaction
between the amplitude and oscillatory modes,

A2 — (A2

(aTz + v f08X2> Ar = Arge + (1 — Ag)Ar — ITH, (2.80)
A2 _ A2

<8Tz Y f08X2> Ay = Agy + (11 — Ao) Az — QTW, (2.81)

1210”]12 — \/%AO,XQ - O, AO,T2 — \/%A(),XQ - 2/,61140 - <A% ‘|— A§> — A% (282)

Here the coefficient ¥ has been scaled out by suitably redefining A;, Ay, Ay, Ay, and 1.
These equations generalize those derived by Knobloch and De Luca for counterpropagating
waves on a trivial background [43] to the case of a nontrivial background.

Figures 2.33 and 2.34 show plots of the time evolution of Eq. (1.6) in a periodic domain
of size I' = 200 for a; = 0.3, ay = 2.2, b = 0.5, and pu = pg + 5 x 107%. The initial 20
roll periodic wavetrain is perturbed with a right-traveling wave with ¢ = 27/I" (figure 2.33)
or a left-traveling wave with ¢ = 47 /T (figure 2.34). Both perturbations are of order 1072
Under these conditions, the wavetrain eventually collapses to 0 although a growing traveling
modulation is visible in the demodulated solution as shown in figures 2.33(b) and 2.34(b).
A comparison between the dynamics of the full equation (1.6) and the modulation equations
is shown in (c), which demonstrates that the time dependence of (b/e?)Re[(a)] (solid line)
is well approximated by the time evolution of the mean mode Ay (dashed line).
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Figure 2.33: A 20 roll periodic wavetrain with PBC undergoing both amplitude and oscilla-
tory instabilities. (a) Time evolution of Re[A]. (b) Time evolution of Re[a]. (¢) Comparison
of the evolution of the mean of the modulation mode (solid line) with the evolution of A,
from Eq. (2.82) (dashed line). Domain size: I' = 200. Parameter values: a; = 0.3, as = 2.2,
b=0.5, and u = po+5x107°. The initial condition is a periodic wavetrain with a superposed
q = 27 /T right-traveling wave of O(107?) amplitude.
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Figure 2.34: A 20 roll periodic wavetrain with PBC undergoing both amplitude and oscilla-
tory instabilities. (a) Time evolution of Re[A]. (b) Time evolution of Re[a]. (¢) Comparison
of the evolution of the mean of the modulation mode (solid line) with the evolution of A,
from Eq. (2.82) (dashed line). Domain size: I' = 200. Parameter values: a; = 0.3, as = 2.2,
b=0.5, and u = pp+5x107°%. The initial condition is a periodic wavetrain with a superposed
q = 47 /T left-traveling wave of O(1072) amplitude.

2.6 Stability and dynamics of spatially localized
solutions near the Maxwell point

In this section we study the stability and dynamics of spatially localized solutions near the
Maxwell point. Dynamical properties of these solutions are important for understanding the

location of the snaking region and the process of nucleation of periodic patterns in convective
systems.
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Stationary and nonstationary fronts

Among the spatially localized solutions, the front solutions determine the location of
the Maxwell point and the associated protosnaking behavior. With the coefficients a;, as,
and b fixed, there is at most one stationary front solution to within the symmetries given
in section 2.2. This solution connects the trivial state A = 0 to one of the periodic states.
As shown in section 2.2, the front solution exists when £ = L = 0 with coefficients b > 0,
p = pn = 0?/(168) < 0. In order to simplify the discussion that follows, we set without loss
of generality b = 1 and obtain the explicit solution

R2 - —4,uM 7 st _ (al + GQ)MM . (283)
eT2vV—pmz +1 eT2V—pmz +1
The selected wavenumber kj; at the Maxwell point is given by ky = (a1 + ag)pas-

The front solution can only be stable when the asymptotic states as x — +oo are both
stable and no unstable point eigenvalue is present [45]. The same argument also applies to
other spatially extended solutions. Since pu is negative, the zero asymptotic state is always
linearly stable. The stability of the g:ompeting periodic state is determined by the sign of

Buir

the coefficient g here given by g = =34 [4 — as(a; + az)]. Thus the competing periodic state

is unstable when as(a; +ay) > 4 and stable when as(a; +as) < 4. To check for the existence
of unstable point eigenvalues when g > 0, we solve an eigenvalue problem analogous to
Eq. (2.40), viz.

— 2L
G = gy + [ZR_le + 4 (%R2 + ﬁ)] a; + iagRQQ;

2

2 _
+ {I)R2 + (a1 1 % _ 2) R*+ (ag — ay) L +i(a; + az)RRx} (a+a*). (2.84)

*

We solve this problem using the Ansatz a(x,t) = (u + v)e* + (u* — v*)e? !, where u and v
are functions of . The resulting eigenvalue problem takes the form

u\ Oy + A0, + C i(B — ayR*)0, u (2.85)
N\ v ) T\ i(B+aR?0, +iD 0, + A0, v ) '
where
. . a] — ag 2 %
A=2R,/R, B=—F—R'+2..
a — a2
C = 2bR* + <¥ — 4) R*'+2(az —a1)L, D= (a1 +as)(R%),.

The temporal stability of the front solution depends on the coefficients a; and as; since L = 0
the stability of the solution with coefficients (a1, a2) is identical to that with coefficients
(—ay,—ay). The problem is solved using a spectral method with cosine and sine basis
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functions with wavenumbers equal to integer multiples of 7/T", where I' = 50/y/—pas. The
spectral matrix is truncated after the first 512 modes. The same procedure is also used
for the stability calculation for the other spatially localized solutions examined below. The
numerical results indicate that there is no unstable point eigenvalue for solutions with stable
asymptotic states within the range |a4|, |as| < 10, suggesting that this family of solutions is
linearly stable. This results holds independently of the value of b provided only that b > 0.

Motion of the stable front can be generated by shifting the parameter p slightly from
the Maxwell point, i.e., by introducing a difference in “energy” between the two competing
states. The existence of these moving front solutions has only been proved in the case
la; + as] < 1 [28] but our numerical simulations indicate that these traveling front solutions
continue to exist when |a; + az] = O(1). When pu < pp the trivial state has the lower
“energy” and the front therefore moves to eliminate the periodic wavetrain. The opposite
occurs for g > pps. The time evolution of such moving fronts with coefficients a; =1, ay =1
is shown in figure 2.36. Here we give the details of an asymptotic calculation of the resulting
front speed when | — pp| < 1.

Equation (1.6), written in terms of R and k = ¢,, takes the form

Ri=(p—Kk)R+ Ry + b+ k(ay — a)] R® — R, (2.86)

%R,
ky = <k+¥R2) + ( }f ) . (2.87)

According to the numerical results, both R and k drift slowly with certain speed c. In the
comoving frame, we have

—cRy = (1t — kK*)R+ Ryp + [b+ k(az — a1)] R* — R, (2.88)

2kR,
—ck, = (k+¥32> + ( ]f > : (2.89)

where z now refers to the space variable in the comoving frame. Equation (2.88) can also
be written as

1
~cR, = Ro + 5Ur, (2.90)

where U is defined in Eq. (2.13). Integrating Eq. (2.89) once and multiplying it by R? leads
to

L, = Rc(ks — k), (2.91)

where k., is the wavenumber of the periodic state as * — —o0. Assuming that the trivial
solution is present at x — oo we have

L= c/ R*(k — ko) du, (2.92)

indicating that L is proportional to the speed of the front ¢, at least when c is small. Let
R = Ry + r, where Ry is the amplitude of the stationary front solution and r is a small
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perturbation. Substituting R = Ry + r into Eq. (2.90) and collecting leading order terms
yield
3&2

— 1
TalLRf + Ty + §URR(Rf;/LM,0)T. (293)

Multiplying this equation by —2Ry, and integrating over the spatial domain we obtain

—Cwa ~ (,u — ,U,M)Rf +

2c/ R}, dx ~ (u— pa) R?‘xzfoo + (a1 — 3az) / LR;R;, dx. (2.94)
R R

The contribution of the terms proportional to r vanishes since Ry, corresponds to the in-
finitesimal translation mode in the stationary case. After evaluating the integrals we have

o n S = Har)
2(—par)?/?

This expression reduces to the front speed as calculated in [28] when a; + as = 0. The
coefficient in the denominator is always positive for stable stationary front solutions and the
sign of ¢ is then in agreement with the energy argument. The approximate front speed agrees
well with the numerical results when p is close to iy, as shown in figure 2.35.

4~ as(ar +az)] " (2.95)
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Figure 2.35: Cpum/cpre — 1 versus p/pps for the front solutions when a; = ag = 1, where ¢,
is measured speed and c¢,. is the predicted value.

For unstable fronts, we perform numerical simulations initialized with the stationary front
solution and a superposed small amplitude localized perturbation at the center. Since the
unstable part of the front lies in between the stable trivial state and stable periodic state,
the perturbation can either grow or decay, depending on the details of the initial condition.
If the front solution is initially slightly suppressed at the center, simulations reveal that
the adjacent unstable part collapses, allowing the trivial state to invade the unstable state.
Figure 2.37(a) shows this behavior when a; = 2, ay = 3; the speed of the resulting front is
approximately 1.14. In figure 2.37(b), the coefficients used are the same as in figure 2.37(a)
but the initial profile is slightly augmented at the center instead. This perturbation leads to
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the growth of an unstable periodic state followed by a transition to a stable periodic state
which then invades both the stable zero state and the unstable periodic state. The measured
front speed between the stable and unstable periodic states is approximately 1.27 while that
between stable periodic state and A = 0 is approximately 0.24.

In all these simulations domain truncation has been applied. In order to implement
suitable boundary conditions we compute the dynamical behavior of A(z,t) = A(z, t)e *u*,
where ky; = (a1 + ag)pps is the asymptotic wavenumber as © — +o00, instead of dealing with
A. Thus A tends to a constant as  — —oco and this constant can be chosen to be a real
number. Cosine and sine functions are applied as the basis functions with wavenumbers
equal to integer multiples of w/I". A similar method is also used in the simulation of the
dynamics of perturbed hole and pulse solutions discussed below.

@ (b)

1500 1500

Figure 2.36: Time evolution of the profile of a stable front with p perturbed from piy,.
Parameter values: a1 =1, a3 =1, b=1. (a) p = 1.01ppr. (b) = 0.99xs.

(@) (b)

Figure 2.37: Time evolution of the profile of an unstable front. Parameter values: a; = 2,
as =3,b=1, and p = —0.0492. The center of the front is suppressed by a factor of 0.99 in
(a) and augmented by 1.01 in (b).

The front motion presented in figure 2.37 is an example of front propagation into an
unstable state. In many cases the speed of the resulting front is selected by the marginal
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stability condition [46, 32]. This prediction focuses on modes of the form
agr ~ B 4 Bye T (2.96)

where ¢ is now a complex wavenumber, ¢§ = g + iA. Thus \ represents the spatial decay or
growth rate of the mode. This mode has the dispersion relation o4 (q), where o is given in
Eq. (2.43). In the present case it is the + branch of the dispersion relation that is relevant.
The linear spreading speed is thus given by the relation

doy _ Relo ()

 _ 2.
vt =1 i o (2.97)
or equivalently R )
v* = min max {M} : (2.98)
Aq A

Pinch point analysis in the complex ¢ plane [32] now leads to the prediction

g=0 = A\?2= 50— F) _f) (2f 39 + 1/9¢? —4f> (2.99)

and hence, from Eq. (2.98), to the explicit result

)\*

- 2.1
1+ g/ (2.100)

For the parameter values of figure 2.37 this expression predicts that v* = 1.1642, com-
pared with the measured speeds v* = 1.14 in figure 2.37(a) and v* = 1.27 in figure 2.37(b).
Moreover, since ¢ = 0 the wavenumber k* selected by the invading front [46]

I q) + iqu*
k= mh(qlﬂqv Iy, (2.101)
v
Figure 2.38 shows these results in the (a1, as) plane.
Note that figure 2.37(b) shows a second front as well, in which the stable large amplitude
state invades the stable trivial state A = 0. The speed of this type of front cannot be

obtained from the linear stability analysis described above [32].

Stationary holes and pulses

Equation (1.6) possesses several other spatially localized solutions of interest, in addition
to the front solutions just described. We focus here on the case b = 1, 8 < 0 for which the
potential energy U(R, L = 0) takes the form shown in figure 2.39. Thus hole solutions exist
for p both greater and less than piy,.
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Figure 2.38: The linear spreading speed of the unstable front solution in the (ai, ag) plane.
As (a1, ag) approaches the line § = 0, v* diverges. We therefore cut off v* at v* = 3 and use
black color to indicate the parameter range where v* > 3. In addition, v* is set equal to 0
in regions where either /5 or g is nonnegative (white color).
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Figure 2.39: The potential energy U(R, L = 0) when (a) p > ppr and (b) 2L < 1 < pupy.

When g > pps the holes take the form

& &osinh? (\/ HF %;1:)
§2czosh2 <\/,u + %x) —&

with asymptotic wavenumber k., = —(a; + ag)&; /4 as © — +00, where

51:_4“_1\4(” /4_3_“)’ gF&‘_M<_1+,/4_3—“)_ (2.103)
3 5 3 Mt

The region of stability of these solutions in parameter space is shown in figure 2.40 for the
case j1 = 0.99uys > ppr and indicated by red (or gray) color. Most of the solutions with stable

R =

(2.102)
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asymptotic states are stable except those with 8 ~ 0, as indicated in the figure. Figure 2.41
shows the dynamical evolution in the unstable case (a1, a2) = (2,0), starting from an initial
condition with L = 0. For these coefficients the asymptotic states x — +oo are stable but
the hole state is nevertheless unstable. To reveal the instability the amplitude |A| in a small
interval around the center of the hole has been multiplied by a factor 0.99 in (a) and by 1.01
in (b), and the results used as initial conditions in a time evolution code. In the former case
the solution converges quickly to a nearby stationary hole solution with L # 0. In the latter
case the solution relaxes to the stable asymptotic state.

10 . . .
-10 -5 0 5 10
a

1

Figure 2.40: (Color online) The case p = 0.99u,,. Solid line: 3 = 0. Dashed line: g = 0.
The quantity [ is negative between the solid lines while g is positive between the dashed
lines. Hole solutions are stable in the red (or gray) region.

(b)

1000 1000

Figure 2.41: Dynamics of an unstable L = 0 hole solution when p = 0.99u,, and (a1, as) =
(2, 0). The amplitude at center of the hole is multiplied by a factor 0.99 in (a) and by 1.01
in (b). In (a) the hole evolves to a nearby hole with L ~ 0.01 # 0 and nonzero amplitude at
the center; in (b) the hole disappears.
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When 4“% < p < ppr the stationary hole solutions take the form

&1&ocosh? (1 [+ %x)
&1 + Eosinh? (\/ p+ %x) |

Here & and &, are as defined in Eq. (2.103) and the asymptotic wavenumber remains k., =
—(a1+az)&1 /4. The region of stability of these hole solutions in parameter space is shown in
figure 2.42 for the case u = 1.01up < ppr and indicated by red (or gray) color. In contrast
with the case u > pyr, almost all of the solutions are now unstable except for those with
f ~ 0. Figure 2.43 shows the dynamical evolution in the unstable case (a1, a2) = (1,1) with
stable asymptotic states. To generate the initial condition the amplitude at the center of the
hole has been multiplied by a factor 0.99 in (a) and by 1.01 in (b). If the solution is initially
suppressed at the center the central part collapses to zero and invades the periodic structure
in both directions as expected. However, if the solution is initially augmented at the center
the amplitude at the central part overshoots the amplitude of the periodic state but then
decays back. This behavior is a consequence of the non-gradient nature of the system when
a9 7é 0.

R? =

(2.104)

Figure 2.42: (Color online) The case p = 1.01pys. Solid line: 5 = 0. Dashed line: g = 0.
The quantity S is negative between the solid lines while ¢ is positive between the dashed
lines. Hole solutions are stable in the red (or gray) region.

Pulses connecting the trivial state to itself exist only when py; < g < 0. These solutions
take the form
R2 5152

TG+ (& — &) cosh?(y/—pix)’

(2.105)

where

£1=—4MM<1— 1—i), 52:—4uM<1+ 1—i>.
12375 122,74
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Figure 2.43: Dynamics of an unstable L = 0 hole solution when p = 1.01p, and (ag, as) =
(1,1). The amplitude at the center of the hole has been multiplied by a factor 0.99 in (a)
and by 1.01 in (b). In (a) the hole expands; in (b) the hole decays.

All such solutions appear to be unstable when g = 0.99u,, at least within |a;|, |az] < 10.
Dynamical evolution of the unstable case (a1, as) = (1,1) is shown in figure 2.44. Depending
on the perturbation applied initially, the solution either collapses to A = 0 or broadens into
a periodic state.
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Figure 2.44: Dynamics of an unstable L = 0 pulse solution when p = 0.99u,, and (a1, as) =
(1,1). The amplitude at the center of the hole has been multiplied by a factor 0.99 in (a)
and by 1.01 in (b). In (a) the pulse decays to the flat state A = 0; in (b) the pulse broadens
into a periodic state.

In the previous discussion we focused on localized states with L = 0. Also of interest is
the case when k., the asymptotic wavenumber of the localized state as x — +oo, is equal
to kys, the wavenumber at p = pp;. When p is perturbed from pys, L becomes nonzero
but remains small. The only stationary spatially localized states allowed are holes and these
take the explicit form

(2= €)(& — &)
& = &1+ (& — &)eosh? [v/B(G — £)(& — &)1

R*=¢& +
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where & is the square of the amplitude of the asymptotic periodic state, & is the square of the
minimum amplitude of the solution, and &3 # &1, & is the remaining root of the polynomial
& [E - U(V¢ )} We computed the stability properties of these solutions at 1 = 1.01u,, and
0.99ups and found no stable solution when p = 1.01uy, within |aq], |az| < 10. However,
when p = 0.99u,, the solutions are stable within |a;|, |az| < 10.

To examine the dynamics that result from the instability, we set © = 1.01u,; and choose
an unstable solution with (a;,as) = (1,1). The resulting time evolution is shown in fig-
ure 2.45 and resembles that in figure 2.43 in which the solution either collapses to A = 0
or approaches a periodic state in an oscillatory fashion. When p = 0.99u,,, we choose
(a1,az) = (1,1.5); the resulting time evolution is shown in figure 2.46. This time the per-
turbation applied at the center is larger and generates oscillatory behavior near the center
but the oscillation decays as time increases and the solution converges to the unperturbed
solution.

@ (b)

200

1000 |A|
1
05

o 100 t

-100
50

100 0

Figure 2.45: Evolution of an unstable hole solution with k., = kj; when p = 1.01u, and
(a1,a2) = (1,1). The amplitude at the center of the hole has been multiplied by a factor
0.99 in (a) and by 1.01 in (b). In (a) the hole broadens into a growing region filled with the
flat state A = 0; in (b) the hole decays into a constant amplitude periodic state.

2.7 Discussion

In this chapter, we explore in detail the properties of stationary solutions of GL35,
both analytically and numerically. The presence of the coefficients a; and ay in Eq. (1.6)
is responsible for a variety of new and interesting phenomena, many due to the loss of
variational structure when as # 0. These coefficients are readily derivable from systems at
the transition between subcritical to supercritical bifurcation as shown in Appendix A. The
work can be used to predict and classify the stationary and dynamical properties of weakly
subcritical and supercritical pattern forming systems. Altogether, we identified four critical
codimension-one curves in the (a1, as) plane, corresponding to 8 = 0 (Eq. (2.13)), a3 —a3 = 4
(Eq. (2.14)) and (a2 — a1)? = 4 (Eq. (2.18)) and az(a1 + a2) = 4 (Eq. (2.19)). Additional
codimension-one curves such as a; + a3 = 0 and as = 0 can also be significant.
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Figure 2.46: Evolution of a stable hole solution with k., = kj; when p = 0.99u,, and
(ay,az) = (1,1.5). The amplitude at the center of the hole has been multiplied by a factor
0.9 in (a) and by 1.1 in (b). The oscillations decay with increasing time.

We have computed a variety of both primary solution branches corresponding to peri-
odic patterns with either the critical wavenumber (k = 0, band center) or with a shifted
wavenumber (k # 0, off-center) and determined their stability properties with respect to
wavelength changing perturbations of Eckhaus type. We have also computed the different
types of secondary branches that result. These correspond in general to quasiperiodic states,
although on a finite domain both the solution amplitude and phase must of course satisfy
the boundary conditions. The branches that bifurcate from the primary £ = 0 branch ex-
hibit protosnaking near a point g = py;. At this parameter value one finds a heteroclinic
connection between the trivial solution A = 0 and a periodic solution A = Ry exp(ikyz)
with a well-defined wavenumber kj;. The presence of these heteroclinic connections, and
the associated wavenumber selection process are of particular interest since they play a large
role in the interconnections between the k = 0 and k # 0 branches.

On the stability of periodic wavetrains, these solutions become unstable through two dif-
ferent mechanisms: one is the result of an unstable phase mode (Eckhaus instability) while
the other is a consequence of an interaction between amplitude and oscillatory modes. In the
former case we examined the bifurcations to spatially localized solutions within appropriate
phase equations and investigated the evolution of the instability using direct numerical inte-
gration. The phase equation description breaks down at phase slips whereby the wavelength
of the solution changes abruptly but coarsening of the structure may take place prior to
this event. In the latter case the instability is oscillatory and the evolution takes the form of
waves. The evolution of these waves is described by a pair of equations of Fisher-Kolmogorov
type for the amplitudes of the left /right traveling waves coupled to an amplitude mode.

A systematic study of different spatially localized solutions was also performed. Solutions
homoclinic to the trivial state (pulses) or to a periodic state (holes) were found near the
heteroclinic connection (front) between the trivial and periodic states forms. The formation
of such a front is associated with protosnaking behavior. We have found that such fronts are
stable when the asymptotic states are stable and vice versa. Away from the Maxwell point
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the fronts persist but move with a speed that depends on the distance from the Maxwell
point. When the periodic state is unstable a wave of constant form can nonetheless be present
and takes the form of a invasion front whereby a stable state invades an unstable state. We
have computed the speed of such invasion fronts assuming that this speed is selected by the
marginal stability criterion and showed that the resulting speed is in reasonable agreement
with speeds measured in direct simulations of GL35. Stability properties of analytically
determined pulse-like and hole-like solutions were found numerically and in each case the
stability region in the (a1, as) plane was determined.
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Chapter 3

Large-scale Mode in Pattern
Formation

Convection in a horizontal fluid layer rotating about the vertical or subject to an im-
posed vertical magnetic field provides one of the classic examples of hydrodynamic instability
[6]. The system is of interest because convection can set in either via an exchange of sta-
bility (a steady state bifurcation) or via overstability. Recent interest has focused on the
study of spatially localized structures in these systems. In two-dimensional convection with
stress-free boundary conditions, the formation of such states is strongly influenced by the
interaction between convection and a large scale mode: zonal velocity in rotating convection
and magnetic flux in magnetoconvection. The localized structures are embedded within a
self-generated shear layer or a magnetic field-free region with a compensating effect outside
of the structure. These states are organized within a bifurcation structure called slanted
snaking and are present even when periodic convection sets in supercritically.

In this chapter, I will present some numerical results and explain the observed bifurcation
behavior using a modulation equation approach. The emphasis will be put on the modulation
behavior near a codimension-two point where the leading order theory described in [18]
becomes invalid through the vanishing of a cubic term in the stationary equation. Another
aspect that will be discussed in the chapter is the breaking of stress-free boundary conditions.

Throughout this chapter, I use RC for rotating convection and MC for magnetoconvec-
tion. The chapter builds upon work that appears in [17, 47].

3.1 Rotating convection and magnetoconvection

The dimensionless equations governing two-dimensional convection in a Boussinesq fluid

layer subject to a vertical magnetic field Byz or uniform rotation with angular velocity 2z
are (MC)

o' [V + J (0, V)] = Rab, +(Q [V?A. + J (A, V?A)] + V',  (3.1)
O+ J (1,0) = b, + V30, A+ J (@, A) =, + VA,
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and (RC)

o [V + J(¥, V)] = Rab, — Tav, + V*, (3.3)
0, +J(,0) =, + V20, o v+ J(p,v)] = Tay, + V3o, (3.4)

where J(u,v) = u,v, — u,v,. Here 9(x,z,t) is the poloidal stream function with z the
vertical coordinate. The fluid velocity in the z-z plane is u = (=, ;). The field A(x, z, )
represents the departure of the magnetic potential from that responsible for the imposed
magnetic field Byz, v(x,z,t) represents the zonal velocity (i.e., the y component of the
velocity), while 6 measures the departure of the temperature from the conduction profile.
We use the height h of the layer as the unit of length, the thermal diffusion time in the
vertical h?/k (k is the thermal diffusivity) as the unit of time and the imposed temperature
difference A® as the unit of temperature. The resulting systems are specified by the following
dimensionless numbers: the Prandtl number o, the Rayleigh number Ra, the Chandrasekhar
number @), the Taylor number T'a, and the diffusivity ratio ¢
gaNOh? 0 B2h? 20h?

o — 57 Ra = 22270 — , Ta , ¢=-, (3.5)
K KV HLopvn v K

where g is the magnetic permeability, p is the density of the fluid, v is the kinematic
viscosity, 7 is the magnetic diffusivity, ¢ is the gravitational acceleration, and « is the
thermal expansion coefficient.

Stress-free and fixed temperature boundary conditions are applied at the upper and lower
boundaries

V=1, =0=0, A.orv, =0 (3.6)

with periodic boundary conditions (PBC) in the horizontal with spatial period I that is large
compared with the onset wavelength \. of convection. With these boundary conditions,
both systems possess a trivial solution ¢y = # = 0, A = 0 (or v = 0), corresponding to
the pure conduction state. The solution is present for all values of Ra and its instability is
responsible for triggering convection. The onset of steady, spatially periodic convection from
the conduction state can be predicted by linear stability analysis [6]. A similar analysis will
be given later in section 3.6 with mixed boundary conditions. The critical Rayleigh number
Ra, is the minimum Rayleigh number for which the conduction state is marginally stable,
and is equal to 2p3/7? in MC and 3p? in RC. The corresponding critical wavenumbers k
satisfy

Qn* = p?(2k* — =), Ta*n? = p*(2k* — 7?), (3.7)

respectively, where p = k% 4+ 72. The properties of the convection that results are in turn

affected by the symmetries of Eqgs. (3.1)—(3.4) together with the given boundary conditions.
These include equivariance under horizontal translations, i.e., x+ — x 4 ¢ with the other
variables unchanged, as well as the two reflections

Ry ¢ (z,2) = (—x,2), @,0)— (—¢,0), A— —Aorv— —uv,
Ry : (z,2) — (z,—2), (¥,0,Ao0rv)— (—,—0,Aorwv).
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The stress-free boundary conditions play important roles in what follows since with these
boundary conditions A and v are defined only up to a constant, i.e., A and v are phase-like
variables. Moreover, owing to the PBC applied in the horizontal the spatial averages of A
and v are constant in time. In the following subsections, we first show stationary solutions
of RC, obtained using a numerical continuation algorithm [17].

Localized states in the subcritical regime

As Ra increases steady convection sets in at Ra., = 2p*/72. As the Taylor number
Ta increases Ra. moves to higher values: rotation stabilizes the conduction state against
convection. For small T'a convection is supercritical but becomes subcritical with increasing
Ta whenever the Prandtl number is sufficiently small. This is so for both stress-free and
no-slip boundary conditions [51, 52].

In this subsection we describe the results for ¢ = 0.1 and several different values of Ta.
Figure 3.1 shows the average poloidal kinetic energy,

1
= /D (2 + 2) d d= (3.8)

as a function of Ra when T'a = 20. Here D corresponds to the whole spatial domain. For this
value of T'a convection sets in at Ra = Ra,. ~ 1179.2 and it does so with critical wavenumber
k. =~ 3.1554. The results are obtained in a periodic domain of length I' = 207 /k.. The figure
shows the branch of steady periodic convection with 10 wavelengths in the domain, labeled
Pyg. The branch bifurcates subcritically but turns around at a saddle-node. The figure also
shows a pair of branches of even and odd parity localized states, labeled Llio, that bifurcate
subcritically from Py at small amplitude. Initially both solutions take the form of weakly
modulated wavetrains, but as Ra approaches the leftmost saddle-nodes the modulation be-
comes strongly nonlinear resulting in the formation of convectons of even and odd parity
(figure 3.2). Beyond the leftmost saddle-nodes the two branches intertwine forming the so-
called slanted snaking structure, along which the convectons gradually increase in length by
nucleating new cells at either end. Because of the slant in the snaking structure the local-
ized states move towards larger values of the Rayleigh number and their wavelength grows
(figure 3.2). As a result of this Rayleigh number dependence of the convecton wavelength
the domain I' becomes almost full when the convectons have grown to 4 wavelengths. At
this point the structure resembles a periodic wavetrain with defects a distance I' apart and
the snaking stops. The branches now undergo a loop required to squeeze in an extra pair of
cells and terminate on P; with 5 wavelengths in the domain I" (figure 3.1).
The lower panels in figure 3.2 show the profile of the depth-integrated zonal velocity

V(:L‘)E/O v(z, 2)dz. (3.9)

We see that the presence of convection imprints a step-like structure on this profile. This
structure turns into a saw-tooth profile by the time the branches terminate on the branch
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Figure 3.1: Bifurcation diagram showing £ as a function of Ra for slanted snaking when
Ta = 20 and 0 = 0.1. The branches of localized states L}, in a I' = 10\, domain are shown.
They bifurcate in a secondary bifurcation on the branch Pjy of periodic convection with
10 pairs of counter-rotating rolls in I' and connect to Ps, the branch of 5 pairs of counter-
rotating rolls in I". The solutions at each saddle-node during the snaking process are shown
in figure 3.2.

Ps of periodic states. To understand this behavior we first note that the symmetry Ry im-
plies that clockwise and counterclockwise cells have the same effect on V' (z); moreover, the
symmetry Ry implies that the slope of V' (z) is unaffected by reflection in z = 0. In the peri-
odic state (top panels) V(x) varies linearly across each convection cell with steeper diffusive
layers of the opposite slope between adjacent cells. These diffusive layers are quite broad
since their dimensional width is Re™'/2h, where Re = Uh/v is the Reynolds number; since
the flow speed U ~ x/h when Ra ~ Ra. the dimensionless width ~ o'/2. The effect of the
cellular motion outside these layers is most easily discussed in terms of the relation

1
0% = —/0 Yvdz, (3.10)

obtained from the second equation in Eq. (3.4) upon integration over z followed by integration
once in x. Thus nonzero values of the averaged Reynolds stress are responsible for the
presence of a linear profile V() across the cell.
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Figure 3.2: Solution profiles at successive saddle-nodes on (a) Li,, (b) Lj, in figure 3.1.
Upper panels show isovalues of the streamfunction with light (dark) regions corresponding
to clockwise (counterclockwise) flow. Lower panels show the profiles of V(x). Topmost
solutions correspond to the termination point on Ps.

Localized states in the supercritical regime

As o is increased, the primary branch of periodic states becomes less subcritical and a
transition occurs towards supercriticality. Figure 3.3 presents the bifurcation diagram for
o0 = 0.6 and T'a = 40 in a domain I' = 10\, where, at this Taylor number, the critical
wavenumber k. = 4.0481. For these parameter values the primary solution branch bifurcates
supercritically at Ra = Ra. =~ 2068. This branch loses stability almost immediately, creating
a pair of branches of spatially modulated states. These states behave in exactly the same way
as in the subcritical case. In the present case both L7 branches terminate together on the Py
branch. Figure 3.4 shows the solutions along these branches using the same representation
as used in figure 3.2. The solutions are qualitatively similar to those in figure 3.2 except for
broader diffusive layers between adjacent cells owing to the larger 0. However, the localized
states are still accompanied by strong negative shear within the structure that serves to
reduce the local rotation rate, with a compensating prograde shear zone outside. Thus the
convectons are embedded in a self-generated shear zone exactly as in the subcritical case.
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Figure 3.3: Bifurcation diagram showing £ as a function of Ra for the periodic states Py, Pr
and for the branches Lljt0 of spatially localized states. The parameters are T'a = 40, 0 = 0.6
and I' = 10)..

We also plot in figures 3.5 and 3.6 the bifurcation diagrams and the profiles along the
branches of even parity convectons for T'a = 50 and T'a = 100. While the convectons are in
both cases well localized near the left saddle-nodes (albeit less so when T'a is larger) the fig-
ures reveal a significant change in the wavelength of the cells comprising them. In figure 3.5
the cells are initially broad and remain so until maximum energy is reached; thereafter the
wavelength decreases rapidly and the branch terminates on Pjy. In contrast, the wavelength
of the cells when Ta = 100 (figure 3.6) hardly changes as £ increases from small values to
large. At the same time the dimples representing nucleation events in figure 3.5 disappear
and the convecton branch exhibits ”smooth snaking” [53] with continuous and gradual ap-
pearance of new cells and no abrupt nucleation events. We surmise that the sudden change
in slope of the slanted snaking that takes place is related to this change in cell wavelength
and note, in particular, that broader cells are more efficient at transporting heat since in
narrower cells such as those favored at larger rotation rates the rising plumes exchange more
heat with falling plumes, thereby reducing their efficiency and hence the associated Nusselt
number. Thus for small T'a the length scale of convection is selected primarily by thermal
effects, while for large T'a the length scale is selected primarily by a competition between
the tendency towards a Taylor-Proudman balance and the requirement that the flow trans-
port heat at the level specified by the Rayleigh number. In the former regime localization
is strong and nucleation of new cells occurs at well-defined Rayleigh numbers. In contrast,
the latter regime is characterized by weak localization while new cells grow gradually over a
range of Rayleigh numbers.
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Figure 3.4: Same as figure 3.2 but for the localized solutions along (a) Lj, and (b) L}, in
figure 3.3.
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Figure 3.5: (a) Bifurcation diagram for the L, branch when T'a = 50. The branch bifurcates
from P;q and terminates on P;y. The solid dots indicate the location of the solutions shown

in (b).
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Figure 3.6: As for figure 3.5 but for T'a = 100.
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Figures 3.2 and 3.4 also reveal a systematic trend that merits explanation: the convecton
cells are always broader than the corresponding cells in the periodic state. We believe that
this is a reflection of the shear V' across the convecton. If we suppose that this shear
is smoothed out and is a linear function of z, i.e., V(z) = sz, where s < 0 (see, e.g.,
figure 3.2) we may include this shear in the base state and study the stability of the state
(1,0,v) = (0,0, sx) instead of the state (¢,0,v) = (0,0,0). The stability of this state
is described by the relations given in Eq. (3.7) with Ta? replaced by Ta(Ta + o~ 1s). It
follows that negative shear (s < 0) decreases both the critical Rayleigh number Ra, and the
associated critical wavenumber k. relative to the case s = 0. However, this linear effect is
quickly overwhelmed by the nonlinear wavelength change that takes place with increasing
amplitude.

3.2 Theoretical understanding of the bifurcation

To study the modulation behavior of the resulting solutions in the weakly nonlinear
regime we suppose that Ra = Ra, + €*r, where r = O(1), ¢ < 1, and introduce a slow
spatial scale X = ez and a slow time scale Ty = €*t. We follow [18] and look for solutions in
the form

€

v o= 3 (a(X, T)e™ + c.c.) sin(mz) + h.o.t., (3.11)
k .

0 = ;—p (ia(X, Tp)e™ + c.c.) sin(rz) + h.o.t., (3.12)

and or .
A=eV(X,Ty) + e (a(X, To)e™ + c.c.) cos(mz) + h.o.t. (3.13)

D
for MC or

eI'm ikx

v=€eV(X,Ty) + 2 (a(X, Ty)e™™ + c.c.) cos(mz) + h.o.t. (3.14)

for RC. The O(e) terms are chosen as the superposition of the marginal modes. The large
scale variable V' is necessary to capture the shear or magnetic field that builds up across a
convecton; its inclusion is a consequence of the phase-like quality of the large scale modes.
After simplification we obtain the equations

1-&
5 [AIPA = €AV, (3.15)

Vi, = VXX—|—§(|A|2)X (3.16)

T]z4T2 = TA + AXX —

at O(e?), where r is proportional to Ra — Ra,., n and & are coefficients rely on the physical
1/2

parameters of the underlying system. The coefficient £ takes the form (%) in
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MC and \/ng;;;a in RC. The coeflicient 7 is crucial in determining the dynamics of Egs. (3.15)
and (3.16). In facts, it is proportional to Ray — Ra. where Ray is the Rayleigh number
for the onset of Hopf mode at the same wavenumber as the steady convection. Here we
are interested in the case in which the conduction state loses stability at a steady state
bifurcation thus in this case n > 0.

Equations (3.15) and (3.16) can also be written in the form

L OF SF

AT2 = _77 (SA*’ VT2 = _Wa (317)

where F' is defined as

FIA, A% V] :/

I"=el’

4

1 2
{—T|A|2+ |AX|2+§|VX|2+ 3 |A|4+§|A|2VX}dX. (3.18)
The functional F[A, A*, V] is bounded from below when &2 < 1/3. Tt follows that in this
case the system (3.15)-(3.16) has gradient structure provided only that n > 0. This is not
the case for the original system (3.1)-(3.4).
In the stationary case with PBC on the large scale X Eq. (3.16) implies that

Vi =€ ((JAPP) = |AP), (3.19)

where (-) represents a spatial average over the domain. Thus Vx > 0 if |A|? < (|A]?), i.e.,
outside the convecton, while Vy < 0 if |A]*> > (JA|?), i.e., inside the convecton, exactly as
found in figures 3.2 and 3.4. Moreover, using Eq. (3.19) to eliminate Vx from Eq. (3.15) we
obtain the nonlocal equation [18]

rA+ Axx — %(1 —3)|APA- & (JAPY A=0. (3.20)

Let A = pe'® with p,¢ € R and p > 0. If p is independent of X, i.e., the solution is
periodic, then (|A]?) = p* = 2(r—¢*)/(1—¢&?), where ¢ = ¢, and the solution is supercritical
when £? < 1 and subcritical when £ > 1, as determined already by [54]. Equation (3.19)
shows that the inclusion of amplitude modulation on the scale X = O(1) alters this picture
dramatically. In particular, the codimension two point for modulated wavetrains occurs at a
different location, as determined next. This shift is a consequence of the nonlinear interaction
between the unstable mode and the marginally stable longwave mode V.

Nonlocal equations of the form (3.20) have been studied before [55, 56, 57, 58, 59].
We summarize first the stability properties of the periodic solution A = peX V = 0,
corresponding to a wavetrain (¢, 6, v) with wavenumber k 4 eq. We write A = pe®* (1 + A),
where |A| < 1, and let V be the associated zonal velocity perturbation. The linearized
equations are

nAn, = Axx +2igAx — (1 —&%)p?Re[A] — £Vy, (3.21)
Vi, = Vxx +26p*Re[Alx. (3.22)
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The characteristic polynomial for the growth rate A of a Fourier mode with wavenumber [
is [18]

YN [(1—=€3)p* + 2+ n)P] + N2 [(1 - €%)p* +n(1 — 36%)p* — 4¢°]
FAA(L +2n) + 14 [P — 4¢7 + (1 — 38%)p°] = 0.

Thus when |I| < 1 there is a pure amplitude mode with O(1) eigenvalue A ~ (£2 —1)p?/n +
O(1?) reflecting the supercriticality or subcriticality of the periodic state and two O(I?)
eigenvalues satisfying

np* (1= €N + [np*(1 = 36%) + p*(1 = &) — 4¢°] PA+ [p*(1 = 3¢%) —4¢°] I = 0. (3.23)

It follows that when ¢ = 0 there are two longwave modes, A = —[?/n and \ = %lz. Thus
when n < 0 (Ray < Ra.) the periodic state at band center is necessarily unstable. On
the other hand when 1 > 0 (no primary Hopf bifurcation) there is a longwave instability
when 1/3 < €2 < 1 but no longwave instability when ¢2 < 1/3. Thus the ¢ = 0 mode
loses stability as &2 decreases through €2 = 1/3 (see figure 3.7). The resulting instability
generates an amplitude modulated wavetrain. When &2 > 1 the periodic state is subcritical
and therefore also unstable. Finally, when ¢ # 0 the two longwave modes become coupled
but no secondary Hopf bifurcation is possible when n > 0, which is a trivial result of the
underlying gradient structure. These results apply to infinite domains; in finite domains
they require modification as discussed further below [59].

The spatial dynamics of Eq. (3.20) is integrable with two conserved quantities:

1
K, = p*ox, Ky= 5(pX)2 + Ulp), (3.24)
where . 2 )
= _r'pP+ L — —(1-3)p" 2

Here 1’ = r — €2 (p?), implying that the bifurcation parameter r is increasingly modified as
the convection amplitude p grows. In a periodic domain with period I'" (I" in terms of the
large scale X') PBC and the integral constraint imply

1“/ Pmaz d 2 F/ Pmax 2d
) I - (3.26)

— P _ p
2n Pmin V 2<K2 - U)’ 2n Pmin V 2(K2 - U)7

where n € N is the number of full periods of amplitude modulation within I, and p,in
(Pmaz) corresponds to the minimum (maximum) of p during amplitude modulation. The
total change of phase across the domain (including the contribution from the fast oscillation
with wavenumber k) must be an integer multiple of 27 implying that the change of phase
across the domain must also be a constant unless a phase jump occurs. The wavenumber
q = ¢x is a constant along the branch of periodic states. Secondary branching occurs when
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p attains a local minimum of U. To fit PBC, U,, must be equal to 47*n?/T" which occurs
at r = r,, where

2m2n? 1-¢2 582 -3,

2
2 352 -1 352 _ 1q (3 7)

rn =

in both super and subcritical cases. When ¢ is small, a secondary bifurcation is only possible
when &2 > 1/3. The branching direction at these points was calculated by [56], who shows
that when ¢ = 0, the secondary bifurcation is supercritical when £? < 3/7 and subcritical
when &2 > 3/7 (see Appendix F for an alternative derivation of this result). In summary,
there are four possible scenarios for the primary—secondary bifurcations with PBC: (1) both
bifurcations are subcritical (£2 > 1), (2) the primary bifurcation is supercritical while the
secondary bifurcation is subcritical (3/7 < £ < 1), (3) both bifurcations are supercritical
(1/3 < £ < 3/7), and (4) the primary bifurcation is supercritical but no secondary bifurca-
tion is present (£2 < 1/3). Figure 3.7 shows the regions of super and subcriticality in both
MC and RC.

The bifurcation diagrams and discussions below will be focused on RC. Figure 3.8 shows
sample bifurcation diagrams computed from Eq. (3.20) for (some of ) the Taylor numbers used
in RC using the numerical continuation software AUTO [36]. Owing to translation symme-
try and spatial reversibility, we perform continuation on the half domain using Neumann
boundary conditions (NBC), i.e.,

Re[Ax] = Im[4] = 0 (3.28)

at the boundaries. The average poloidal kinetic energy € to O(e?) takes the form
1, 2 L. 3 * * 1, 2
€:§e p{|al >+§Z€ k{aay —a aX)Jrge {lax]?), (3.29)

where the amplitude a is defined in Eq. (3.11). We use this expression to draw bifurcation
diagrams £-Ra for 0 = 0.6. For this purpose we define € using the ratio of the small and
large scales, € = A\./T" = 0.1. We then solve Eq. (3.20) in the domain IV = 27/k varying
the parameter r. Owing to the relatively small domain (large value of €) the calculation
requires quite large values of r in order to locate the secondary states. The resulting energy
£ is therefore also large. Of course, as r and hence £ increase the amplitude equation (3.20)
becomes less reliable, and comparison with the results of section 3.1 shows that in the full
problem the convecton branch always turns towards larger values of Ra as £ increases, in
contrast to the predictions summarized below.

Figure 3.8 shows that for ¢ = 0.6 the convecton branch bifurcates supercritically from
the periodic states once T'a > 119.2579 (i.e., €2 < 3/7). The bifurcation to convectons is also
supercritical when T'a < 6.1108 since for these values £2 < 3/7 also. As &? decreases towards
&% = 1/3 the secondary bifurcation moves to larger and larger amplitude and for £ < 1/3
the secondary bifurcation to convectons is absent. Of course before this happens Eq. (3.20)
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Figure 3.7: Regions of super and subcriticality for primary—secondary branches in the (a) (-
@ plane (MC) and (b) o-Ta plane (RC) on logarithmic scales. (c) Sketches of the bifurcation
diagrams characteristic of each of the four regions.

loses validity; in particular, a different scaling is required to understand the disappearance
of the convecton branch (see section 3.3).

We define the length L of a convecton as the interval where |A|? > (JAJ*). This inter-
val can be calculated explicitly by solving the nonlocal equation (3.20) in terms of elliptic
functions. The explicit form of the n = 1 solution is

p2/pi =1 — (%sn? B pA(362 - 1)X; C} , (3.30)
where
K (Q o B,
I = o 1) (p*) G (3.31)

The ratio L/T” is thus equal toF(C /1 - E(Q)/K(C), C) /K (¢). Here ¢ = /1 — p%/p2,
p+ are the positive roots of Ulp] = K, with p_ < p,, F is the incomplete elliptic integral of
the first kind, and K and E are the complete elliptic integrals of the first and second kind.
There are two limiting regimes which yield simple predictions for the parameter dependence
of L. In the case of weak spatial modulation, K5 is only slightly greater than the local
minimum of U and we have

g LT e e —n)

2 272 3 7¢ O(|r — ). (3.32)
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Figure 3.8: Bifurcation diagrams showing stationary solutions of Eq. (3.20) with ¢x = 0
satisfying NBC for ¢ = 0.6 and I' = 10A.. Thick solid lines: k& = 0 primary state (periodic
convection). Thin solid lines: modulated states (convectons). (a) Ta = 50 (£* = 0.7032,
region (2)). (b) Ta = 70 (& = 0.5882, region (2)). (c¢) Ta = 120 (£ = 0.4269, region (2)).
(d) Ta = 140 (£? = 0.3877, region (3)). The periodic state is stable up to the secondary
bifurcation; in (d) the modulated state is stable up to the saddle-node.

In the strongly modulated case with large domain size (I"y/—7’ > 1), the solutions with
¢x = 0 can be approximated by the sech function [18, 19],

— 4y’
p=1] s qoech (\/—r X) , (3.33)
2
N / r _ 16£4
r/:—r(li 1—;) , T<T:—F,2(3§2_1)2;

the + solution exists for all » < 7 while the — solution exists for 0 < r < 7 only. The resulting
solutions are homoclinic to p = 0 and so represent fully localized convectons. It should be
noted that due to finite domain size, (p?) is nonzero. The length of such a convecton is thus

log (21“’\/—_7”)
y/=r"

where

LT ~ (3.34)



CHAPTER 3. LARGE-SCALE MODE IN PATTERN FORMATION 75

(1) (a) @ o (b) @
25 25 04 0.4
2 2 02 02
il.S Z1.5/\ 2 /-v\-\.\_\_\_\-w/ g /““'\.\_\\\\—V/
1/\ s S <
05 05 -02 02
0 0 04 -04
1 05 o0 05 1 1 05 o o5 1 5 o0 s 5 0 5
2XIr’ 2XIr’ X X
(3 4 (3) 4)
25 25 04 0.4
2 2 02 02
z*° ' z 0/\\\k/ g o
- 1 - 1 > >
o5 05 -02 -02
0 ) 0.4 -04
21 05 0o 05 1 1 05 o 05 1 5 o0 s ERCEE
2XIr’ 2XIr’ X X
1) (C) 2) 1) (d) (2
2 2
20 20
1 1
- b = =
<5 1:15/\ <0 = OW
1 -1
10 10 -2 -2
1 05 o0 05 1 1 05 0 05 1 10 5 o0 5 10 0 5 0 5 10
2XIr’ 2XIr’ X X
3 4) (3) 4)
2 2
20 20
1 1
4 = = =
sls/\ Ly =3 o%‘ <o
) )
10 _ _
T 05 o o5 1 % o5 o o5 1 0 5 o0 5 10 20 5 o 5 10
2XIr’ 2XIr’ X X

Figure 3.9: Sample profiles of the stationary solutions of Eq. (3.20) when I' = 10\.. The
amplitude |A| is shown as function of a scaled variable while the z-average of the zonal
velocity, V(z), is shown in terms of the original variable z. (a,b) ¢ = 0.1, Ta = 20 (£? =
33.3308). (1) Ra = 1174.3. (2) Ra = 1171.8. (3) Ra = 1166.8. (4) Ra = 1161.7. (c,d)
o =0.6, Ta =50 (£ = 0.7032). (1) Ra = 2573.5. (2) Ra = 2573.3. (3) Ra = 2572.6. (4)
Ra = 2571.6. Note that the spatial frequency of V' (x) is double that of ¥ (z).

The stability of the solutions (3.30) on a finite domain was studied rigorously by [59] in
the case n > 0. In conjunction with Appendix F these results confirm that for 1/3 < €2 < 3/7
the secondary branch is supercritical and stable in the interval between the bifurcation point
and a saddle-node on the right and unstable thereafter. For £€2 > 3/7 the secondary branch
is subcritical and unstable throughout (figure 3.8).

In RC, we can use the above results to calculate the local shear at the maximum of the
amplitude modulation. For the n = 1 secondary branch we obtain

8Tar? \/ Ra — Ra;

S =

- 3p2k20T (3€2 —1)(3 — 7€2) + O(|Ra — Ra), (3.35)

where Ra = Ra; denotes the location of the secondary bifurcation. To obtain this result we
include a nonzero constant of integration in Eq. (3.10), as required by PBC, and choose this
constant to cancel the mean Reynolds stress associated with periodic wavetrains. With this
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shear the critical wavenumber k. for instability of the sheared base state (1,8, v) = (0,0, sz)
differs from k. in Eq. (3.7) by

+ O(|Ra — Raq), (3.36)

©T 1opkto  9pPkioll \| (3€2 — 1)(3 — 7€2)

~ - Tar?s 2T’ \/ Ra — Ra;
showing that the wavelength of the instability of the sheared state will be larger than that
of the unsheared state (¢, 6,v) = (0,0,0). Numerical measurements of the convecton wave-
length near onset (not shown) are consistent with the predicted square root behavior. Al-
though not exact this approach represents an attempt towards a self-consistent determination
of the convecton wavelength in the weakly nonlinear regime in a system where no spatial
Hamiltonian is available to set the wavelength.

Figure 3.9 shows the profiles of the resulting convectons for (a,b) £€2 > 1 (the subcritical
case) and (c,d) €% < 1 (the supercritical case). The results are in excellent qualitative
agreement with the continuation results in figures 3.2 and 3.4.

3.3 Modulation equations near a codimension-two
point

The leading order theory described in Egs. (3.15) and (3.16) correctly predicts the bi-
furcation of periodic states and the subsequent secondary bifurcations to localized states
when the domain size is large. However, it cannot describe the stationary patterns near
the codimension-two point, i.e., (r9,&3) = (0,1/3). Moreover, due to the limitation that the
theory is of cubic-order certain interesting properties for localized branches such as phase
jump and the reconnection to original periodic branch are absent in the theory.

To study the modulation behavior near the codimension-two point we introduce the
slower scales X = ¢z and T = €% while retaining the assumption that A = O(¢). To
maintain the leading order balance in Egs. (3.15) and (3.16) we promote the amplitude of
the large scale mode, V' = O(1), obtaining

1
O(e") = <r2A —glAPA =37y 2AVx> +ef A+ Axx + f(A, Vx)),  (3.37)
Ve = (Vx +372AP)  + €9(A, Vx)x, (3.38)

Here r5 and 74 are parameters depending on Ra and ) (or T'a), and f and g are polynomials
in A and Vx and their derivatives. Explicit expressions for f and ¢ are given below.
For MC we assume the following asymptotic expansion

Y~ i € Yn, O~ i €6, A~ Ag+ ie”An, (3.39)
n=1 n=1 n=1
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where Aj is a function of X and T alone while the remaining quantities are functions of x,
X, z, and T. The parameters Ra and () are expanded with respect to the critical numbers
Ra. and Q. (determined by (ry,& = (0,1/3))) in the form Ra = Ra. + €°ry + ¢*ry and
Q = Q.+ €%q, where Ra. = 2p*n?, (). satisfies relation (3.7), and the critical wavenumber k
is defined by the relation

pk*C? = 7 (2K* — 7)) (k* + 37%). (3.40)

Figure 3.7 shows the dependence of Q. on (. We see that (). exists only when ¢ < 1.4238
and that within this region there are two critical numbers Q= of which Q] lies below the
fold and @), lies above the fold.

Under the expansion, the linear system O(e) of the equations allows the same marginal
mode as in section 3.2 except X and T are scaled differently. Proceeding to higher order
(see Appendix G) one obtains

O(e') = M@ — Qcpmado x — %2754 |al?a + & { (fio + fin Ao x + fi2Af x) a
+daxx + i (5 + aolal?) ax + idga’ak + (l;o - (~)1A07X) la|?a — 60]a|4a} (3.41)

n2|al? 2 fi 2 *
Aoy = (AQX + 4p‘CL )X + € (RAQXMZ - WM4 + ;p—zclm[aax])X . (3.42)

Explicit expressions for the coefficients are also given in Appendix G.
The scaling for RC is the same as in MC. The dimensionless numbers Ra and Ta are
expanded around the corresponding critical numbers as

Ra = Ra, + €21y + €'ry, Ta = Ta, + €26, (3.43)

where Ra,. and Ta, satisfy

om?(2 + /1 —0?)
(1+vV1—-02)2

Thus Ta. exists only when o < 1. The detailed calculations for RC can be found in the
supplementary material to [17] and here we simply present the results

Ra =3p*>, Ta,=Taf = (3.44)

k2r k? k4 - - . ~
O(eY) = (Tz — Tc7r25> a— %GUO,X — %|a|2a + € {(,uo + [l1vo,x + iflovo, xx) a + daxx
—l—Z (’5/0 + ’71’()()7)( —|— (~1,10|CL|2> ax —I— id20a2a§( —|— (lN)O —|— 61U07x> |CL|26L — 50|CL|4CL} s (345)
€2vo.r K . [(K? mlal*(vox +00)  K*m?|alt
: = — —1 % ’ — ) 3.46
. (vo,x + 1 |a| )X +e (Zp mlaak] + 1po? 32007 )X (3.46)

Here vy denotes the large scale zonal velocity. Explicit expressions of the coefficients are
given in Appendix H.
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3.4 Stationary nonlocal Ginzburg-Landau equation

The modulation equations derived in the previous section can be used to describe the
bifurcation near the codimension-two point (Ra, Q) = (Ra., Q.) or ((Ra,Ta) = (Ra.,Ta.)).
In the stationary case, the large scale mode can be eliminated in favor of the amplitude
function resulting in a nonlocal fifth order Ginzburg-Landau equation. To demonstrate this,
let us focus on Eqs. (3.42) and (3.46) in the stationary case

m2|al? o [ 7 2 m 4 km? *
(on + e > + € (HAO’XMl - 32102{,3|a| + ﬁlm[aaxox =0, (3.47)

K, o (K3 m2la|*(vox + 00)  K*m?|alt
— —I1 p : — =0.(3.48
(UO’X + 1 |al )X +e <2p mlaa’;| + o S2p0% ) (3.48)

These equations can be integrated once with respect to X and leave the integration constants
to be determined. Before doing so we note that each equation consists of two parts with
different orders in e. We use this fact to solve for Ay x and vy x iteratively. The integration
constants are then determined imposing periodic boundary conditions. The calculation gives

R eP) —leP) | wE (L
Ao x = 1pC? + 720 { - Im [{ad) X
+gp (Bal' = 2P (o) + 2 (a)? - 3 ")) | (3.49)
al?) —lal? € 3 om? 9 9
vox = K ((] ‘i |a[*) + > {%Im[(aa@ —aa’| + o (<\a| > — |al )

+3k§ (3\a|4 2lal? {Jal?) +2 (|a]?)* — 3 <]a|4>>} , (3.50)

After substituting these relations into the equations of a we arrive at

. ]{72 2
k*ry — priq = Q W2C<2|a| ) (MC), ro — 2pod = % (RC) (3.51)
at leading order, and at
fia + daxx + i (Jax + a1lal’ax + asa’ay) + blal*a — éla)a =0 (3.52)

at next order. Equation (3.52) is nonlocal and of fifth order in a; expressions for the coef-
ficients can be found in Appendices G and H. Note that ry # 0 even when a = 0; this is a
consequence of the fact that Ra. is determined at () = (). and not at ) and similarly for
RC. The shift of @ and Ta from their critical values also changes the critical wavenumber
by 66 q,jd in MC and ¢ 5“ in RC. This effect is responsible for the nonzero value of 7y in the
coefﬁment 7.
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Equation (3.52) can be written in the simpler form
pA+ Axx +1i (VAx + ai]APAx + ap A?A%) + b|APPA — sgn(¢)|A[*"A = 0, (3.53)

where A is the scaled amplitude function

A(x) = (jel/d) (X exp (”20;( ) (3.54)

and the exponential factor offsets the shift in critical wavenumber. The coefficients in
Eq. (3.53) are defined as

~ ~ 2 ~
f Yo b Yo
= = — — s b - = + —=(a1 —a )
"= (2d) (e T ad ™ T
= Y=Y . ay a as
d 7 adv2 T (|dd)vr

implying that

p=pio + i (JAPR) + 2 (JAPY + pis (JAI*) + pus (Im[AA])
7:71<|A|2>7 b:b0+b1<|A|2>a

where p,, 7., and b, are constant coefficients that are independent of the nonlocal terms
while ¢, a;, and as are intrinsic coefficients independent of the parameters ro, 74, ¢ (or 9)
and of nonlocal contributions. The dependence of a; and a; on the parameters ¢ and o in
MC and RC are given in figures 3.10 and 3.11.

Equation (3.53) is valid only when ¢ and preferably positive. In MC, ¢ is independent of
the Prandtl number o and is always positive when Q. = QF. But for Q. = Q_, ¢ is positive
when 1.0300 < ¢ < 1.4238 and negative when 0 < ¢ < 1.0300. In RC, ¢ is always positive
when Ta. = Ta}. But for Ta, = Ta_, ¢ is negative when the Prandtl number lies within
0.59796 < o < 1 and negative otherwise. These conditions limit the applicability of Eq.
(3.53).

To study the bifurcation properties of Eq. (3.53) in the presence of PBC, we pick ry4
as the control parameter. The parameter ro is determined by the spatial average of |A|*.

Equation (3.53) can be solved by quadrature under polar coordinate A(X) = p(X)e*X)
with the aid of the spatially conserved quantities
ar+a 1
B =pPox + 20+ L2200 By =< (ox)? + Uldl, (3.55)

2 1 7 2

where
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Figure 3.10: Dependence of a; and ay on ( for different o when (a,b) ¢ > 0 and (c,d) ¢ < 0.
Black line: o = 0.2. Red line: o = 0.4. Blue line: 0 = 2. Q. = Q is indicated in a solid
line while Q). = @) is indicated in a dashed line.

with § = W — 5sgn (¢). Thus constant amplitude (px = 0) phase-winding

(px = Ko, a constant) solutions have amplitude py given by

W+ /07 + degl
a >

0 3.97
- , (357)

o= ri
where ¢ = sgn(¢) —by — pia— p3, V' (Ko) = bo+p1+ Ko(as—a1 —y1 — pa), and i/ (Ko) = po— K3
As known in [20] in the absence of nonlocal coupling localized solutions of Eq. (3.53)
exhibit protosnaking behavior around the Maxwell point © = uy = %, which is defined
as the parameter value of i for the existence of a stationary front solution. This solution is
characterized by E; = 0 and serves as a connection between the zero state and a periodic
state with wavenumber ky; = (a3 + a2)par. But here due to the presence of nonlocal terms
in Eq. (3.53) the Maxwell point is replaced by a Maxwell curve satisfying

2
1653 (u + ?) = (b+ o ; a%) . (3.58)

Here v and b depend of p through their dependence on (JAJ?) as computed from the front
solution at each p. In figure 3.12 we show the resulting Maxwell curve in the (Ra, @) plane
(MC) and in the (Ra,Ta) plane (RC) for fixed ¢ and o. The asymptotic periodic state

has amplitude square — 75 [b + M} and wavenumber “ g2 (b+222) + g559n (€). The

relation (3.58) can be used to predict the location of localized states but the nonlocal terms
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Figure 3.11: Coefficients (a) a; and (b) as as functions of o when (a,b) ¢ > 0 and (c,d) ¢ < 0.
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Figure 3.12: The existence region of Maxwell curve in (a) MC with ¢ = 0.5 and ¢ = 1 and
(b) RC with ¢ = 0.6.

should be taken into account. A case that yields simple albeit approximate result is when
the domain size €I is large and the regions of periodic state and zero state are large compare
with the transition region between the two states. If the periodic state occupies a portion
e = 1/(€’T") of the whole spatial domain (I is the length of the periodic state), the nonlocal
terms are approximately equal to

. ey a+a
(AP) =esd (A1) =eaty (mlanh =eab (G0 + ). @5
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The occupation portion e can be determined by the requirement p3 = —ﬁ [b+ M]
which gives

bo + 4805

by + 452y

The relation for the Maxwell curve can then be determined by substituting these relations
into Eq. (3.58).

Another important property of the localized states is the onset of secondary bifurcation.
The bifurcation of secondary branches from the periodic states only occur at the point which
U,, is nonnegative with spatial period 2/ Uplp/Q. It can be shown U,, takes the form

(3.60)

2 _
€Po =

Uyp = AK5+2 [by + Ko(ar + az + 271)] p*+ (af — a3 + 77 + 2a17m + 2by — 4sgn(c)) p* (3.61)

on the periodic state. For systems of finite domain, the spatial period of the modulated
solution should fit the size of domain thus leads to discrete bifurcation points instead of
continuous bands along the periodic branches when the domain size is infinite. According
to this we can define a number n which corresponds to the number of spatial modulations
across the whole domain.

In the followings, we study the bifurcation under physical coefficients using numerical con-
tinuation package AUTO. The bifurcation diagrams are plotted with respect to the Rayleigh
number Ra in the horizontal and the H; norm of €A in the vertical. Here the H; norm is

defined as
1 r 1/2
|wllg = (f/o |ul? + |uX|2dX) . (3.62)

Due to spatially reversibility in Eq. (3.53), instead of imposing periodic boundary conditions
we perform the computation on half domain [0, €*T"/2] with

Re[Ax] =0, Im[A] =0

at both ends. The effect of nonlocal contributions can be included by introducing auxiliary
variables. As an illustration, in order to the get the spatial average of f = f(X) we include
two variables u; and uy which satisfy

Uy, x = Uz, Ug x = —fx

with boundary conditions u; = 0 at both ends. The spatial average of f is then equal to
us + f. Under this setting AUTO is able to detect and switch to the modulated branches
and the locations of secondary branching agree with analytical prediction.

Here we focus on Ky = 0, i.e., the band center. The twice derivative of U takes the
following form along the primary branch

Uyp = 2bop” + (af — a3 + 77 + 2a171 + 2by — 4sgn(€)) p*. (3.63)
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The coefficient by, which is proportional to Q — Q. in MC and T'a — Ta. in RC, has its
importance in determining the bifurcation behavior. When the coefficient of p* in Eq. (3.63)
is positive, there are countably infinite number of secondary bifurcations with each modulated
branch of different n = 1,2,3... and appears exactly once. The locations of the branching
points move into larger amplitude as by decreases. However, when the coefficient of p* in
Eq. (3.63) is negative there is no secondary bifurcation if by is negative. As by becomes
positive, the secondary bifurcation points appear in pairs while by increases and each pair
have the same modulation number n.
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Figure 3.13: Bifurcation diagrams of Ky = 0 primary branch in rotating convection with
0 =0.6and I' = 50\.. (a) Ta = Ta. = 5.1176. (b) Ta = 5.7176. (c¢) T'a = 5.8176. (d)
Ta = 6.1176.

We demonstrate these two bifurcation scenarios under RC since the behavior in MC is
qualitatively the same. The bifurcation diagrams and solution profiles are shown in figures
3.13-3.15. The bifurcation of primary branches are all strongly supercritical due to the
codimension-two point is located in the supercritical region. In figure 3.13, the primary
branches (Ko = 0) has the coefficient of p? in Eq. (3.63) negative and by has the same sign as
Ta—Ta.. The Maxwell curves are indicated as thin-dashed lines in the figures. As expected
there is no secondary bifurcation when T'a is less than critical Taylor number T'a, which
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Figure 3.14: Spatial profiles of solutions in (a) figure 3.13(b) and (b) figure 3.13(c). Solid
line: Re[eA]. Dashed line: Im[eA].

agrees with the bifurcation picture depicted in section 3.2. Secondary bifurcations appear
as T'a increases above Ta. and the modulated branches first appear at small amplitude and
then reconnect back at larger amplitude. These branches appear in (b), which connects
point 1 to point 2 (n = 1), and (d), which connects point 3 to point 4 (n = 2). As Ta
increases these branches break up as shown in (c) and the ones bifurcate at small amplitude
(point 1) undergo phase jump and terminate on primary branches with Ky # 0 (point 3 with
n = 2) while the ones bifurcate at larger amplitude (point 2) evolve into defect states as Ra
increases.

In figure 3.15, the coefficient of p* in Eq. (3.63) is positive. In contrast with figure
3.13, by and T'a — Ta. take different sign thus in (a) T'a < Ta. = 311.7656 the location of
secondary bifurcation is lower compare with (b) T'a > T'a.. This bifurcation behavior does
not coincide with the prediction in section 3.2 but however as T'a increases to value far above
Ta. the secondary bifurcation move up to larger amplitude and thus no secondary bifurcation
can be observed at O(1) amplitude. All the secondary branches (bifurcate from points 1-3)
undergo phase jump and terminate on primary branches with nonzero wavenumber (K = 62%,
n = 1,2,3). In figure 3.15 we only show the primary branches with Ky = 0 and €’I". Tt
appears that all these secondary branches bifurcate subcritically from the Ky = 0 primary
branch. The direction of branching can be inferred by a local analysis around the branching
point. The change of bifurcation parameter Ra. is dominated by the change of ro which is
linearly related to (|AJ?). In order to get the branching direction of secondary branches, we
need to figure out how (|A|*) changes after the bifurcation. A sketch of this calculation can
be found in Appendix I which agrees well with the numerical result.
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3.5 Temporal stability of the stationary solutions

To study the stability of the solutions obtained in section 3.4, we consider the dynamical
equations Egs. (3.42) and (3.46). These relations indicate the time dependence of |A| should
be of the form

(JAP), = = [A7" (Axx + i7Ax) + i(a1 A" Ax + a AAY) + bA]* —sgn(0)|Al"] - (3.64)

Combining Eq. (3.64) with spatial periodicity, the imaginary part implies the gradient of
phase ¢y is slaved by p* as

:& Yooartas

Ox 72 9 Tﬂ ) (3.65)

where Fj is the spatial constant introduced in the previous section but is time dependent

here in this section. This time dependent spatial constant can be determined by spatial
periodicity which gives

B = K% + #) (P + g—?] /{p72), (3.66)
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where A¢ is the phase change of A across the domain and is equal to integer multiples of
27, The real part of Eq. (3.64) can thus be written as

E? a; —a

(P)r = — {pX—X - =+ (b + %v) pe+ 36/)4} : (3.67)
P p XX

or equivalently

2 2
SxXx Sk El a; — ag 2
St { s T 1s2 + ( + 5 fy) s+ 305 }XX (3.68)

with s = p?. The coefficients are defined as in section 3.4 and T is redefined suitably to
include the overall factor. It is clear that (p?) is time independent. If E; remains zero at all
time, as indicated in [49], the equation has Lyapunov functional

1 a, —a
FE<0§<—§(6+ - 27) pz—ﬁp6> (3.69)

which decreases monotonically over time.

The temporal stability of stationary solutions can be obtained via studying the eigenvalue
problem of the linearized equation. Consider s = sy + ds where sy is the amplitude square
of the stationary solution. The linearized equation can be written as

2 2
SxoT4ETy  sxxp ay — as
) = - : = — ’ b 6 )
ST { [ 258 252 + |0+ 57 +608s0| 05
) ) 2F? 0
X SXX  5X,0 2SX — 1_01 <_j> ’ (3‘70)

where E) o is E) evaluated at the stationary solution. This equation can be further simplified
for stationary solutions with constant amplitude in space

280(587“ = — <Upp|p:s(l)/2 58 + 5SXX>XX s (371)

where U,, is given in Eq. (3.61). This indicates the primary branch is temporally unstable in
the region where U, pp|p:5[1)/2 > (622_7;)2 (the domain is finite periodic). The temporal instability
of the primary branch always accompanies with the secondary bifurcation and the number of
unstable eigenvalues either increases or decreases by 2 while passing through the branching
points. According to this the primary branch is stable in figure 3.13(a), twice unstable
between point 1 and point 2 in figure 3.13(b,c) and point 1 and point 3, point 4 and point 2
in figure 3.13(d), and quadrice unstable between point 3 and point 4 in figure 3.13(d). For
the primary branches in figure 3.15, they are stable only at small amplitude and the number
of unstable eigenvalues increases by 2 while passing through each successive branching point
along the primary branch from below.
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For stationary modulated solutions, we compute their temporal stability numerically
based on Eq. (3.70) and focus on the solutions given in figures 3.13 and 3.15. Spectral
method with Fourier basis functions is used to construct the spectral matrix and the modes
included are k = 0, j:ﬁ%—’rr, cee i%. We have examined this by including more modes (up
to 512 x 2+1) in the calculation but the result on the stability is identical. In figure 3.13(b),
the modulated branch is stable along the lower part of the branch and becomes once unstable
after passing through the saddle-node before reconnecting back to the primary branch. The
same property holds for modulated branches bifurcate from point 1 in figure 3.13(c,d) but
however all the other modulated branches, including the ones in figure 3.15, are temporally
unstable.

There exists no stable modulated state when ¢ is negative and the only stable solutions
are periodic states occur before the onset of secondary bifurcation. But when ¢ is positive,
besides stable periodic states there exist also stable modulated states on the first secondary
branch (n = 1) while the other solutions are all unstable. Furthermore, the stable region (in
Ra) of the modulated states overlaps with the stable region of the periodic states as shown
in figure 3.13 which indicates a bistability between these two states.

3.6 Effects of boundary conditions

The presence of the large scale phase-like mode in MC can be attributed to the definition
of magnetic flux, but in RC the zonal velocity v is itself a physical variable and the phase-
like property is due to the stress-free boundary conditions. According to this, it would
be worth to see how the bifurcation behavior changes under weakly broken of stress-free
boundary conditions. In this section, we examine this effect by imposing mixed boundary
conditions of Robin type, with the stress-free boundary conditions in RC replaced by a linear
interpolation between stress-free (8 = 0) and no-slip (8 = 1) boundary conditions:

(1= B, £ 8. =0,  (1— B, £ pv=0, (3.72)

where (3 is in between [0, 1] and the plus sign is chosen at the upper boundary while the
minus sign is for the lower one. All the other boundary conditions remain unchanged. Under
these boundary conditions, the two reflection symmetries mentioned in section 3.1 still hold
and the choice of sign agrees with the physical intuition in which the fluid velocity at the
boundary is in the same direction as the fluid stress. These boundary conditions can be
regarded as the first order approximation of slip boundary conditions.

A direct consequence of these boundary conditions is a change in the critical Rayleigh
number when S becomes nonzero. To analyze this we consider the linearized version of

Egs. (3.3) and (3.4)

o'W, = Rab, — Tav, + V*, (3.73)
0y =, + V30, o tv, =Tay, + Vv. (3.74)
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Assume ¢, 0, and v have horizontal wavenumber equal to k. In the case of steady convection
the linear equations can be combined into a single equation of 1) which takes the form

[(0:2 — k%)’ + Rak® + Ta?d..] ¢ = 0. (3.75)
The corresponding characteristic equation is
(A2 + k*)? + Ta’)? = Rak”. (3.76)

While treating Eq. (3.76) as a polynomial of degree 3 with respect to A, the three roots
are (A3, A2, \1?), where A2 is real positive and (A2, A\1?) is a complex conjugate pair. Steady
convection first occurs with even parity thus we restrict our attention to solutions that are
even in z. The general form of even solutions is

Y = Acos(Noz) + {Bcos(Az) +c.c.}, (3.77)
o — i [Ak coshoz) {Bk cos(iz) | c.c.} | T COSh(kz)] , (3.78)
Po P1 Ra
v = —Ta [A)\O sin(2oz) + {BM sin(Au2) + c.c.} + C’sinh(k‘z)] , (3.79)
Do b1

where p, = k* + A2, and A, B, C are constants to be determined. Here we define a matrix
M as M = (Mo, M, M3, N) with

cos(A\,/2)
(1 — B)A2 cos(An/2) + BAnsin(\, /2
[(1 = B)A2 cos(M\,/2) + BA,sin(\,/2)]
cos(An/2)/pn
0
0
(1 — B)kcosh(k/2) + Bsinh(k/2) |~
12_312@ cosh(k/2)

_ )
M. = /pn |

In order to satisfy the boundary conditions at z = £1/2, the linear homogeneous system
M (A, B,B*,C)" =0 (3.80)

must have nontrivial solutions. This implies the determinant of M is zero. With these
relations we can obtain the critical Rayleigh number Ra. by minimizing Ra via varying k
for given values of T'a and . Figure 3.16 shows the dependence of the critical wavenumber
k. and the critical Rayleigh number Ra. on 8 when T'a = 20, 60, 100, and 140. As shown
in the figure, Ra. increases as [ increases for small Taylor numbers but Ra. decreases as
[ increases for Taylor numbers greater than 60 and the minimum value of Ra,. occurs at a
value of (8 less than but close to 1.
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Figure 3.16: Dependence of (a) Ra. and (b) k. on 8. Solid line: T'a = 140. Dotted line:
T'a = 100. Dashed line: T'a = 60. Dashed-dotted line: T'a = 20.

The large scale mode is no longer marginal with mixed boundary conditions. Regarding
this, we calculate the corresponding temporal eigenvalue to find out the dependence of growth
rate on . When ( is nonzero, the large scale mode is referred as the mode with nonzero v
component and is non-oscillatory in the horizontal direction (k = 0). As shown in section
3.1, the phase-like mode (¢,6,v) = (0,0,1) is marginal when § = 0 but this is no longer
true as 8 becomes nonzero. Let pu be the growth rate of the large scale mode. According to
Egs. (3.3) and (3.4) these modes should satisfy

~Tav, + 0..(0.. —o'u)p = 0, (3.81)
(0.. —w)0 =0, Tap, + (0., —o ')y = 0. (3.82)

Here 6 is independent of v and 1) hence we can ignore it in the later computation. Combining
Egs. (3.81) and (3.82) together we have

Ta*v,, = —(0., — 0 ') *v... (3.83)

There are six linearly independent solutions in Eq. (3.83) but only the even modes of v in z
are relevant in the calculation. In this case the general form of the solution is

-1

Y = OT Fary {i\{'Bsin(\2) + c.c.}, (3.84)
a

v = A4 {Bcos(\z)+cc.}, (3.85)

where \? = —o !y + iT'a. The boundary conditions at z = £1/2 imply that

oA isin(A;/2)B
Ta +{ N +c.c.} = 0,

Bo tuA + {iTa [(B — 1)\ sin (%) + [ cos (%)] B+ c.c.} = 0,

e { [ v (2) s 30 (3)] B ce) =
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Applying the solvability condition (determinant of the matrix vanishes) for this linear ho-
mogeneous system again we can obtain the dependence of p on other parameters, which
is shown in figure 3.17. The growth rate is always negative when  becomes nonzero and
decreases monotonically as  increases. The slope of u with respect to § when 5 ~ 0 is
approximately equal to —20.

@) (b)

_____________________

0.2 0‘4 B 0‘6 O‘B 1 - 0 0‘2 0‘4 B 0‘6 O‘B 1

Figure 3.17: The dependence of pn on 8. (a) ¢ = 0.6. Solid line: T'a = 100. Dashed line:
Ta = 60. Dashed-dotted line: T'a = 20. (b) Ta = 60. Solid line: ¢ = 1.1. Dashed line:
o = 0.6. Dashed-dotted line: o0 = 0.1.

From the calculations above, the weakly nonlinear theory should include a damping term
in the large scale mode whenever the stress free boundary conditions are weakly broken.
Under the same scaling as in [18], together with 3 = €2,, the scaled modulation equations
are

1— 2
T]AT = TA+AXX - 2§ |A’2A—£AVX, (386)
Vi = AV +Vxx +£(|AP) (3.87)
where A = 24pfs. In the stationary case, the gradient of the large scale mode is given by
1
V=6 (5 [ lACe X ) ay  1ap) (359
R

Here the domain of integration is extended to the whole real line due to periodicity in X.
The presence of A provides another length scale in the problem and acts as a connection
between local and nonlocal coupling. When X is large or equivalently the magnitude of
is larger than O(e?), the large scale mode becomes irrelevant and the governing modulation
equation reduces into the cubic real Ginzburg-Landau equation as in Eq. (2.1).

Figure 3.18 shows the bifurcation diagrams of Egs. (3.86) and (3.87) for several different
values of § with the primary branches all located at the band center. The thin lines corre-
spond to n = 1 modulated solutions. The solution branches with 5 # 0 are shifted such that
the primary branches all lie at the same location for comparison. The cubic real Ginzburg-
Landau equation only allows stationary modulated solution when the primary bifurcation is
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subcritical (€2 > 1). The secondary bifurcation point in the subcritical case converges to the

location r = —3{;22 predicted by Eq. (2.1) as A increases, while the branching point moves

up to infinity in the supercritical case (£2 < 1).
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Figure 3.18: Bifurcation diagrams of Ky = 0 primary branch in rotating convection for the
mixed boundary conditions (3.72). T = 10A.. (a) 0 = 0.4, Ta = 80 (&% = 1.2263). (b)
0 =0.6, Ta =70 (£2 =0.5882). (c) 0 = 0.6, Ta =140 (£2 = 0.3877).

On the effect of slanted snaking, since the large scale mode becomes linearly damped as
[ increases it can be expected that the structure of slanted snaking will reduce into regular
homoclinic snaking. Figure 3.19 [60] shows the snaking behavior of RC for the parameter
values given in figure 3.1 (Ta = 20, ¢ = 0.1 and I' = 10\.) except that the boundary
conditions are now given by the relation (3.72). Notice that the snaking becomes less slanted

as [ increases and is nearly vertical for g = 0.6.

10

800 850 900 950 1000 1050

Figure 3.19: Bifurcation diagram showing the average poloidal kinetic energy & (vertical
axis) as a function of the Rayleigh number Ra (horizontal axis) for slanted snaking when
Ta =20, 0 = 0.1, and I' = 10\, for the mixed boundary conditions (3.72). From left to
right, the snaking branches correspond to § = 0, 0.2, 0.4, and 0.6. These results are provided

by Dr. Beaume [60].



CHAPTER 3. LARGE-SCALE MODE IN PATTERN FORMATION 92

3.7 Discussion

In this chapter we have described strongly nonlinear solutions of the equations describ-
ing two-dimensional RC. Localized solutions are present regardless of whether the primary
branch of periodic states is subcritical or supercritical, provided only that £ > 1/3. The
localized structures are embedded in a self-generated zonal shear layer with a compensating
shear profile outside the structure. The shear rate V' < 0 inside the convecton while V/ > 0
outside, implying that the convecton locally reduces the angular velocity by expelling angu-
lar momentum; this angular momentum increases the angular velocity outside the convecton
and creates a shear layer. Similar symbiotic coexistence between anticyclonic shear and
localized vortex structures is familiar from other rotating fluid systems [61, 62, 63, 64].

The convectons can be present over a substantial range of Rayleigh numbers in contrast to
other fluid systems exhibiting localized states [9, 12]. This is a consequence of the large scale
mode in the presence of stress-free boundary conditions at the top and bottom boundaries.
Because of this conserved quantity the amplitude equations describing the localized structure
are nonlocal, and the spatially periodic states are unstable at small amplitude even when
they bifurcate supercritically. This nonlocal aspect of the problem has four consequences:
(i) it leads to slanted snaking of the localized structures, (ii) it permits localized structures
to be present outside the region of bistability between the conduction state and periodic
convection, (iii) it destabilizes the spatially periodic convection at small amplitude even
when the bifurcation to convection is supercritical, and (iv) it permits localized states even
when periodic convection bifurcates supercritically.

Based on weakly nonlinear analysis, we derived the modulation equations for two-dimensional
RC and MC for stress-free boundary conditions near a codimension-two point. In both cases,
the modulation equation takes the form of a nonlocal fifth order Ginzburg-Landau equation.
Extensive study of the bifurcation and stability properties of this equation indicates that the
higher order theory we derived can capture important phenomena that are not present in
the leading order theory [18]. The bifurcation scenario can be qualitatively separated into
two classes, ¢ < 0 and ¢ > 0. When ¢ < 0, the primary branch is only stable at small ampli-
tude. The instability sets in at larger amplitude and leads to countably infinite number of
unstable modulation branches all of which undergo phase jumps to Ky # 0 periodic states.
However, when ¢ > 0, the region of instability of the primary branch is bounded within
certain range of Rayleigh numbers and the first modulation branch that bifurcates closest
to the primary bifurcation is stable before reaching a saddle node. There is also a region of
bistability between periodic and modulated states. These results suggest a possible inves-
tigation of the full problem near the codimension-two point focusing on dynamical aspects
such as coarsening type behavior which could exist in the system.

We also examined the case when the stress-free boundary conditions are weakly broken.
Mixed boundary conditions of Robin type were introduced to destroy the marginal stability
property of the large scale mode. But when the boundary conditions are close to free-
slip, they permit the interpolation between nonlocal to local coupling connecting Cox and
Matthew’s equation [18] to the cubic real Ginzburg-Landau equation. Moreover, the snaking
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behavior is changed from slanted snaking to regular homoclinic snaking as 3 increases. These
results indicate that the formation of localized states in two-dimensional RC is sensitive to

the chosen boundary conditions.
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Chapter 4

Exact solutions of the cubic-quintic
Swift-Hohenberg equation

In this chapter, we study the Swift-Hohenberg equation with cubic-quintic nonlinearity
(SH35), which takes the form

wp = g — (1 + D) w4 bu® — cu’. (4.1)

Here u is a real-valued scalar function and the coefficients are also real. In our consideration,
both b and ¢ are positive which b > 0 is responsible for the subcritical bifurcation of periodic
states and ¢ > 0 is responsible for saturating the growth of the instability. In principle, we
can set ¢ = 1 by rescaling u and b but here we retain the coefficient ¢ for later convenience.
Equation (4.1) is equivariant under

Ri:z— —x, u—u, Ry: z—x, u— —u (4.2)

together with translations 7, : = — z + /¢, wu — u, and these symmetries will prove
important in what follows.

The bifurcation of Eq. (4.1) has been studied in [70] and [74, 37] with the former focus-
ing on the spatially localized states on an extended domain and the later focusing on the
modulated structures formed on a finite domain. But there remains the question whether
there are nontrivial O(1) solutions that are not related to the states which bifurcate from
the periodic solutions that originate from the homogeneous state u = 0. To investigate this
possibility we adopt a method developed in [75, 76] to construct exact meromorphic solutions
of related equations and use the resulting exact solutions as initial conditions for numerical
continuation. The approach has also been used to search for exact meromorphic solutions
of the standard Swift-Hohenberg equation [77] and for the quadratic-cubic Swift-Hohenberg
equation (SH23) with a dispersive term u,,, [78].

Another aspect that will be covered is SH23 with a dispersive term u,,,. Some pre-
liminary estimate on the traveling solutions is given and a modulation equation approach
is applied to study the small amplitude bifurcation behavior near the onset. The chapter
builds upon works that appear in [80].
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4.1 Exact meromorphic solutions

In this section we give a brief overview of the method of deriving exact meromorphic
solutions of ordinary differential equations (ODEs) in the complex plane. Consider an au-
tonomous algebraic ODE of order n defined on a neighborhood of z = 2, in the complex
plane,

Z @; Z:o(w(k))jk =0, (4.3)
J

where the superscript (k) denotes the k-th derivative with respect to z, j = (j1,...,7,) is a
multi-index and a; € C are constants. The degree of a monomial is defined as Y _,_, jx. We
seek a solution in the form of a formal Laurent series,

w(z) = Z crip(z — 20)F, (4.4)

k=—p

with a finite principal part. Here z; € C is an arbitrary constant and p is a positive integer
indicating the order of the pole at z = 2. Substitution of Eq. (4.4) into Eq. (4.3) allows one
to solve for the coefficients {cy, c1, ...} recursively. For j > 1 one obtains relations of the
form

P(co, j)e; = Qi({all < j}), (4.5)

where P(co,j) are polynomials in ¢y and j, while @); are polynomials in {¢|l < j}. Fuchs
indices are the values of j for which P = 0. If one of the Fuchs indices is a positive integer
k, say, the corresponding () = 0 and the coefficient ¢; is undetermined. Note that k = —1
is always a Fuchs index, reflecting the arbitrariness of z.

Equation (4.3) is said to have the finiteness property if it only admits finitely many
formal Laurent series with finite principal part and degree p > 1. If this property holds and
the equation contains only one monomial of the highest degree, all meromorphic solutions
fall into one of three classes [75]: (A) elliptic solutions, (B) singly periodic solutions, or
(C) rational solutions. Each solution is periodic in C with a fundamental cell: a periodic
parallelogram in (A), a periodic stripe in (B), and the whole complex plane in (C). Owing to
the finiteness property each periodic cell contains at most N poles, where N is the number
of different formal Laurent series. This classification is a consequence of Nevanlinna theory
and the restriction on the number of poles is a consequence of the uniqueness of solutions of
ODEs. Meromorphic solutions of these three types will be referred as belonging to class W
in later discussion. If an equation does not possess the finiteness property (this is the case
if one of the Fuchs indices is a positive integer), we may still look for solutions that belong
to class W although we are no longer guaranteed that all meromorphic solutions are of this
class.

It follows that meromorphic solutions in W can be written as linear superpositions of
functions with poles of suitable order. In case (A) these are the Weierstrass ¢ function (z —
2zi;wi,wq) (order 1 pole), the Weierstrass g function o(z — z; wy,ws) (order 2 pole) and their
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derivatives, in case (B) the appropriate functions are the cotangent function cot(7(z — z;)/w)
(order 1 pole) and its derivatives, while in case (C) the functions are {1/(z — z;)"|n € N}.
Here z; are the locations of the poles, wi, wy are the periods of the elliptic solutions in case
(A), while w is the period of the singly periodic functions in case (B). To obtain these solutions
the locations of the poles z; need to be determined. This can be done by matching the general
expressions with the formal Laurent series obtained above. The procedure requires the use of
addition formulae and the knowledge of Laurent expansions of Weierstrass and trigonometric
functions [79]. For convenience we list here the relevant formulae for Weierstrass functions.
The addition formula for the Weierstrass ¢ function is

19'(2) + 9'(=)

C(z — z1) = ((2) — C(z:) + 2 ol2) = pla)

(4.6)

Here @ is the Weierstrass p function and solves the ODE

¢'(2)° = 4p(2)° — g20(2) — gs. (4.7)
The Weierstrass g function has the Laurent expansion

2 4
_ -2, 927 g3z
Pe) ==+ S0 s
around the pole at z = 0. The constants g» and g3 are elliptic invariants defined by
60 140
g2 = 1 93 = T g
2 m,7§(0,0) (mwy + nws)t 3 m,T;(0,0) (mwy + nwy)8

where w; and wy represent the two periods of the function.

4.2 Meromorphic solutions of stationary SH35
In the stationary case, i.e., u(z,t) = w(z), Eq. (4.1) reduces to
w" + 2uw” — aw — bw® + cw® = 0. (4.9)

This equation can be integrated once by multiplying w’ and gives

"2 an bw4 Cw6

m,o. = 2 o —E: 41
w"'w 5 +w 5 1 + 5 0, (4.10)

where F is an integration constant. Here a = p — 1 and c is set equal to 3/2 to simplify
the calculations that follow. To recover the usual case ¢ = 1, we may rescale w and the
coefficient b as w — (2/3)*w and b — v/3/2b. In the following we extend the domain
of w to the whole complex plane, and demand that w(z) is meromorphic and hence locally
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representable in terms of a formal Laurent series as in Eq. (4.4). The parameters a and b are
assumed to be real although the results that follow hold when a and b are complex numbers.

Before proceeding we note that the autonomous ODE Eq. (4.9) is equivariant with respect
to two different reflections,

Ri: z——2 w—w, Ry: 2=z, w— —w. (4.11)
However, in the complex domain there is a third symmetry
Ry: z—= 2", w—w (4.12)

Under this operation, Rsw remains a function of z but the coefficients ¢, of the Laurent
series transform to ci. If a and b are complex, we also transform (a,b) — (a*,b*) so that
Rsw remains a function of z and solves Eq. (4.9) with parameters (a, b).

The degree of the pole at z = 0 and the coefficient ¢y can be determined by balancing
w"w' — %2 and the sextic term in Eq. (4.10),

p=1 ¢ =—16. (4.13)
The Fuchs indices are
5+1iv39
—
Since there is no positive integer Fuchs index and only one monomial of highest degree,

wS, the finiteness property holds and all meromorphic solutions belong to class W. Equa-
tion (4.10) admits four different Laurent series all of which are odd functions of z:

==L Jas= (4.14)

1 1-t 2ib — 4 — 15a — 2b?
= V2(1+4)¢ - ShE L 4.1
wi(z) = V2 +z){z+ 00 2t =00 z}—l— L (415)
wy(z) = Rowi(z), (4.16)
A1 14bi 2ib+4+15a+ 207
wy(z) = V2(1—1) {Z + 30 2 1800 z } +..., (4.17)
wy(z) = Rows(z). (4.18)

The Laurent series w; and ws are related by the symmetry Rs, i.e., w3 = Rzw;.

In the following subsections, we seek solutions belonging to class W and derive explicit
expressions for the corresponding meromorphic solutions. There are at most four poles
within each periodic cell. Moreover, the symmetries relating {w,|n = 1,2,3,4} imply that
if w has Laurent expansions w, and w,, with n # m around the poles z, and z,,, then w is
periodic with period 2(z, — z,,). To see this explicitly, assume n = 1 and m = 2 so that

w(z — 2z1) = w1(2) = Rows(z) = Row(z — 23). (4.19)

Thus w(z) = Row(z + 21 — 22) = w(z + 221 — 229) with period 2(z; — z2). Since the ODE is
autonomous and the Laurent series are related to one another by the symmetries, we may
assume that w has Laurent expansion w; around z = 0.

We remark that traveling solutions of the form u(z,t) = w(z — Ct), C € R, do not have
a Laurent series for C' # 0.
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Elliptic solutions

Elliptic functions are meromorphic functions w defined on C/I" satisfying
w(z)=w(z+w) =w(z+w), wi,ws €C, wi/wy¢R, (4.20)

where w; and wy are the two periods of the function w(z) and T' is the lattice generated by
these two periods. Due to double periodicity,

j[wdz =0 (4.21)

over the fundamental parallelogram and the sum over the residues vanishes. Expansions
(4.15)—(4.18) imply that elliptic solutions of Eq. (4.10) can only have two or four distinct
poles within the fundamental parallelogram.

For the case of four distinct poles, one pole may be placed at the origin (zy = 0) with the
remaining poles located at z1, 25, and z3. The general form of the elliptic solution is thus

3

w(z) = h+ 2™/ Z i"C(z — zm)

= oim/A - im@’(z) + ¢ (2m)
" mzzl 0(2) — p(2m) (4.22)

where the relation (4.6) was used to obtain the second expression. Here h and h are constants.
By comparing the Laurent expansion of Eq. (4.22) with w; at z = 0, we obtain h = 0 together
with

3 3
Z " o(zm)" = fo, Z " ()" (2m) = 0, (4.23)

m=1

where n € {1,2,3} and

i+b (b—i)b+ 2% —90g, + 2

_ cs(1+1i)  ga(i+b)  3igs
30 ° fo= 900i ’ * *

h= 22 200 28

fs =

In addition p(z,,) and ¢'(z,,) are related by Eq. (4.7). Owing to the symmetries we know,
without solving the algebraic equations, that the poles are located at points of half-period
which are wy/2, we/2, and (wy + wsy)/2. Hence ¢'(z,,) = 0 for all m and @(z,,) = e, where
e are the roots of the polynomial

49 — gop — g3 = 0. (4.24)
After some manipulations, it can be shown that
b FDE+F2)+ (1 =0 f o L+i(f—0b) (b+i)(i—2)—(1+0)f
| = =

180 @ 90 = A7 180 !
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and

ib—2— b —15a/2+ (i +b)f
g2 = 310 ) gs = 46162637

where

o (L= 8ib 19+ T5a V2
— - ,

The periods w; and ws can be obtained numerically from g, and gs.
Since § wdz = 0, the general expression for the case of two distinct poles is

w(z) = V2{(L+i)¢(z) = (L+4)¢(z = 2)} +h,

(1) P )
- (%) St )

where the second equality again follows from relation (4.6). Here h and h are constants
and z, is the location of the pole with Laurent expansion w,. By comparing the Laurent
expansion of Eq. (4.25) with w; at z = 0, we obtain h = 0 together with

1—1b
P (2) =0, p(zn)=ec= 30
1—1b a
g2 = 30 +E’ 93246:{’—9261-

Singly periodic solutions

Singly periodic functions are meromorphic functions w defined on C/ {nw |n € Z} that

satisfy
w(z) =w(z+w), weC\{0}. (4.26)

Here w is the period of the singly periodic function. Meromorphic solutions of this type only
admit either one or two poles within each periodic stripe (a third distinct pole would provide
an additional period and hence break the assumption of single periodicity). In the following,
we assume the Laurent expansion around z = 0 is of the form wj.

In the one pole case, the general form of the meromorphic solution is

w(z) =

—\/iw(: +9) cot <%) + h, (4.27)

where w is the period and h is a constant. Comparing the Laurent expansion of Eq. (4.27)
with w;, we obtain h = 0 together with
2(b+1)(2b — 3i) 10

a = — 25 5 W =T

(4.28)
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If there are two poles within a single periodic stripe, three possible cases arise since the pole
with Laurent expansion w; can only pair with either ws, w3, or wy. The general expressions
in these three cases are

wnalz) = 24/2m (1 + 1) s (2m) h (4.29)

w w

wis(z) — 2?” {cot <2Z—Z)—|—icsc (22—2)}% (4.30)
wn(z) = V2T {csc (QLZ)+icot <2W—Z)}+h, (4.31)

w W W

where wy, is the general expression for two pole singly periodic solutions with Laurent series
wy and w,. Comparing Eqs. (4.29)—(4.31) with w; at z = 0, we obtain h = 0 in all three
cases, together with

(b+ i) (b — 9i) 5
. = - = 2
R 25 0 YT N
(97 + 214) (i + b) | 5(i — 2)
o= —197b + 105 + 288 — oy | 2
s 23105 TL05+2880), w=2m\ [y
(97 — 213)(b + ) | 5(1 — 20)
L a=— 1975 + 105 — 288 — oy [
e 3105 70 Dy @ =M 1)

Rational solutions

Rational functions are meromorphic functions w defined on C U {oo} that satisfy
w(z) = Qu(2)
Q2(2)

with @1 and Q2 polynomials in z and ()2 Z 0. Since the solution is nonperiodic only one
pole can be present and the general expression for meromorphic solutions of this type is

V2(1+ 1)

z

(4.32)

w(z) =

where P is a polynomial in z. Since there is only one monomial of highest degree in Eq. (4.10),

P can only be a constant and by comparing with w; we have P = 0. It is straightforward
V2(144)

+ P(2), (4.33)

to see that w(z) = is a rational solution only when a =0 and b = —

4.3 Real meromorphic solutions

In the previous section, we obtained exact solutions of the stationary SH35 equation
by considering meromorphic solutions belonging to class W. But solutions of interest in
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applications are those for which w is real when z is restricted to the real line. A meromorphic
solution is said to be real if
{w(z+20)|z€ R} CR (4.34)

for some 2y € C. Evidently there is no real rational solution so that in the following we may
focus on the elliptic and singly periodic cases. Before proceeding to find exact real solutions,
we remark that we have shown in section 4.2 that exact elliptic solutions are of codimension
zero in the parameter space (a,b) while exact singly periodic solutions are of codimension
one. It follows that exact real solutions are generically of codimension one in the elliptic
case and of codimension two in the singly periodic case. Owing to the symmetries R, R,
and spatial translations in x, each exact real solution is embedded in a larger family of real
exact solutions.

In order that a real elliptic solution exists, the periodic lattice I' must admit one set of
generators {wy, we} with wy real, for otherwise the set {zp + R} /T" will be dense in C/T" and
no real solution is possible. To seek real solutions in the elliptic case, we suppose that the
periodic lattice I' is real rectangular, i.e., that there exists a pair of generators {wy,w,} with
wy real and wy imaginary. For this to be the case go and g3 must be real and the modular
discriminant

A =g — 2793 (4.35)

must be positive. If there are four poles in the periodic parallelogram, I' is real rectangular

when
25a

H:—T;—& a€Ul, (4.36)
where [} = (—oo, —%) and [, = (—%, —%). The corresponding elliptic invariants are
a 1 a
- _ - ) 4.37
%= 7108 %~ 6750 3240 (4.37)

In the following we shall be interested in b > 0, i.e., the hysteretic regime, implying that
a < —9/25. In this case a one parameter family of real exact periodic solutions parametrized
by a can be found by a translation of zy = ws/4 (w9 is pure imaginary) and the solutions
can be represented as

3 m
_ injd "' (2 4 wa/4)
w(z) =-e ) 4.38
(2) ;p(z+w2/4)—em (4.38)
where
b—1 1 b+1
e = —— ey = — ez = ———.
'™ 60 27 30 3 60

Sample profiles of the resulting exact solutions are shown in figure 4.1 for a € I; and
in figure 4.2 for a € I;. In the former case the exact solutions are invariant under the
symmetry R;. In the latter case they are invariant under R, followed by a translation in
z by the half period w/2, i.e., under the symmetry T'Ry. The modular discriminant A
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Figure 4.1: Solution profiles of the exact real elliptic solution (4.38) when a € Iy and
b= (-5 - 3)1/2. The solutions are T'Ry-symmetric. (a) a = —0.4. (b) a = —0.5. (c¢)
a=-1.(d)a=-14.

vanishes when a = —36/25, —9/25 and the solution becomes degenerate as a approaches
these two points. When a increases to —9/25 from below in I, (wy,ws) — (2v/57,i00) and
the solution decreases to zero in the supremum norm. In contrast, when a — —36/25 from
either side, it is wy that tends to infinity and the solution approaches a front (heteroclinic
solution) that is discussed further below. Figure 4.3 shows the spatial average of w, i.e.,
(wy = L1 fOL w(x) dx, the spatial period L = wy, and the free energy F/L of the solutions
as a function of y = a + 1. Here F' is defined as

g 1 1 1
Flu] = /0 {51(1 + O Jul” — §,uu2 — Zbu4 + ECUG} dx (4.39)
and Eq. (4.1) has been rewritten in variational form, u; = —‘;—5. We found no real solutions

in the two pole case.

In the singly periodic case the only situation that yields a nontrivial real solution is w3
with a purely imaginary w, i.e., w = iT, T € R. By shifting the origin to w/4 as in the
elliptic case, wy3 can be rewritten as

wis(z) = z\fﬂ {—tanh (QLTZ) + sech <27TTZ)1 , (4.40)

where T" = 7v/10 and the parameters (a,b) = (—36/25,3). These parameter values corre-
spond to the degenerate point separating the intervals I; and I, in the four pole elliptic case.
This front solution connects two unstable (with respect to time) flat states u = £2/1/5 as
shown in figure 4.4.
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Figure 4.2: Solution profiles of the exact real elliptic solution (4.38) when a € [; and
b= (% 3)1/2. The solutions are R;-symmetric. (a) a = —1.45. (b) a = —1.5. (c)
a=-2.(d)a=-3.
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Figure 4.3: (a) The spatial average (w) = ¢ OL w(x)dz, (b) the spatial period L, and (c) the

free energy F'/L of the exact real solutions as functions of u = a + 1.

w(x)

[
X

Figure 4.4: Exact front solution (4.40) for a = =32, b = 3.
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Figure 4.5: Time evolution of the front solution (4.40) perturbed in the middle at ¢t = 0 with
O(1073) random noise.

Similar results can be derived for SH23 with dispersion, viz.,
w = (a+Du—(1+ 8m)2 U+ OUggy + Bu® — Y. (4.41)

Meromorphic traveling solutions of Eq. (4.41) of class W were studied for v < 0 in [78]; the
corresponding results for v > 0 are summarized in Appendix J.

Linear stability properties of the exact real solutions determined in the preceding section
are obtained using a spectral method with Fourier basis functions. When a € I5 the solutions
are always unstable and the number of unstable modes increases with decreasing a. The
stationary front solution is always unstable since the asymptotic states w(+o00) and w(—o0)
are both unstable flat states. Time evolution of this solution with O(1073) random noise
superposed in the middle at t = 0 is shown in figure 4.5. The solution breaks down in the
middle and leads to a spatially periodic state at both ends.

The simulation was carried out in a domain of size L. = 507 with Neumann boundary
conditions using the time stepper ETD4RK [40] with cosine basis functions. In contrast,
when a € I; the number of unstable modes decreases with decreasing a and the solutions
acquire stability with respect to perturbations with spatial period L when a decreases below
a~ —4.15.

4.4 Numerical bifurcation analysis

In this section we use the exact real solutions derived in section 4.3 to initialize numerical
continuation. The parameter p (or equivalently a) is taken as the control parameter. To
implement AUTO [36], the spatial dynamical ODE is written as

wy = Lwy, w) = Lwy, wh= Luws, (4.42)
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why = L(—2wy + awg + bwj — cw)), (4.43)

where w, is the n-th spatial derivative of u, each scaled with the domain length L so that the
system is defined on the interval [0, 1]. Periodic boundary conditions are applied on variables
wop, wy, wy with L fixed and equal to the period of the starting solution (the normalization
¢ = 3/2 is retained). The phase fixing condition

1
/ (wo — Wo,ela) w{)’oldd:p, (4.44)
0

is implemented to eliminate translates of the solution. Here w4 is the solution at the
previous continuation step. The bifurcation diagrams below show the Hy norm

R 1/2
_ - (n) 2
HwHHQ—(L; | ) dx) (4.45)

of the solution as a function of p. In all cases we maintain the spatial period L selected by
the exact solution.

The relative position between the saddle-node (computed numerically) of the primary
branch with wavenumber k& = 1 (L = 27) and the exact real solutions is shown in figure
4.6 in the (i, b) plane. A bound u > —% for the presence of either periodic or pulse-like
solutions is derived in [69]. This bound can be improved as follows. Multiply Eq. (4.9) by
w and integrate it over I' to obtain

u/dex = / (1 + Dpe)w])” — bu* + 3 bz > /w2 (§w4 - bw2) dz, (4.46)
r r 2 r 2

where I is either the whole real line for the pulse solution or a single period for the periodic
solution. Since %w4 — bw? > —% it follows that u > —%. The comparison between this
bound and the actual location of the k = 1 saddle-node is also shown in the figure. All the
exact real solutions lie to the right of the saddle-node of the k = 1 primary branch.

The exact solutions with a € I, are symmetric with respect to T'Rs and the branches
obtained by continuation share this symmetry. When a = —04 (i.e., b = 0.5774) the
corresponding exact solution has L = 14.1492 and lies on a secondary branch that bifurcates
from a primary branch with wavenumber k = 0.4441; this primary branch is the third
branch that bifurcates from u = 0 as p increases. This secondary branch bifurcates from
the primary branch above the saddle-node and reconnects back to it as shown in figure 4.7.
Similar behavior is also present for a = —0.9 (b = 2.1213, L = 15.9311) as shown in figure 4.8.
In the latter case there are two additional secondary branches (the upper of these is indicated
in red (gray) in figure 4.8(a)) that also connect the primary branch to itself. Both consist of
solutions with R; symmetry. With further decrease in the value of a € I, the spatial period of
the initial solution increases and the bifurcation diagram becomes increasingly complicated.
Figure 4.9 shows the bifurcation diagram for a = —1.35 (b = 2.8723, L = 21.1801). The
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Front
*s._ Solution

Figure 4.6: The (u,b) plane showing the location of the exact real solutions obtained in
section 4.3 (dashed line) together with the position of the saddle-node of the primary branch
with £ = 1 (solid line). The dashed-dotted line corresponds to the bound p > —% for the
existence of periodic or pulse-like solutions. The solid dot indicates the location of the front
solution (4.40).
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Figure 4.7: (a) Bifurcation diagram for stationary periodic solutions with b = 0.5774, ¢ = 3/2
and period L = 14.1492. Point 1 corresponds to the exact real solution when a = —0.4. (b)
Sample profiles along the black dashed line.

inset in (a) indicates the bifurcation behavior near the first appearance of secondary branches
and shows there are in fact three branches that bifurcate from the primary branch in close
succession. The dashed and dotted branches consist of states with T'R, and R; symmetries,
respectively, while the red (gray) branch consists of asymmetric states generated through
a parity-breaking bifurcation. In nongradient systems states of this type travel, although
here they correspond to stationary states. The asymmetric states do not reconnect to the
primary branch. The exact solution (point 1) lies on the dashed branch.

As the parameter a approaches the critical value a = —36/25 from above the exact real
solutions fall on isolas instead of secondary branches. Figure 4.10 shows an example of such
an isola when @ = —1.43 > —36/45. In addition to the isola there is also a crosslink (dashed
curve in figure 4.10(a)) consisting of asymmetric stationary solutions. The structure of these
isolas becomes more and more complex as a decreases through the critical value a = —36/25
(figure 4.11). However, for a € I; (i.e., a < —36/45) the exact solutions are symmetric with
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Figure 4.8: (Color online) (a) Bifurcation diagram for stationary periodic solutions with
b=2.1213, ¢ = 3/2 and period L = 15.9311. Point 1 corresponds to the exact real solution

with a = —0.9. (b) Sample profiles along the red (gray) and black dashed lines.
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Figure 4.9: (Color online) (a) Bifurcation diagram for stationary periodic solutions with
b =2.8723, c = 3/2 and period L = 21.1801. Point 1 corresponds to the exact real solution
with a = —1.35. (b) Sample profiles along the dashed and red (gray) branches. (c) Sample
profiles along the dotted branch.
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Figure 4.10: (a) Bifurcation diagrams for stationary periodic solutions with b = 2.9861, ¢ =
3/2 and period L = 27.9881. Point 1 corresponds to the exact real solution with a = —1.43 >
—36/25 and lies on an isola. The inset at top left indicates the relative position between the
primary branch of 27 periodic states and the isola of periodic states with L = 27.9881. (b)
Sample profiles along the secondary branch connecting points 2 and 5 (dashed line, panel
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Figure 4.11: Bifurcation diagrams for stationary periodic solutions ¢ = 3/2 and (a) b =
2.9930, L = 30.1667, (b) b = 2.9965, L = 32.3511, (c) 3.0035, L = 32.3321, and (d)
b = 3.0069, L = 30.1327. The points labeled 1, 2, 3, 4 correspond to the exact real solutions
(shown in the insets with x/L as the horizontal coordinate) at (a) a = —1.435, (b) a =
—1.4375, (c) a = —1.4425, and (d) @ = —1.445, respectively; all lie on isolas. Secondary
crosslinks consisting of asymmetric solutions are omitted.
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Figure 4.12: (a) Bifurcation diagrams for stationary periodic solutions with b = 3.0139, ¢ =
3/2 and period L = 27.9276. Point 1 corresponds to the real exact solution with a = —1.45 <
—36/25. The inset at top left indicates the relative position between the primary branch of
27 periodic states and the isola of periodic states with L = 27.9276. (b) Bifurcation diagram
for the stationary asymmetric states connecting points 2 and 7. (¢) Sample profiles along
the isola (solid line, panel (a)). (d) Sample profiles along the asymmetric branch connecting

points 2 and 7 (solid line, panel (b)).

respect to Ry instead of T'R, and the solutions obtained from these solutions by numerical
continuation share this symmetry. Figure 4.12(a) shows details of the bifurcation diagram
obtained from such an exact solution at a = —1.45 for comparison with figure 4.11(c). Here,
too, the exact solution lies on an isola consisting of seven leaves but this time we have seven
crosslinks consisting of asymmetric states. These crosslinks connect the pairs of points (2, 7),
(3,6), (4,5), (8,11), (9,10), (12,15) and (13,14); the (2,7) crosslink is highlighted in figure
4.12(b). The corresponding solutions are shown in figures 4.12(c,d).

A similar but rather more complex example obtains for a = —2 as shown in figure 4.13.
Figure 4.13(a) shows a branch of R;-symmetric states obtained by continuation from the
exact solution at point 1. The entire branch connects point 2 to point 3 and consists of
Ry-symmetric solutions about z = L/4, 3L/4. At both end points the solutions acquire an
additional T'R, symmetry, and both points lie on the branch of R; x T'Ry-symmetric states
shown in red (gray) in figure 4.13(b). Thus the bifurcation at point 2 is a symmetry-breaking
bifurcation on the red (gray) branch that breaks the TRy symmetry; figure 4.13(b) reveals
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that this point lies very close to a fold of this branch. The bifurcation at point 8 is also a
symmetry-breaking bifurcation that lies close to a fold but this time it breaks R; symmetry.
The branch of T'Ry-symmetric states that results (dashed line in figure 4.13(b)) connects to
the vicinity of a fold on the primary branch of Ry x T' Ry symmetric states (thin black line in
figure 4.13(b)) that bifurcates from u = 0 at p = 0.6739. With L = 14.8473 (the period of
the exact solution at point 1) this branch is the first primary branch and the branches shown
in figure 4.13(a,b) are therefore associated with the first nonzero states with this period as
1 increases. It is unclear why the various symmetry-breaking bifurcations occur so close to
folds.

As already mentioned point 3 does not lie on the black branch in figure 4.13(a) or close to
a fold but lies on the red (gray) branch in figure 4.13(b) and represents a pitchfork bifurcation
of the Ry X T'Ro-symmetric states on this branch. This bifurcation creates a pair of branches
of solutions with R; symmetry. However, because of the remaining T'R, symmetry the two
branches coincide in the bifurcation diagram. Figure 4.14 represents a blowup of the region
near this bifurcation.

Figure 4.13(d) shows sample solutions along the red (gray) branch at larger values of
. The figure reveals that as p increases both ends of the branch evolve into front-like
states. The solution with the smaller Hy norm (lower panels) takes the form of a front
connecting a pair of symmetry-related spatially uniform states while the solution with the
larger Hs norm (upper panels) takes the form of a “nonmonotonic” front [81] connecting
the same states. These states resemble the heteroclinic orbits computed in Ref. [81] for a
system with the same symmetry properties, the forced Ginzburg-Landau equation with 2:1
resonance, although here they are of course computed on a finite domain. The possibility
exists therefore that such heteroclinic orbits are indeed present when Eq. (4.1) with a = —2,
b = 3.6968, ¢ = 3/2 is posed on the real line, suggesting that continuation in L could
also be worthwhile. We have not carried out a systematic study of crosslinks consisting of
asymmetric states such as that shown in figure 4.13(a), dashed line.

When the value of a is decreased to a = —4.5, the branch of R;-symmetric states obtained
by continuation from the exact solution is still a secondary branch of the first primary branch
albeit somewhat less convoluted (figure 4.15, dashed line). As shown in the inset in figure
4.15(a) this secondary branch connects to the primary branch (solid line) already at small
amplitude and does so in a supercritical bifurcation. It follows that the dashed branch
is initially once unstable and hence can easily acquire stability at secondary bifurcations.
Stability calculation with periodic boundary conditions shows that the solutions on this
branch are indeed stable between the first and second folds and again between the third and
fourth folds.

A further destabilization of the primary periodic branch occurs via the red (gray) branch
(figure 4.15(a), inset). This branch is initially twice unstable but becomes only once unstable
after a tertiary bifurcation (point 6 in figure 4.15(a)) prior to the first fold. As a result
solutions on this branch also acquire stability at the first fold and these remain stable until
the second fold. Sample solutions are shown in figure 4.15(b,c).
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Figure 4.13: (a) Bifurcation diagram for stationary R;-symmetric solutions (solid line) with
b = 3.6968, ¢ = 3/2 and period L = 14.8473. Point 1 corresponds to the exact solution with
a = —2. The inset indicates the relative position between the branch of 27 periodic states
and the branch originating from the exact solution with the period held at L = 14.8473. The
dashed line shows one of the crosslinks consisting of asymmetric solutions. (b) The branch
of Ry x T Ry-symmetric front-like states that bifurcate from the branch in panel (a) at points
labeled 2 and 3 together with a second branch of R; x T'Ry-symmetric states that bifurcates
from v = 0 at u = 0.6739. The two branches are connected at points 8 and 14, respectively,
by a branch of asymmetric states (dashed line). (¢) Sample profiles at the points indicated
in panel (a). (d) Sample profiles at y = 1 and p = 25 along the red (gray) branch in panel
(b) (top row: upper branch; bottom row: lower branch). (e,f) Sample profiles at the points
indicated in panel (b); points (2,3), (5,6), (9,11), (10,12) are connected by crosslinks (not
shown). The fold labeled 7 indicates the transition to front-like states at larger u.
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Figure 4.14: A blowup of the bifurcation diagram near point 3 showing the termination of
the branch of Rj-symmetric states in figure 4.13(a) on the branch of R; x T Ry-symmetric
states shown in red (gray) in figure 4.13(b). The close passage of a part of the R;-symmetric
branch near point 3 is a projection effect.
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Figure 4.15: (a) Bifurcation diagrams for stationary periodic solutions with b = 5.8737, ¢ =
3/2 and period L = 9.7914. Point 2 corresponds to the exact solution with a = —4.5. Point
6 on the red (gray) branch is a tertiary bifurcation point. The dashed line shows one of
the R;-symmetric branches connecting the original periodic branch to itself, with the inset
showing details of its appearance at small amplitude. (b) Sample profiles along the dashed
branch. (c¢) Sample profiles along the red (gray) branch.
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4.5 Discussion

In this chapter we have explored in detail of obtaining exact meromorphic solutions of
SH35 and show that no other solutions of the same class can be found. Based on results
of exact meromorphic solutions, two one-parameter families of exact real solutions were
identified. These consist of elliptic solutions with different symmetries and are separated,
at a = —36/25, by an exact real solution in the form of a front, i.e., a heteroclinic solution.
The solutions for a < —36/25 (parameter interval I;) are R;-symmetric, while those for
—36/25 < a < —9/25 (parameter interval I) are T Ro-symmetric. Explicit expressions for
these exact solutions are given in section 4.3. Numerical continuation with periodic boundary
conditions shows that when a = p — 1 is close to —9/25 the amplitude of the exact solution
is small and the branches identified using continuation lie on primary branches of periodic
solutions, generally above a fold. In contrast, when a is close to —36,/25 the solution branches
obtained from the exact solutions can exhibit a variety of complex bifurcation behavior. In
particular, the exact solution may lie on a secondary branch or an isola depending on the
value of a. The discovery of these isolas is a nontrivial consequence of the exact solutions
we have identified. We conjecture that the appearance of these isolas is associated with the
passage of the parameter a through the critical value a = —36/25. Indeed, we believe that
the plethora of periodic solutions present near this parameter value is directly associated
with the presence of the heteroclinic orbit at a = —36/25, cf. [82].

Of the great variety of solutions we have identified stable solutions were typically found
only for larger negative values of a for which the exact solutions are associated with secondary
branches bifurcating from the first primary branch of periodic states that bifurcates from
u = 0 as a increases.

The technique used in this chapter and in earlier work [75, 76, 78, 77] could be useful
for studies of other one-dimensional partial differential eqquations arising in simple mod-
els of physical systems since in these cases waves of constant form (periodic, homoclinic or
heteroclinic) are usually described by nonlinear ODEs of algebraic type. As an example we
obtained in Appendix J analogous results for the SH23 with dispersion, thereby extending
the results given in [78]. The technique provides a different approach to finding exact so-
lutions, one that is independent of additional structure such as a Hamiltonian structure or
spatial reversibility that are required of other approaches, and hence has a potentially far
greater range of applicability. In addition, since the method is not perturbative, the solutions
found are fully nonlinear. On the other hand not all physically interesting solutions have
meromorphic extensions to the entire complex plane, and such solutions cannot be identified
using the present approach.
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Chapter 5

Conclusions

5.1 Summary of results

This thesis focuses on the formation of spatially modulated structures in convective sys-
tems, especially in the codimension-two bifurcation region. The modulation equation and
spatial dynamics approaches substantially enhance our understanding of these degenerate
bifurcation points. The presented theories are of higher order and take the form of fifth order
local or nonlocal Ginzburg-Landau equations. The study of these fifth order equations is of
great value since they are generic when the underlying system is translation invariant and
reflection symmetric in horizontal direction. The genericity implies they have wide applica-
tions not only in convective systems but also in other pattern forming systems that share
the same bifurcation properties.

Chapter 2 is the study of the canonical amplitude equation (1.6) that describes the bifur-
cation of stationary weakly subcritical and supercritical patterns. With control parameters
1 and b, the system is characterized by the coefficients of the nonlinear gradient terms a; and
as. These two coefficients allow us to predict and classify the properties of weakly subcriti-
cal or supercritical pattern forming systems. Several codimension-one curves in the (ay, as)
plane are discovered and each corresponds to different bifurcation behaviors. These two co-
efficients also have significant influence on the dynamics, especially the presence of gradient
structure (a2 = 0). Nonvariational dynamics are present when ay # 0 and are elucidated
in the numerical results. Among the stationary solutions, the front solution which connects
zero state to a spatially periodic state plays the most important role. The location of the
front in parameter p is treated as a Maxwell point. The spatially modulated solutions which
bifurcate from the periodic solutions demonstrate protosnaking behavior near this point.
These results allow us to locate the parameter region of localized states and also shed light
on their behavior in general pattern forming systems.

Chapter 3 is the study of two-dimensional convective systems with a large scale mode
(rotating convection and magnetoconvection) in which the localized states form a slanted
snaking structure in the bifurcation diagram. To study the formation of such localized states,
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I examined the behavior near the codimension-two point (r,£?) = (0,1/3) (described in sec-
tion 3.2) described by a fifth order Ginzburg-Landau equation with nonlocal terms. With
periodic boundary conditions, two possible bifurcation pictures are discovered. When ¢ > 0
(cf. section 3.53), the primary branch at the band center allows only a finite number of
secondary branches and the number of secondary branches increases as the Taylor number
Ta (or Chandrasekhar number Q) increases. Regarding stability, among the modulated solu-
tions, only the ones lying on the secondary branch closest to the onset of primary bifurcation
are stable while the others are all unstable. The primary branch itself is stable before the first
and after the last secondary branching points. There are also regions of bistability between
modulated and periodic states. When ¢ < 0 the primary branch at the band center allows
an infinite number of secondary branches but all the secondary branches are unstable. The
effects of boundary conditions on the large scale mode and slanted snaking are examined
at the end of the chapter. With mixed boundary conditions (3.72), the large scale mode
becomes linearly damped and we observe a transition from slanted to regular homoclinic
snaking.

Chapter 4 is the study of stationary SH35 (4.9), a fourth order nonlinear ODE. This
chapter is different from the previous two chapters in several aspects. The motivation is to
explore the solution space of stationary SH35 by deriving nontrivial exact solutions of the
equation. Instead of relying only on the standard bifurcation theory approach, I applied tech-
niques from complex analysis to the nonlinear ODE and discovered all the possible classes
of meromorphic solution and found exact expressions for them. Based on these results, a
one parameter family of real exact solutions was obtained. These solutions are of two types,
differing in their symmetry properties, and are connected via an exact heteroclinic solution.
The real exact solutions are then used as initial conditions for a numerical bifurcation analy-
sis. Most of the exact solutions lie on modulated branches that bifurcate from k # 1 periodic
states. But as the parameter b approaches the value corresponding to the exact heteroclinic
solution, a plethora of isolas is observed.

5.2 Ongoing work

There are several ongoing projects which I am currently studying. One of these is the
study of SH23 with a dispersive term which breaks spatial reversibility

Up = P+ Ygyy — (1 +8xx)2u+bu2 —ud. (5.1)

This equation has been studied before in [83] which is mainly a numerical investigation
of localized states. The effect of breaking spatial reversibility occurs in convective systems
when the direction of gravity is not exactly aligned with the direction of applied temperature
difference. Here the dispersive term u,,, leads to drifting patterns and no stationary localized
or periodic solution exists when v # 0. The system is no longer variational due to the
presence of u,,, and there could be interesting dynamics associated with this. I analyze
the dependence of the drift speed of the traveling solutions on v and use these results to
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demonstrate the nonexistence of traveling periodic solutions in certain parameter regions.
More precisely, there is no periodic solution with period I less than v/27 when p < 1 — b?/4

and 27r/\/1 +/p+b%/4 when p > 1 — b*/4. This condition holds as the speed ¢ and v
tend to zero. In addition, I also show the localized and periodic solutions exist only when
> —%. This result yields a better bound compared with the one given in [69].

The modulation equation approach is also applied in Eq. (5.1). The periodic wavetrain
moves at velocity v while the amplitude modulation moves at group velocity 3. The small
amplitude solutions thus take the asymptotic form

~ {A(n, t2) ”W—l—cc}%—hot (5.2)

where 7 = €(x — 37t) and ¢, = ¢*t. When the parameter b is chosen away from the transition
region between subcritical and supercritical bifurcation, the amplitude function A satisfies

Ay, = [p2+ (44 3iem) 82 — 4@'632] A

Liel? Dich?
(398b2—3—“2—771> ]A\2A+3 D% AR A, + O(), (5.3)

where p = e 2y and ; = e !y. The steady solution of this equation can be compared with
the perturbed 1:1 resonance normal form with broken reversibility.

When b is close to the transition region, i.e., b* = 27/38 + €2by, a different scaling needs
to be considered and the small amplitude solutions now take the form

~ {A(n, ts) 2x7t+cc}+hot (5.4)

where n = €?(z — 3vt) and t, = €*t. Here the amplitude function A is governed by

38 2wg> APA - 8820]A|4A (5.5)

Ay = () A+ apa, . ( 5y, - 20 e
where 1y = ¢ *p1 and 75 = € 2. Through the study of these amplitude equations, we can
obtain useful information about the bifurcation behavior and explore new dynamics which
are not present in the case v = 0. The results have useful implications for convective systems
with broken reflection symmetry.

Another topic is the investigation of the generalized Swift-Hohenberg equation under
non-homogeneous forcing. In the practical setup of convection experiments, it is extremely
difficult to achieve the condition of homogeneous forcing due to various practical and physical
limitations. It will be useful to see how spatially dependent forcing alters the behavior of
convection, and especially of localized structures. 1 consider SH35 with two different types
of spatially dependent forcing:

uz) = r(l+acosz), (5.6)
uz) = 7’[1+0¢exp (_%)] (5.7)
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The first forcing corresponds to a periodic forcing with mean r and relative oscillation am-
plitude a. The cosine profile in the forcing allows a resonance with the intrinsic wavelength.
The second forcing models a homogeneous forcing locally perturbed by a Gaussian bump
with width o.

When a = 0, there are two types of localized solutions, each satisfying either even or odd
parity. Figures 5.1 and 5.2 show the bifurcation results with periodic forcing with o = 40.1,
+0.4, and £0.7. For even states, the snaking structure persists and increasing |a| leads

12 T T T T T T 1.2 T T T T T T 12
1r 1r 1r
08 r 08 r 0.8 r
06 r 06 06
04 r 04 r 04 -
02 r 02 r 02 r
0 s . . . . 0 s . . . . 0 s . . . .
-12 -1 -08-06-04-02 O -12 -1 -08-06-04-02 O -12 -1 -08-06-04-02 O

Figure 5.1: Bifurcation diagrams showing the L*-norm (vertical) of u as a function of r
(horizontal) for even parity branches with o = 0.1, £0.4, and £0.7 (from left to right) in
SH35 with periodic forcing. Localized branches represented in a solid line have a > 0 while
those in a dashed line have a < 0.
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Figure 5.2: Bifurcation diagrams showing the L?-norm (vertical) of u as a function of r
(horizontal) for odd parity branches with o = £0.1, £0.4, and £0.7 (from left to right) in
SH35 with periodic forcing. Localized branches represented in a solid line have o > 0 while
those in a dashed line have o < 0.
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to a broadening of the snaking region. When |«/| is small, instead of lying on two specific
values of r, the saddle-nodes appear at sequential locations ry — r4 — r9 — r3 — ;... for
positive «a, or ro — r3 — r1 — r4 — 79... for negative a. These values have relative order
r; <rjifi < j. As|a| increases further, the branches connecting the saddle-nodes between
ro and r3 annihilate and the number of oscillations in r decreases by half.

In bump forcing, the localized branches bifurcate directly from the trivial state as shown
in figure 5.3. These localized branches do not reconnect back to any other branch after
snaking but rather continue their way to larger amplitude states with a defect at the location
of the bump. Figure 5.3 shows the bifurcation diagram of even states with bump forcing
when o = £0.1 and £0.7. The bifurcation diagram of odd states is qualitatively similar to
the bifurcation diagram of even states. The behavior of the solutions depends significantly

12 T T T T T T 12
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02 02
0 s . . . . 0 : . . . .
-12 -1 -08-06-04-02 O -12 -1 -08-06-04-02 O

Figure 5.3: Bifurcation diagrams showing the L*-norm (vertical) of u as a function of r
(horizontal) for the even parity branches for a = £0.1 and +0.7 (from left to right) in SH35
with bump forcing. Localized branches represented in a solid line have o > 0 while those in
a dashed line have o < 0.

on the sign of a. When « is negative (forcing is larger at the center) we have localized states
located at the center but when « is positive (forcing is smaller at the center) the localized
states are located at the edge instead.

Future study will focus on the stability of these solutions and the associated dynamics
when 7 is perturbed slightly from the snaking region. I expect the spatial dependence of the
forcing selects the localized states and also their spatial locations. If there is a mismatch
in location, the localized state will drift and shift to the location with lower free energy.
This mechanism allows us to manipulate the localized states to desired length and location
dynamically by altering the forcing, which could have interesting applications.
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5.3 Future work

The generalized Swift-Hohenberg equation appears to be a good model equation for con-
vection problems, at least it captures the essential mechanism which governs the bifurcation
properties observed in the fluid systems. But little is known about the relation between
the model equation and the underlying physics. For modulation equations, which are only
valid under certain conditions (small amplitude, large domain,...), the derivation can be
rigorously justified and the coefficients are physically meaningful. This is not the case for
the generalized Swift-Hohenberg equation. For example, how do we pick the nonlinear co-
efficients in order to match a certain convection problem with given physical parameters?
This cannot be answered by the work done in previous literature.

A missing link that should be established is to rigorously derive a lower dimensional
equation that effectively captures the bifurcation behavior of convection problems, possibly
under certain approximation. This has only been done in the case of classical Rayleigh-
Bénard convection [84] but not for other convection problems. The effective equation may
not take the same form as the generalized Swift-Hohenberg equation but they should match
at least at the linear level. Such a study is definitely important since otherwise the study of
the generalized Swift-Hohenberg equation is more of mathematical interest than of physical
interest.

A topic I would like to study in the near future is to revisit the problem of inclined
layer convection in a more theoretical fashion, especially to establish the connection between
the full Navier-Stokes system and the Swift-Hohenberg equation. According to author’s
knowledge, besides the results from experiments [85], direct numerical simulations [86, 87],
and linear stability analysis [88], there has not been any nonlinear analysis performed on
such a system. It is surprising that such an important problem has not been well-studied.

Another aspect is the study of two-dimensional Swift-Hohenberg equation. According
to [84], in order to describe the three-dimensional convection the Swift-Hohenberg equation
should be effectively two-dimensional and the nonlinear terms are nonlocal. This renders the
two-dimensional Swift-Hohenberg equation an integro-differential PDE. This fact seems to
be overlooked by contemporary researchers. I am interested to study this type of equations
and compare them with the local version.

The last aspect I would like to mention is how do physical limitations affect the patterns
that can be observed. In a real set-up, there are no idealized boundary conditions such as
stress-free boundary conditions and an important question is how to suitably incorporate
the experimental boundary conditions. In principle, the properties of the boundaries can be
calculated from first principles using techniques like molecular dynamics simulation. But in
the theoretical aspect, it will be more useful to derive the effective theory for the boundary
conditions from microscopic physics that match with the experimental results and are, at
the same time, applicable to the macroscopic formulation. Besides the boundary conditions,
the applied temperature difference would be practically impossible to be a constant in both
space and time. Due to thermal fluctuation or other physical limitations, the forcing itself
will be either stochastic or deterministic but with spatial-temporal dependence. These could
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have significant effects of pattern selection as indicated in our modeling result of the Swift-
Hohenberg equation (section 5.2) and the study of rotating convection (section 3.6).
The investigation of these topics will lead to better understanding of pattern formation

in fluid systems.
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Appendix A

The generalized Swift-Hohenberg
equation near the subcritical to
supercritical transition

We start from the generalized Swift-Hohenberg equation

up = 1u— (14 ) u+ f(u), (A1)

where u = wu(x,t) is a real-valued function and f(u) is a smooth function with Taylor
expansion

flu) = fou® + fsu® + fou* + fzu® + O(u®). (A.2)

Here r is the bifurcation parameter and the transition from subcriticality to supercriticality
occurs at r = 0 when 27 f3 + 3812 = 0.

To focus on the vicinity of this transition we write 7 = €*y and f3 = —% 12 + €2b, where
p and b are O(1) unfolding parameters, and consider the following multiscale asymptotic
expansion

u(z,t) ~ Ze”un (2, X =2, T =€), (A.3)

n=1

Substitution of this expansion into Eq. (A.1) leads to the following sequence of linear prob-
lems

Mu1 = O,
MUQ = fguf,
38 9 3
Musz = —4 (U120 +u1)y, — 2—7f2 uy + 2 fouguy,

38
Muy = —4(Uggze +U2)y, — gffufw + 2 fourug + fous + faud,
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38
Mus = —4(u3 + Usze) Xz + 2f2(Urug + usug) + bui — 9 (3 + urus) fyw
Fpy =ty — 2ur xx — 6uy xxee + fsug + 4fsuius.

Here M is the linear self-adjoint operator M = (1 + 0,,)>.

At each order the homogeneous problem Mwu = 0 has four independent solutions, two that
are periodic in x and two that diverge as |x| — oo. Thus at each order the homogeneous
solutions must take the form A, (X,T)e” + c.c., where the A, denote the corresponding
amplitude. Without loss of generality we set A; = A(X,T) and A, =0 for n > 1, and seek
an evolution equation for A(X,T).

The solutions u,, forn =1,...,4 are
u = Ae® +cc.,
A%
Uy = fo {?ezm + c.c.} + 25| A,
Us = —5—46 + c.c.,
4013 Ateti 72713\ |A|2PA%e*™®  16ify AAxe*™

= — 4f, — .C.

e {(f4 ) 5 T\MiT T 9 o7 e

o

At O(¢€) the solvability condition yields the amplitude equation

32 f2 19603 58fof,

Ar = uA+4A
T=pA+EAxX T 31 3

|APAx + 3b|A]?A — 2 ( - 5f5) |AI*A. (A.4)

This equation can be identified with Eq. (1.6) after a rescaling, yielding

4 81 .\ V2
ayp = 21{;- (fz - f2f4 392f) , ax =0, (A-5)

provided f3 — £ fofs — 555 f5 > 0.
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Appendix B

Heteroclinic and homoclinic solutions
in GL35

When £ =L =0 and p = ppy, if b > 0 and S < 0, the heteroclinic solution connecting
the states A =0 and A = Ry exp(ikyx) can be found explicitly:

bx
b 1 a +ay, |LHexp (iﬁ>

R2 = 75 ) ¢::F log

(B.1)

Here and hereafter we have omitted arbitrary constants xy and ¢y determining the location
of the front and its phase at this location. The resulting solution is shown in figure 2.7.
This solution remains valid when ps, = pas, i.e., when the condition (2.19) holds and the
heteroclinic orbit connects the origin to a non-hyperbolic equilibrium (in time).

When L = 0 the amplitude R can take on both positive and negative values since the
phase ¢ jumps by 7 each time the amplitude R passes through zero. Thus homoclinic orbits
are present in figures 2.5(a)—(f) provided the energy E is selected to coincide with the local
maximum of the potential U(R; u, L). There are three type of homoclinic orbits when L = 0:

(1) Homoclinic orbit to the origin: This type of solution occurs when £ = 0 and p < 0,
and has the form

” &6

B &1+ (& — &) cosh? (y/—px)’ (B.2)

43
satisfy b > 44/uf. The phase varies according to

_ A/b2— —bh—r/b2—
where & = w, and & = %. When § < 0, the coefficient b must

¢ = —“i—j;%? tan~* ( _E—étanh\/—,u:c) , if B> 0; (B.3)

o -t (o) 000
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The potential U(R;pu,0) for § > 0 is shown in figure 2.5(a) while that for 5 < 0 is
shown in figure 2.5(c). In the degenerate case p = 0, there is a homoclinic orbit that
decays algebraically to the origin. This occurs when £ =0, b < 0, and § > 0:

b b2m2 ! L aytay, [ bx

A typical solution of this form is shown in figure 2.8.

(2) Homoclinic orbit to a nonzero equilibrium crossing R = 0:

& &osinh? <\/ Mt 1157155)
fgcosh2 (\/,u + %m) - §1‘

Here & = ——V> 120 ‘é);_muﬁ, g = AV P W, and E = U (/&) corresponding to the

local maximum of U. When § > 0, p must be positive with b < —2y/3u3. When

B < 0, p can be either positive or negative. But if p is negative, b must satisfy
H p H

b > 4+/uB. The phase varies according to

- (alﬂm o tanh/u+e1) /2% . )
¢ = —n12 {5 T — 5 tan” ( N )} , if B> 0; (B.7)

(a1+a2 1 tanh/u+(b¢1) /22 .
o= [fla: Ft nh™ ( =YY )] , it 5 <0. (B.8)

The relevant potential U(R; i, 0) for > 0 is shown in figure 2.5(d,f) and for 5 < 0 in
figures 2.5(b,c).

R? =

(B.6)

(3) Homoclinic orbit to a nonzero equilibrium which does not cross R = 0:

&1€ocosh? (WM + %x)
&1 + Eosinh? (\/ B+ b%lx) |

Here & and & are as in (2) above, and F = U (\/E) again corresponds to the local
maximum of U. When S > 0, 4 must be positive with b < —2+/3uf. When g < 0, u
must be negative with 24/3uf < b < 4y/uf. The phase varies according to

¢ = —luta) {glx + 5 tan~ (\/g—j — 1tanh\/u + %x)} , if B> 0; (B.10)

Qb _ a1+a2 |:£ T — tanh ( /1 — 5_2tan}h /Iu—|— b&1 ):| , 1fﬁ < 0. (Bll)

The relevant potential U(R; i, 0) for 8 > 0 is shown in figures 2.5(d,f) and for g < 0
in figure 2.5(e).

R* = (B.9)
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When L # 0, only homoclinic orbits are present (figures 2.6(a,c)). For such an orbit the
energy E again coincides with the local maximum of the potential U(R; i, L), assumed to be
located at Ry = /&. With & and &3 as the other two roots of the polynomial & [E — U(\/E)] ,
assumed distinct and different from &;, a homoclinic orbit with a turning point at /&, has
the form:

(& —&)(& - &)

& — &1+ (& — &)cosh? [\/5(53 —&)(& — 52)5’3]
with the phase
1/2
¢ = _@ {51.:1: — %tan_l [(2 : Z) tanhy/B(& — &) (& — } (B.13)
. ay + as tan~! [\/ E tanh VB(& — &) (& — ’ 0
+(°°+ 4 51) v VB&:Es e
1/2
¢ = _@ {flx — ﬁtanh_l [(2 :Z) tanhy/B(& — &) (& — } (B.14)
) ay + as tan~! [\/ E tanh VB(E& — &) (& — £5 <0

Here k, is the wavenumber at the equilibrium. The relevant potential U(R; u, L) for 5> 0
is shown in figure 2.6(c) and for 5 < 0 in figure 2.6(a).
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Appendix C

Bifurcation analysis near ;=1 in
GL35

As already noted that the first primary bifurcation occurs at p = 0 generates steady
spatially homogeneous states characterized by wavenumber k£ = 0. Here we study the second
primary instability, characterized by states with wavenumber k£ = +1.

C.1 Thecase a;=ay=0

When a; = ay = 0 Eq. (1.6) has the symmetry O(2) x O(2) with the first O(2) generated
by the operations * — = + 9, A - A and © — —x, A — A, and the second O(2) generated
by the operations © — z, A — Aexpi¢y and x — =, A — A*. At u = 1 the trivial state
A = 0 loses stability at a steady state bifurcation to modes with wavenumber k = +1. Over
C the multiplicity of the zero eigenvalue is therefore two while over R its multiplicity is four.
The bifurcation is thus properly analyzed as a mode interaction problem and we write

Az, t) = v(t)e™ + w(t)e ™ + h.o.t. (C.1)
The symmetries of the problem act on the amplitudes (v, w) as follows:
Ttz (v,w) — (ve™ we ), r——x: (v,w)— (w,v); (C.2)
A=A (v,w) — (ve'® we'™), A=A (v,w) — (w,0). (C.3)
It follows, cf. [44], that the normal form near p = 1 is
O = M+ by |v]*v + be|w|*v + h.o.t., i = v + bo|v[*w + by |w|*w + h.o.t., (C.4)

where A = — 1 and the coefficients b; = b, by = 2b are real. It follows that near p = 1 there
are two distinct nontrivial solutions corresponding to (v, w) = (v,0) and (v, w) = (v,v). We
refer to these solutions as RW: A = vexpix and SW: A = 2vcosx. The stability of these
solutions is determined by the coefficients by, by [44].
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C.2 Nonzero a; or ay (or both)

When a; or ay is nonzero Eq. (1.6) has the smaller symmetry O(2) x SO(2) generated
by the operations © — = + 9, A — A and * — 2, A — Aexpi¢gy and the reflection x —
—x, A — A*. Since the linear problem is unchanged the multiplicity of the zero eigenvalues
remains four over R, but the amplitude equations must now respect the symmetries:

T x+xg: (v,w) = (Ve we ), A= ™A (v,w) = (ve'®, we'), (C.5)

together with
r— -z, A= A" (v,w) = (0,w). (C.6)

Thus
¥ = v+ byi|v|*v + bis|w|*v + h.o.t., W = Av + byt |v]*w + byo|w|*w + h.ot.,  (C.7)

where A = p — 1 and the coefficients by = b — a; + ag, b1z = 2(b — az), by = 2(b + as),
and bypy = b+ a; — ay are real. These equations admit a pair of distinct RW solutions
(v,w) = (v,0) and (v, w) = (0, w), hereafter RW*: A =vexpiz and RW™: A = wexp —iz,
both of which bifurcate from p = 1. The equations, in addition, admit mixed modes of the
form (v, w), vw # 0, hereafter MW: A = vexpix + wexp —ix, given by

]2 = =A\(b— a1 — ag)/A, lw]? = =\(b+ a1 + ay)/A. (C.8)

Here A = 3b* + (a1 — 3az)(a; + ag) is assumed to be nonzero. These expressions imply that
the MW only exist for |a; + az| < |b], in agreement with the calculation in Appendix D.
In particular, when |a; + as| = |b| the MW degenerate into one or other RW. In contrast,
when a; = ay = 0 the RW* branches become identical and the MW branch becomes SW
in agreement with the preceding section. In the special case a; = a; the RW* branches
become identical (cf. Eq. (2.18)) while in the case a; + a; = 0 the MW become SW with
|v| = |w|. These results explain the absence of an MW branch in figures 2.17(a,b) and the
presence of an SW branch in figure 2.18. They also explain the presence of an MW branch in
figure 2.19, where the MW branch bifurcates simultaneously with the RW=*. The stability of
the above solutions is determined by the coefficients by, b1, ba1, bao, although the branches
are initially all unstable owing to the inherited unstable & = 0 eigenvalue.

The above results describe fully the bifurcation behavior near the £ = 1 primary bifurca-
tion and are readily generalized to k # 0, 1. Global results based on the particle-in-a-potential
formulation are summarized in the corresponding bifurcation diagrams.
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Appendix D

Calculation of 2—5 and % on primary
branches

The direction of branching at the bifurcation point is determined by the sign of the
quantity % — Uy, L% —Up,,. This quantity measures the parameter dependence of the energy
difference between that of the periodic orbit and the minimum of the potential U(R; u, L)
and must be of the same sign as j — p for a periodic orbit to be created as p changes. Here
1o is the value of p at the bifurcation point. Hence to determine the direction of branching,

we need to compute % and %. At the bifurcation point, the following conditions hold:

2m2n?

U(Ro; po, Lo) = Eo, Ur(Ro; po, Lo) = 0, Urr(Ro; po, Lo) = 2

(D.1)

The subscript 0 indicates that the quantity is evaluated on the primary branch. If p is
changed by a small amount, ug — po + ou, then Ey — Ey + 0F, Ly — Lo+ 0L, and the
position of the local minimum of U will be shifted from Ry to Ry + d Ry. Since Ugr = 0 along
the primary branch, it follows that OrU (Ry + 6 Ro; o + 0pt, Lo + 0L) = 0, and hence that

IRy 1 oL
—=-U Upr,— + U . D.2

5 RR( RLg T Ru) (D.2)
To calculate the period of amplitude modulation under small perturbation, we need to expand
the potential energy locally up to fourth order in r = R—(Ry + 0 Ry). To simplify expressions,
let Uy = U (R; po, Lo) with U representing U (R; pg + 0p, Lo + 0 L) unless otherwise specified.
The potential can be expressed in the form

URR(RO —+ 5R0) 9 URRR(RO + (5R0) 3
9] At 31 "
+URRRR<]jf +0Ro) 4 +0 (), (D.3)

UR) = U(Ro+6Ry)+
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and this expansion employed in the computation of the half period of amplitude modulation:

}f mer AR Ty calculate the integral, consider the change of variable
min  /Eg+6E—U(R)

As® = U(R) — U(Ry + 6Ry), (D.4)

where A = Ey+0FE — U(Ry + 6Ry). Then

20 | U A1/2 50255 — 3UrrrrURR) A
r=4/— s (5Usnn AR LD e (A?%). (D.5)
Substituting this expression into the integral yields
Urr 5U%rr — 3UrrrrURR 3/2
—1= A+ 0 (AY D.6
and hence
OR, oL
Us.rra—— + Uorr— + Us RRp
O O
oF 0L 5U2 — 3U, U,
_ (B %k o, 0.RRR 20,RRRR 0.RR (D.7)
o Top 12U5 rr

max

A similar calculation to match the change of phase f R,

ields
\/7 y

5 ( Urr ko — k) _ (5U}22RR - 3URRRRURRk0 _ krUrgr | kRR) A+ 0 (AY2)

and hence
0Ry 1 6L oF oL Uo.rrR krr
k U U, ——kp — D.8
< o op "R R3 5#) (5,“ OL5N : ) UgRR " Uorr | (D8

where k = ¢, is a function of R and L. The derivatives in these two relations are all
evaluated at the bifurcation point 1 = pg. From the three relations above, we obtain the
quantity Cfl — Uy & d — Uy, and thereby determine the direction of branching.

The directlon of branchlng of SW can be calculated in the same way. Since the SW are
characterized by L = k = 0 and are only present as primary bifurcations when a; + ay =0
the direction of branching is only determined by ‘é—’j, where

dE U+ 12U5 g (Uo,rrp — UO,RRRUQ_,}:;RUO,RM) o Ap (D.9)
dp 5U3 prr — 3Uo,rrrRUO,RR 3b° '
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Since p must be positive in order that the bifurcation be from A = 0 the direction of
branching is determined solely by the sign of b (subcritical if b > 0, supercritical if b < 0).

The direction of branching of quasiperiodic states that bifurcate from A = 0 can also
be calculated. These branches appear at pyp > 0 when a; + as # 0. The condition gy > 0
implies that R = 0 is a local minimum for U when L = 0. As L becomes nonzero, U becomes
singular at R = 0. But since pg > 0, a local minimum of U appears close to R = 0. With
the change of variable

R? E

L] 2 (L)
the half period of amplitude modulation and the corresponding phase change can be written
as:

p (D.10)

et 2 , (D.11)
Rpin VE=U 2 Jomin VY —1—ulp;p, L,7)

frer kdR 1 frmeesen(L) (p+a) T - ==L (p4) D19
T JT - 5 ) - P, ( . )

Rinin E U Pmin \/M’Y - 1_u<p7,ua L”Y)

where p/ = p+ 39220y = —2“],3‘L‘ and
b|L

w(ps py L,y) = p'p* + % (p+7)° +BL2(p+7)". (D.13)

2o !
To compute the asymptotic behavior of these integrals for small L, we assume that L = €L,
i= g + €fi with g = k?, and v = vy + €7, where € < 1. We next define p. by the following

relation:
bIL|

As L tends to 0, these integrals equal to and 7, respectively, and are independent of +.

Wot=pp+ = [0+ =T+ BL2 [(p+ 1" =],
with the property that lim. o p(€) = p. When € is small,
eb| L
p=pe— 4| | (2 +3pey +37%) + O(€%).
Ho
Substituting this into the integrals (D.11)—(D.12), we see that the O(e) terms give
2%+ (3as — a1)L + 3v0b|L| = 0, sgn(L)b+ poyolay + as) = 0. (D.14)

Since vp > 0, 1o > 0 the sign of L must be the same as —b(a; +as). As e — 0, pp72 — 1 must
be positive implying that [b] > \/pg|a; + az| in order that a branch of quasiperiodic states
exists. Substituting 7 into the first relation in Eq. (D.14), we obtain a relation between p
and L along the branch, viz.,

2(p — o
L:_3 ( )3b2 +O(|,U/—,LL0|2)
a2 —ay — po(ai1+az)

This prediction agrees with the result shown in figure 2.19.



137

Appendix E

Derivation of the nonlinear phase
equation in GL35

Here we present the derivation of the nonlinear phase equation as described in section 2.5.
Before presenting the calculations, we remark that at the onset of phase instability f = 0
is equivalent to 2g9 = —byb_, where by are given in Eq. (2.56). This relation will be used
several times in the calculation to simplify expressions. Applying the scaling assumption
introduced in Eq. (2.54) the O(€?) equation yields

290r® = b_¢, (B.1)

indicating that the perturbed amplitude is slaved to the gradient of the phase. The relation
at O(€®) is automatically satisfied. At O(e*) and O(€°) one obtains, after using the relation
in Eq. (E.1),

~2g0r" + 005 = 9o /by + 67 [(8ko +b)/(2b4) + (2R V) /b5 + 1]

20 [(ar — a0) 0, R — 200, R2 . +2)/b.] (E.2)
by + 0%k = oF + O R3  pia(an + az) Py Jby + (by + 4ko) oLy o' /02 (E.3)

Since 2gg = —b,b_ we see that Eq. (E.3) is proportional to the spatial derivative of Eq. (E.2).
The nonlinear phase equation (2.55) now follows on eliminating ") between these two equa-
tions.
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Appendix F

Branching direction of the convecton
branches

We begin with Egs. (3.15) and (3.16) and compute the secondary branch of stationary
modulated solutions using weakly nonlinear theory, following [19]. These equations have the
stationary equilibrium (A, V') = (Ao, 0), where without loss of generality Ay = /2r/(1 — £2).

We seek nearby solutions in the form
A= Ay(1+ A(X, 7€), V =V(X,T;e), (F.1)

where 7 = €Ty and A = €A, + 2 Ay + 3 As+..., V = eV +2Va+ €3V +. . .. Here € is defined
implicitly by the relation r = 7 + €27, where r = r; denotes the location of the secondary
bifurcation. Since the imaginary part of A decays to zero we take A to be real. At O(e)
we obtain a linear eigenvalue problem for r; with solution [11 = 12111 cos X, f/l = f/H sin X,

where 2l e 48
J— ~ frl ~
= — =———A41. F.2

1 9 (352_1)7 Via I(1—¢2) 11 (F.2)

In the following we assume that £ < 1 so that the periodic state (Ag,0) is supercritical.
Thus a secondary bifurcation requires that 362 — 1 > 0.

Second order

At O(e?) we obtain

Agxx — 2 Ay — EVox = 3r A2 + €A Vix, (F.3)
of 457”1 1 257“1 12
‘/2X+1_—£2A2:—1_—§2A1+C27 (F.4)

where (5 is a constant of integration. The requirement that (%X> = 0 determines C5 and
leads to the solution

1212 = AQO + AQQ COS 2lX, ‘72)( = ‘722 COS 2lX, (F5)
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where ) 7er 3 . ~ - ~ 2§r1 .
Agg = MAH, Agg = ZAH, Vos = 1= 5 Al (F.6)
Third order
At O(e?) we obtain
Asxx — 2r Ay — EVax = 27 Ay + 611 A1 Ay + 11 AY + EAVix + EA Vo, (F.7)
‘@X+£%2 A, = 1%22A1_£%Eggug+mg. (F.8)

The requirement (Vsx) = 0 establishes that C3 = 0. Elimination of terms proportional to
cos X from the equation for A leads to the solvability condition

f_l(;2%3Aﬂ’ ()

where [ = 27/I" and I" is defined in Eq. 3.31. It follows that the secondary branch is
supercritical (7 > 0) if €2 < 3/7 and subcritical (7 < 0) if €2 > 3/7, in agreement with the
numerical results in section 3.2. These results can also be obtained from a careful study of
the conditions (3.26) using the potential U[p] given in Eq. (3.25) with K; = 0 [20].
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Appendix G

Derivation of the modulation
equations for magnetoconvection near
the codimension-two point

Here we apply the scaling assumption given in section 3.3 for the perturbation expansion.
To simplify expressions, we use in the following notation

V2 =04 +0.., J(u,v) = upv, — u.vy,  J(u,0) = uxv, — u.vx,
Pam = — (°K* + m27T2)3 + Ra.n’k® — Q:m*n? (n’k* + m*n?) .
The equation takes the following form at each order of €

V* Ra.0, Q.(0.V?
M¥,=| 8, V2 0 U, =f,, (G.1)
9. 0 (V2

where W, represents (¢, 0, An)T and f,, is a vector with components as a polynomials of
1y s Un_1, 01, .., 0n_1, Ao, ..., Ap_1, and their derivatives. Eq. (G.1) can also be written as
a single equation with respect to v,

Mwn = (V6 - Racaxx - QCaZZVQ) wn = v2fnl - Ra'caxfn2 - Qcazvzfn?r (GQ)
We solve this equation for 1, and determine the corresponding 6,, and A,, from Eq. (G.1).

First & second order

At O(e), f; = 0. The resulting homogeneous problem has a solution of the form

a -

P = éelkx sin(mz) + c.c.,
ika

0 = %e”“ sin(mz) + c.c.,

A = [Qeike cos(mz) + c.c.

2p¢
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Note that the linear operator M in Eq. (G.2) is self-adjoint with kernel e*** sin(7rz). This
facts simplifies the solvability condition at each subsequent order.
At O(€?) £, is given by
fo = o7 (1, Vi) — QcCI (A1, V2 A,
fo2 = —J(01,9n),
fos = —J(A1, ).

The solvability condition for ¢, is always satisfied at this order and ¥, is given by

¢2 - 07
k?|al? sin(272)
92 = - )
8mp
Z'7T2€2ikxa2
Ay = Ay(X,T _— .C.p.
2 20( X, )+{ 16kC2p —|—CC}

The homogeneous term A,y plays an important part in what follows.

Third order
At O(é?) f3 is given by
fs1 = =4V xo — Racbh x — qCV? A + 07! [T (e, V21) + J(¥1, V)]
—QcC [2A1,sz +J (Al, V2A2) +J (AQ, V2A1) + AO,XVQALZ] — 1901 4,
fao = J(W1,00) + J(2,0h) — 1. x — 201 xa,
faz = J (Y1, A2) + J (2, A1) — 2CA1 x0 — 1,2 Ao x-
The solvability condition for w3 gives
k2ry — pr2q
2
which corresponds to the O(e?) terms in Eq. (3.37). The solution ¥y is

ate’* Qw4 (9k? 4+ 72)(k? — 7?) sin(72) B la1 2 a1e™** Ra k* sin(372)

a— Q.priaAy x — ¢ lal?a = 0, (G.3)

v = 8p*(*pa1 16pp13 e
0. — ik3|al?e*a(p13 — Ra.k?)sin(37z) N 3iQ ke’ a3 (k* — 72) sin(rz)
’ 16pp1s (2 + 97?) 8p2p5 (2
axe®®(k? — ) sin(rz)  ik®|a?e* asin(nz)
— 2 — 16,7 c.c.,
A, — Te* Ay xa cos(rz) N ikme™ ay cos(rz)  e™*la|*ar® cos(mz)  3Rack*me™|al*a cos(3m2)
20p p*¢ 16p°¢? 16pp1sC(k? + 972)

a3edike COS(7TZ>7Tg [2@67#(9/@4 — 8k2n? — 7T4) — ppa1]

16p2C3pa (9K + 72) + c.c.
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Fourth order
At O(e?) £y is given by
3
fu = ot [2J(¢1,¢1 xa) +J (1, V) +ZJ ¢n,v2¢4—n)]
n=1

—Ra.0y x — q¢ (V2A2,z +J (Ab V2A1)) —2QcC Az xz2 — 4V2¢2,Xx —1als
3

—QuC [Apx VP Ag. + 27 (Ar, Avxa) +J (AL V2AD) + 3T (An, V2 45) |
n=1
~ 3
f42 = —¢27X — 292,XI - J (91, w]_) - Z J (9717 w4—n) 9
n=1
~ 3
fiz = —ZCAQ’XJU - <A07XX - Ao,XﬁbQ,z —J (Ala %) - Z J (An71/}4—”) :

n=1
The solvability condition for v, is always satisfied. But while solving A4, the Laplace operator
gives another solvability condition that corresponds to the O(e?) terms in Eq. (3.38)

7.‘.2‘&’2
(A07X + 12 )X =0. (G.4)

The solution \1'4 is
21 (|a]?) i sin(272) (4Co ' p?m? + Ralp + 12Q.7* )

2p*Cpoz )
y Kl sin(r)m — Rack?) (0 +5r%) {mex nPne) } ;

32p°pram(k? + 972) 8p?
_ (|a*)x cos(2m2)k*(8¢o ™ 'p*m? + 2Rac(p + 24Q. " + po2) m2e** aax (3k* + 7°)

8p*poaC? { 16p*C2k?
inte?™ e |a|?a?(5k% + 72)(18Qk*1? — 16Q k*m* — 2Q.7° — pps1)
64kp>ps1CH (9K + m2)

+

im2e2heq? Ay
16kpC?

Here we only list the terms which are relevant to the solvability conditions at O(e’) and

O(€°).

+ c.c.} + ...

Fifth & sixth order
At O(€®) and O(e%), f5 and fg3 are given by

fa = { Z[ (Vs Vs noxa) + (Y V) | + Zan,v?wsn)}
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_477Z)l,XX;tz - 2V2¢1,XX - 4V2¢3,X;c - Rac93,x - 7“291,)( - 7“293,35 - T491,x

_C [Q(V2A3,z + 2A1,X:rz) + QC(ALXXZ + 2A3,X:rz + 2A1,X:EZAO,X + AO,Xv2A3,z):|

2 4
_Q C {Z [ (An> vaS n) + 2J(An7 AS n,Xx ] + Z J(An7 vaS—n)}
n=1

n=1

—qC¢ [ (Ay, 2142) + J(As, V2A1) + AO,XVZALZ} )

4 2
A S (U I oF )
n=1

n=1

4 2
fis = —ClAixx +245x0) = > (A, 52n) = Y J(An,tha—n) — Ao x¥s .,
n=1 n=1

5 3

fos = Aor—C(Asxx + 244 x,) — Z J(An, Yo—n) — Z J(An, 3) — Ao xta,.

n=1 n=1

The solvability conditions for 15 and Ag are

(fio + f Ao x + /]QA&X) a+daxy +i (Jax + a1lal’ax + aza’ax)

+ (50 + BlAO,X) |a|*a — ¢olal*a — Qepr?adsy x =0, (G.5)

and > .
Aogr = (A 2 Ty AT G.6
0T = 20,X T H Ap xlal® — WM + 02 m{aa’] o (G.6)

These two relations correspond to the O(e®) and O(€%) terms in Eq. (3.37) and (3.38). The
phase-like variable Ay can be redefined suitably to garner the Ay terms hence Ag contains
both the contribution of O(1) and O(€?). The coefficients given in Eq. (G.5) are

2 2
o = % fn=—pr’q,  fiz = —QCZ;T . d=06kp,
402 _ 1.2 4,2 2 _ 1.2
7= —]{?71'27“2/}9, bo = 2ar (T( 16];22 rak ) by = QCW L(lpgz i )7
o k3 (4Cp?m? + ReoCp + 12Q.0mh)[3Q .m0 + pl (k*m? + 2pok? — 37%)]
v 4p*po20?(?
pk3(9m? — k?) N Q. kmt(2k? + 372)
1672 4p2(2 ’
Gy = K3 (4¢p*n? + Re.oCp + 12Q.0mh)[3Q 710 + pC (K*n? + 2pok? — 31?)]
4p*poac?(?
pk3(m? — k?)  3Q k37t
1672 4p2(2 7
G — Q*m8(k* — 7?)(3k* — 16Kk*7? — 3n*)  K®p*(3k? + 1972)

32p31p3C4 32p137r4(k’2 + 97T2)
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_ KSp(k* +57%)  Q.m(21k" — 14k*7 — 3nY)
3272(k? + 972?) 64¢4p2(9k? + 2)

The coefficients for the stationary nonlocal Ginzburg-Landau equation Eq. (3.52) are

. 5 ;mr Qe . ?
po= o+ B o) - L (imaa) - S () + (g - o) ().
~ Qck7r4 . . Qkmt N km?rs Q.m? (|a| )
a = e + a0, ag = — e + ag, Y=-— » :_k q+—F—>5— NG 5
~ ~ 9 2. 2 B ~ o2 4 -
b o— T k7ry — pmq M7 n QT + 7
4pC? 2pQ.m? 2p¢? 4¢
_ _/]17'['2 72 ZN) _ /1277-2 + Qcﬂ- Qcﬂ- <| | > k2) . k27T2q
4 T pe N 2p2 T« W 16
) 3Q.°  bim? jigmt
c = + —

32pC3  4p¢? 16p2<4
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Appendix H

Coeflicients of the modulation
equation for rotating convection near
the codimension-two point

Here we give the explicit expressions of coefficients in Eq. (3.45).

e (e m27r2)3 + Ran*k* — Ta?m?*n?,
2 2.2 2 2
fio = w i = —(;ia, d— Gk, o kT2 ; 2Tac8)
- 2 _k2ro0 N k22
ﬂ? = ’5/1 = —k3, bo = 2p67r16p0 2 k‘Q, b1 = @7
G — FPURE+ 2+ 3po)(2kt — Ont 4 TR + 6k’n0) | OKAGBn K KT
8po20? 32 1672’
G — FPUAR +2m 4 3po) (k! = On! + TR 4 6kPno) | R34+ K
8po20? 32 1672’
6 — PRO9+3m%)  KwOR +7%) 9K SRR +5m°) (pis — 3K
128p31 (9k* + 72)  6402(9k* +72)  128py3 64p13(k? + 972)

The coefficients for the stationary nonlocal Ginzburg-Landau equation Eq. (3.52) are

T ) - (mm[aax O (af®) — 25 (al*) + 25 (Ja 5.
K k_3_~_~ cae A uzk
ap = 1 5 M2 — 71 aip, G2 = 3 1
5 — k 2 g k2 k'3 2
y = —7”2(7123 ”)_250(%+k3>:—2pk0—5+(%4 )<ya|>

o>
I

kE? (6n*  Ok*o T ~ k4 7r2k;2
A s o 2 9 _r
(-t )+ (o) (- )
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k* (om?  Sk*c | K (- kY w?k? 9
= 2(7— > —“1> *z(bl—ﬁ+ 802)<’a‘ )
N 3k bk
c = + — 4+ 0.

6402 4
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Appendix 1

Direction of branching in the fifth
order nonlocal Ginzburg-Landau
equation

In order for a modulated branch to bifurcate from the primary state, the "energy” F,
should increase above the local minimum of U[p]. This provides a route to compute the
change of (JA[?). To see this, first note that at the branching point we have

onm\ 2
UO = E2,Oa UO,p = 07 UO,pp - ( > . (Il>

ar

The subscript 0 indicates the quantity is evaluated on the primary branch. If p is changed by
a small amount, i.e., o — o + dp, the quantities Ey, Ea, pe, (|A]?), (|A*), and (Im[AA%])
will change accordingly by 6Ey, 0Fs, dp., 6 (|A]*), § (JA[*), and § (Im[AA%]) and are of
the same order as ou. Here p, corresponds to the local minimum of U[p] which satisfies
Up‘p:pe = 0. A leading order expansion of the condition Up\p:pe = 0 around the branching
point takes the form

0 = Uppudtt + U, 0E1 + Uopp0pe + U pqanyd (|AI) + Us pgamd (|A*)
+U0,p<IHl[AA§(]>5 (Im[AAX]) . (1.2)

The modulated solutions are subjected to the constraints
Pmazx dp _ 62_F Pmazx ¢Xdp _ 0

where ppin and ppq, are the minimum and maximum of the modulated amplitude. To evalu-
ate these integrals and the perturbation of nonlocal terms § (|A[?), § (|A[*), and § (Im[AA%]),
we introduce the change of variable

(1.3)

As® = Ulp] = Ulpe], (L.4)
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where A = Ey — Ulp,| is small and of the same order as ou. The dependence of p on s has
the form

2A N\ V2 AlV2g2 502 30U, U
p— pe= (—) s — Yom 3; + NS |+ O(A%). (L)
UPP 3\/§Upp 36Upp

Substituting these into the integrals yield

Uo,pond it + U ppr, 0 E1 + Up ppp0pe + UOWP(\AW(S <|A|2> + U07pp<|A|4>5 <|A|4>

* 5U02,ppp T 3U0,ppppU0,pp
—i_UO,/J/J(IIJH[AATX])5 (Im[AAX]) — 12Uo2,pp A =0, (1.6)
oF
— - % (|A]?) = (7 + a1 + a2)podpe
Po
U, A
+ (’71 “+ a1 + a2)M + 3’71 + a1 + a2:| = O, (17)
UO,pp 2Uv[),pp
A
3(IAR) = 2dp+ (1 Do) 2 (Ls)
UO,pp Uprp
U, Lo A
5 (|A* :4366+62(1— 0.00p ) , 1.9
(IA[*) = 4p30pe + 6 ) T (L9)
a; + a

5 (m[AA3]) = p3d (| A7) + 25 (4] — 0B, (L.10)

4
when Ky = 0. Here we ignore the terms higher than éu. With Eq. (C2) and relations
(1.6)—(1.10), we can determine how the conserved quantities and the nonlocal terms change

while varying parameter y locally at the leading order. But to get the dependence of § {|A|?)
on A, only Eq. (C2) and relations (I.6)—(1.8) are needed. After some calculations we have

_a
1203,
+2 (bo — p~*Us,pp) 8 {|A]*) = 0. (1.11)

[5U()2,ppp — 3Uo,0pppU0,0p — 6(/)_1(]0700 - U07ppp)2 + 2492(]0709(2'71 +a + a2)2]

Since A becomes positive right after branching we can thus determine the sign of 4 (|A|?)
and obtain the branching direction.
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Appendix J

Exact real solutions of SH23 with
dispersion

Here we study exact real solutions of SH23 with dispersion, Eq. (4.41), based on general
expressions for meromorphic traveling solutions presented in [78]. Traveling solutions of
Eq. (4.41) satisfy the ODE [83]

w" — ow"” + 2w — Cw' — aw — Buw? +yuw® = 0, (J.1)

where w(z) = u(z,t), z = v — Ct and C' is the speed of the traveling solution. Meromorphic
traveling solutions require o # 0; no such solutions are present when o = 0 [78] although
traveling fronts are of course present in this case, too. As before, we are primarily interested
in the physically more relevant case v > 0; the destabilizing case (v < 0) considered in [78§]
can be transformed into the stabilizing case using the transformation

w— —iw, [ —if. (J.2)

We assume that all coeflicients are real with o, 5 > 0 and set v = 30. Equation (J.1) yields

two Laurent series with different principal parts,
2 o 2 o

=4+ —4+0( =————+4+0(1). J.3

wie) = S+ =+ 0(1),  wy(z) = —= — = +0(1) (73)

When o # 0 exact real elliptic solutions, periodic on the real axis, are present. These

possess two poles within the periodic parallelogram when \/% <o <VTorV7<o<3.015

and take the form

w(z) = o (z+%)<zl)]2+ o o (24 %) lip (z—i—g)

p(z+4) -9 4ip(z+%) — p(=) 2
2302 — 196 \/42(1338402 — 43904 — 94101)

J4
o000 T 5880 ’ (7:4)
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where

(o) B0 =196 (36270 — 3864002 + 21952)
2) = —— =—
P4 5880 1372(9302 — 56) ’

g 23110* — 3802402 + 153664 (2302 — 196)(94390% — 15405602 + 614656)
2 =

6914880 BT 203297472000 ’
3/42(1338402 — 43904 — 94101) B
196 YT 13

The modular discriminant A vanishes when o = 28/v/127, /7, 1/833/89, and /32/41.

The periodic lattice I" is rectangular when \/% < o < /7 and rhombic (I admits a basis

{wy,w}) when 7 < o < 3.015. In the former case, w is chosen as one half of the pure
imaginary period; in the latter case w is set equal to w;. The solutions decrease to zero in
supremum norm as o approaches 28/ v/127. When o tends to v/7, the real period increases to
infinity and the solutions become homoclinic (pulse or hole, depending on the sign of Im|w]).
These solutions take the form

w(z) = icosh(ﬁz/l4)2+ sinh(v/7z/14) Lo (1.5)
14 cosh®(v/72/14) 4v/14
At this value of o the speed C' = 17/(28+/7) while a = —15/56, 8 = 45/(2V/14).
Stationary (C' = 0) real meromorphic solutions of Eq. (J.1) with ¢ = 0 obtain when
B =0 (i.e., the standard Swift-Hohenberg equation) and « € (—%, %) U (%, oo) in the two
poles case. These take the form

b=

o (2 +9) wy i
YO G e Tt E) T (3:6)
with 1-5 8—25
— I — (6%
2= 750 0 BT 81000 (J.7)

The modular discriminant A vanishes when a@ = —16/25 and 11/25. The periodic lattice I
is rectangular when —32 < @ < 41 and rhombic when a > 11/25. As before, w is chosen as
half of the pure imaginary period in the rectangular case and as the generator of the lattice
in the rhombic case. The solutions decrease to zero in supremum norm when « approaches
—16/25. As a — 11/25, the solutions become homoclinic and take the form

2sinh(z/v/5)
=t

5cosh?(z/v/5)
The elliptic solutions and the homoclinic solution computed in Eqs. (J.6), (J.8) have also

been derived in [77]. Sample solution profiles for ¢ # 0 and ¢ = 0 are shown in figures J.1
and J.2, respectively.

(J.8)



APPENDIX J. EXACT REAL SOLUTIONS OF SH23 WITH DISPERSION 151

@ i ®) . ©

w(x)
w(x)
wW(X)

o 50 50 o B [
X X X

Figure J.1: Solutions of Eq. (J.1) when ¢ # 0 as given by (J.4). (a) 0 = 2.5. (b) o = V7.
(c) o = 2.8. The solid (dashed) line corresponds to Imjw] > 0 (Imfw] < 0). The solid and
dashed lines coincide in (c).
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Figure J.2: Solutions of Eq. (J.1) when 0 = 0, 8 = 0 as given by (J.6). (a) a = —0.4. (b)

az%—é. (c) a=1.





