The dynamics of modulated wave trains

Arjen Doelman
Bjorn Sandstede
Arnd Scheel
Guido Schneider

Author address:

DEPARTMENT FOR MODELLING, ANALYSIS AND SIMULATION, CENTER FOR
MATHEMATICS AND COMPUTER SCIENCE (CWT), 1098 SJ AMSTERDAM, THE
NETHERLANDS

E-mail address: A.Doelman@cwi.nl

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF SURREY, GUILDFORD, GU2
7XH, UK
E-mail address: b.sandstede@surrey.ac.uk

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MINNESOTA, MINNEAPO-
Lis, MN 55455, USA
FE-mail address: scheel@math.umn.edu

FACHBEREICH MATHEMATIK, UNIVERSITAT STUTTGART, PFAFFENWALDRING
57, 70569 STUTTGART, GERMANY
E-mail address: guido.schneider@mathematik.uni-stuttgart.de



Contents

Notation

Chapter 1. Introduction

1.1.
1.2
1.3.
1.4.
1.5.
1.6.

Grasshopper’s guide

Slowly-varying modulations of nonlinear wave trains
Predictions from the Burgers equation

Verifying the predictions made from the Burgers equation
Related modulation equations

References to related works

Chapter 2. The Burgers equation

2.1.
2.2

Decay estimates
Fronts in the Burgers equation

Chapter 3. The complex cubic Ginzburg—Landau equation

3.1
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.

Set-up

Slowly-varying modulations of the k£ = 0 wave train: Results
Derivation of the Burgers equation

The construction of higher-order approximations

The approximation theorem for the wave numbers

Mode filters, and separation into critical and noncritical modes
Estimates of the linear semigroups

Estimates of the residual

Estimates of the errors

3.10. Proofs of the theorems from §3.2

Chapter 4. Reaction-diffusion equations: Set-up and results

4.1. The abstract set-up
4.2. Expansions of the linear and nonlinear dispersion relations
4.3. Formal derivation of the Burgers equation
4.4. Validity of the Burgers equation
4.5. Existence and stability of weak shocks
Chapter 5. Validity of the Burgers equation in reaction-diffusion equations
5.1.  From phases to wave numbers
5.2.  Bloch-wave analysis
5.3. Mode filters, and separation into critical and noncritical modes
5.4. Estimates for residuals and errors
5.5. Proofs of the theorems from §4.4

v

W N O b~ Www

— =

15
17

19
19
20
23
24
25
25
29
30
31
34

39
39
41
43
45
48

93
93
55
58
61
63



vi CONTENTS

Chapter 6. Validity of the inviscid Burgers equation in reaction-diffusion
systems
6.1.  An illustration: The Ginzburg—Landau equation
6.2. Formal derivation of the conservation law
6.3. Validity of the inviscid Burgers equation
6.4. Proof of the theorems from §6.3

Chapter 7. Modulations of wave trains near sideband instabilities
7.1. Introduction
7.2.  An illustration: The Ginzburg-Landau equation
7.3. Validity of the Korteweg—de Vries and the Kuramoto—Sivashinsky
equation
7.4. Proof of Theorem 7.2
7.5. Proof of Theorem 7.5

Chapter 8. Existence and stability of weak shocks
8.1. Proof of Theorem 4.10
8.2. Proof of Theorem 4.12

Chapter 9. Existence of shocks in the long-wavelength limit
9.1. A lattice model for weakly interacting pulses
9.2. Proof of Theorem 9.2

Chapter 10. Applications
10.1.  The FitzHugh-Nagumo equation
10.2. The weakly unstable Taylor-Couette problem

Bibliography

65
65
66
67
68

73
73
74

(0]
78
79

83
83
88

93
93
95

99
99
100

103



Abstract

We investigate the dynamics of weakly-modulated nonlinear wave trains. For
reaction-diffusion systems and for the complex Ginzburg-Landau equation, we es-
tablish rigorously that slowly varying modulations of wave trains are well approxi-
mated by solutions to the Burgers equation over the natural time scale. In addition
to the validity of the Burgers equation, we show that the viscous shock profiles
in the Burgers equation for the wave number can be found as genuine modulated
waves in the underlying reaction-diffusion system. In other words, we establish the
existence and stability of waves that are time-periodic in appropriately moving co-
ordinate frames which separate regions in physical space that are occupied by wave
trains of different, but almost identical, wave number. The speed of these shocks
is determined by the Rankine-Hugoniot condition where the flux is given by the
nonlinear dispersion relation of the wave trains. The group velocities of the wave
trains in a frame moving with the interface are directed toward the interface. Us-
ing pulse-interaction theory, we also consider similar shock profiles for wave trains
with large wave number, that is, for an infinite sequence of widely separated pulses.
The results presented here are applied to the FitzZHugh—Nagumo equation and to
hydrodynamic stability problems.
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NOTATION 1

Notation

Throughout this paper, we denote possibly different constants by the same
symbol C'. We denote by H/} the space of locally square-integrable functions on R
whose first m weak derivatives exist and are uniformly bounded in local L? spaces
and for which the spatial translation y — u(- +y) is continuous with respect to the
H'-norm. Their norm is defined by

lull = sup [[ul| g (z,041)
z€R

where the Sobolev norm || - || gm (z,+1) is, for each fixed z € R, given by

m

[l (zasty = 3 105ull 220 041)-
=0

We also use the weighted Sobolev spaces H™(n) which we equip with the norm

[l () = llwpill gom

where py(z) = /1 + |z]2.
u(z,t) solution to reaction-diffusion system
uo(wt — kx; k) wave train (27-periodic in argument 6)
0 =wt —kx travelling-wave coordinate (wave train)
k wave number
w temporal frequency
wni (k) nonlinear dispersion relation
cp = wnl(k)/k phase velocity
cg = dwni(k)/dk group velocity
A temporal eigenvalue
Alin (V) linear dispersion relation in comoving frame
v complex spatial Floquet exponent
¢ imaginary part of spatial Floquet exponent v = i/
(X, T) slowly varying phase
q(X,T) slowly varying wave number
<okl multi-scale expansion parameter
(X,T) = (6(x — cgt), 6%t) | slow space and time variables
Cy speed of viscous shock
Wi frequency of viscous shock
E=z—cid travelling-wave coordinate (shock)
T = Wyt rescaled time (27-periodic)
o=1—ko& co-rotating coordinate (wave train)
a(l) = [Ful(0) Fourier transform of u(x)
w(x, ) = [Ju](x, ?) Bloch transform of u(z)

When we fix a wave number kg, we will denote the associated frequency, group
and phase velocities evaluated at kg by wg = wni(ko), cg and 027 respectively. When
confusion is unlikely, we will drop the index 0.






CHAPTER 1

Introduction

We begin in §1.1 with a grasshopper’s guide which contains a brief outline of
our results and the plan of the paper. In the rest of the introduction, starting
with §1.2, we explain our results and their proofs in more detail. We finish the
introduction in §1.6 with references to related work and a brief discussion of open
problems.

1.1. Grasshopper’s guide

The issue investigated in this paper is the dynamics of slow modulations of
nonlinear spatially-periodic travelling waves, in the following referred to as wave
trains, in reaction-diffusion equations

Opu = DOypu + f(u), rzeR, wueR%

Let u(z,t) = wo(wt — kxz; k) be such a wave train whose profile ug(0; k) is 27-
periodic in #, and whose temporal frequency w and spatial wave number k are
related through the nonlinear dispersion relation w = wy(k). We define the group
velocity of the wave trains to be ¢g = wl;(k) and denote their linear dispersion
relation by A, (v). If we modulate the wave number k of the wave trains over large
spatial scales, we are led to an ansatz of the form

u(z,t) = up(wt — kx — ®(X,T); k + 60x (X, T)), (X,T) = (6(z — cgt), 5°t)

with 0 < § < 1, which turns out to satisfy the underlying reaction-diffusion sys-
tem formally to leading order provided the wave-number modulation ¢(X,T) =
Ox®(X,T) is a solution of the (viscous) Burgers equation

1 1
orq = 5)\{{11(0)8)()((1 - 5%/1(/@’)5)(((12)'

In this manuscript, we investigate the following issues:

o Validity results for the Burgers equation (setup: §4.1; results: §4.4; proofs:
85):
We establish rigorous error estimates for the approximation of slowly-
varying modulated wave trains via the Burgers equation over the natural
time scale of order 672. The error estimates are uniform in the spatial
variable x provided the wave-number modulation ¢(X,T') approaches lim-
its as X — Z4oo. These results are formulated and proved separately
for the complex Ginzburg-Landau equation (§3) and for general reaction-
diffusion systems. For the latter case, we also present approximation
results for the inviscid Burgers equation over time scales of order §—!

(6).
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e Modulation equations near sideband instabilities (§7):
When the underlying wave trains become sideband unstable, the Burgers
equation does no longer provide an accurate description of the dynamics of
slow modulations. Instead, depending on the form of the linear dispersion
relation, it is the Korteweg—de Vries or the Kuramoto—Sivashinsky equa-
tion that takes its role. We discuss their validity properties for reaction-
diffusion systems.

e Euxistence and stability of weak shocks (setup: §4.1; results: §4.5; proofs:
§8):
We show that the viscous shock fronts in the Burgers equation correspond
to genuine modulated waves of the underlying reaction-diffusion system.
In other words, we construct stable waves that are time-periodic in an
appropriately moving coordinate frame and whose profile converges, as
xr — Fo0, to two wave trains with different, but almost identical, wave
number. The speed of these interfaces is determined by the Rankine—
Hugoniot condition with the flux given by the nonlinear dispersion relation
of the wave trains. The group velocities of the asymptotic wave trains,
computed in a frame moving with the interface, are directed toward the
interface.

e Global analysis of trains of well-separated pulses (§9):
In the limit of infinite wavelength (or zero wave number), wave trains are
made up by an infinite number of well-separated pulses whose dynamics
can be described formally by a lattice dynamical system. In this descrip-
tion, modulated fronts that connect two such wave trains can be found
as heteroclinic orbits to a certain delay equation. We show that these
heteroclinic solutions exist between any two wave trains.

o Applications (§10):
The results presented here are applied to the FitzHugh—-Nagumo equation
and to the Taylor—Couette problem.

1.2. Slowly-varying modulations of nonlinear wave trains

We shall investigate the dynamics of weakly-modulated nonlinear wave trains
in partial differential equations (PDEs) on the real line. To set the scene, suppose
that we are given a reaction-diffusion system

(1.1) 0w = DOyyu + f(u), reR, wucR

Starting point of our investigation are wave trains which are solutions u(z,t) =
uo(wt — kx) of (1.1) that are 27-periodic in their argument 6 = wt — kx. Thus, w
may be interpreted as the temporal frequency of the wave train and k as its spatial
wave number; their quotient ¢, = w/k gives the wave speed, or phase velocity, of the
nonlinear wave. Typically, wave trains exist for an entire range' of wave numbers
k, and both the profile uy(#) and the frequency w will depend on the choice of k.
To reflect this fact, we write the travelling wave as

(1.2) u(x,t) = up(wt — kx; k)

and denote the frequency w selected by the wave number k by wy(k); we shall refer
to this function as the nonlinear dispersion relation.

ISee §4.1 for details.
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We will assume that the wave trains are spectrally stable: If we transform (1.1)
into the frame 0 = wt — kx and linearize the resulting equation about the wave
trains ug(60; k), we obtain the linear operator

(1.3) Lu = k*>DOggu — wdgu + ' (uo(0; k))u.

Since the coefficients appearing in (1.3) are 2z-periodic in 6, a complex number
A € C is in the spectrum of £, considered for instance on L?(R), if, and only if,
there is a wave number ¢ € R and a nonzero 2w-periodic function v(6; ) such that

Lu = Au, u(f) := v (0;0).

Elements A of the spectrum of £ come in curves A(if) that are parameterized by
¢ € R. In particular, translation invariance of (1.1) implies? that there is a spec-
tral curve Aj, (i) with A, (0) = 0; the associated eigenfunctions v(6;¢) have the
expansion
v(0;€) = dguo(0; k) — LOxuo(0; k) + O(£?).
Spectral stability of the wave train therefore means that the spectrum of £ lies
in the open left half-plane except for the curve A, (i¢) for which we assume that
1 (0) > 0.

The fact that wave trains exist for wave numbers k£ in an open, nonempty
interval of real numbers has interesting implications. We may, for instance, pick two
wave numbers k_ and k; from the admissible range and prepare an initial condition
which coincides with ug(—k_z;k_) on R~ and with ug(—k,z;k;) on RT, perhaps
with some smooth transition between the two patterns near £ = 0. The dynamical
behaviour of the resulting solution will reflect the interaction properties of the two
wave trains with wave numbers k_ and k. Worded differently, the region where
the transition from wave number k_ to ki occurs can be thought of as an interface
between the two patterns described by the chosen wave trains. Of interest is then
the dynamics of this interface.

More generally, we are interested in the dynamics of modulated wave trains. To
motivate the ansatz in which we shall seek solutions, we begin with a brief heuristic
discussion of local wave numbers; Figure 1.1 contains a graphical illustration. Since
uo(#) is 2m-periodic in its argument, we can interpret the number k in the wave train
uo(—kx) as the number of waves per unit interval: its wave number, in other words.
For functions of the form uo(—¢(z)), we may therefore regard the derivative 0,¢(x)
as the local wave number of ug(—¢(z)) near z. This concept becomes more plausible
and credible if 0,¢ varies very little in . Thus, pick a function ®(X) and choose
a small multi-scale parameter § with 0 < § < 1. The function ug(—kz — ®(dx))
has indeed, locally at x, a wave number that is given by k + d0x®(dx). This
interpretation may become more clear when specializing to ®(X) = X in which
case ug(—kx — ®(6x)) = uo(—(k + 0)z) so that local and global wave numbers
coincide.

Thus, exploiting the freedom we have in selecting the wave number, we choose
a smooth real-valued function ®(X) and consider a slowly modulated wave train of
the form

(1.4) u(z) = up(—kz — ®(dx); k + 00x ®(dz))

for 0 < § < 1, where we think of § as a small parameter that determines the
length scale over which the wave number is modulated by the function 0x ®. For

2See 84.1 for details.
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Cg

‘p —
_» M
FIGURE 1.1. The left panel shows a wave train that travels with
its phase velocity c,, while the right panel contains a modulated
wave train with its local wave number ¢ shown on top. The slowly-

varying modulation of the wave number propagates with the group
velocity cg.

d > 0 sufficiently small, it is reasonable to expect that the solution of (1.1) with
initial condition (1.4) remains a slowly modulated wave train: it should still be
of the form (1.4) for a function ®(X) that now also depends on time. If this is
true, then it ought to be possible to derive an effective evolution equation for the
time-dependent modulation .

Evolution equations that describe slowly-modulated wave trains have indeed
been derived in the literature, starting with the seminal work [23], and we shall
now describe the outcome of these analyses. First, we make the modulation ansatz

(1.5) w(z,t) = up(wm(k)t — kz — (X, T); k + 00x®(X,T))

for 0 < 6 < 1. The variables (X, T) represent the relevant length and time scales
over which the slowly-varying modulation of the wave number evolves. The correct
choice for (X, T) turns out to be

(1.6) (X,T) = (6(z — cgt), 6%t),
where
(L.7) ¢ = wia(k)

is what we shall refer to as the group velocity of the wave trains. In these coordi-
nates, the local wave number ¢(X,T) := 0x®(X, T) satisfies, to leading order and
on a formal level, the Burgers equation

1 1

(1.8) 9rq = 5N (0)0xxq — §w§f1(/€)3X(q2),

while the phase ®(X,T) itself satisfies the integrated Burgers equation
1 1

(1.9) or® = iA{ﬁn(O)ﬁxx‘I) - 5wgl(k)(axcb)?

At this point, two questions arise naturally:

e First, assuming that the description via (1.8) is correct, what do we learn
from it with regard to the dynamics of modulated wave trains of the
reaction-diffusion equation (1.1)?

e Second, can we prove that (1.5) and (1.8) together describe the dynam-
ics of modulated wave trains accurately? In other words, given a solu-
tion ¢(X,T) to the Burgers equation, is there a solution to the reaction-
diffusion equation (1.1) which differs from (1.5) by terms that go to zero
sufficiently fast as § — 07

3The term Burgers equation is often reserved for the inviscid Burgers equation without the
diffusion term in (1.8). We break with this convention and shall refer to (1.8) as the Burgers
equation.
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wave number

i/_; T N~
l\ l\ l\ I\I\I\ I\ I\ modulated I\ l\l\ l\ |\ l\ I\
wave
’\’\’\’\\\\\ wave train \’\\\\\’\\

modulation with zero mean modulation with nonzero mean

FIGURE 1.2. The difference between localized modulations with
zero (left) and nonzero (right) mean is illustrated. The upper row
shows the local wave number as a function of x, the resulting mod-
ulated wave is plotted in the center row, and the original wave
train is shown in the third row for comparison. The phases of
the modulated wave and the wave train at x = £oo coincide for
wave-number modulations with zero mean, while modulations with
nonzero mean generate a phase difference equal to the mean.

1.3. Predictions from the Burgers equation

To address the first question (whose answer will motivate why we may want to
look into the second issue), we briefly review* some key features of solutions to the
Burgers equation. First, we record that solutions ¢(X,T) of the Burgers equation
with sufficiently localized initial data decay to zero in L' NL> as T — oo. In terms
of (1.1), this means that localized perturbations of the wave number of the wave
trains will decay to zero.

Localized solutions ®(X,T) of (1.9), which correspond to solutions ¢ = dx® of
(1.8) with vanishing spatial mean, look very much like a Gaussian when renormal-
ized appropriately and, in particular, remain localized near X = 0 for all 7. Taking
into account the frame (1.6) in which the Burgers equation has been derived, we
see that sufficiently localized perturbations of the phase of wave trains decay to
zero in L' N L™ while being localized near = ¢4t when suitably renormalized.
This justifies the term group velocity for the quantity cg: it is the velocity with
which localized perturbations in phase or wave number propagate in time (see also
Figure 1.1). Localization of the wave number ¢(X,T) simply means that the wave
trains at X = £oo are the same. The phase ®(X,T) is localized precisely when
q(X,T) has vanishing spatial mean:

X o)

B(X,T) = / JY,T)VAY,  B(c0,T) — B(—00,T) = / ¢(X,T) dX.

— 00 — 00

Localization of the phase function ®(X,T) therefore means that the wave trains at
X = £oo are in phase, and the effect of (1.5) is simply to move some of the interior
waves forth and back. We refer to Figure 1.2 for an illustration.

Next, we shall focus on nonlocalized solutions of the Burgers equation. Of
particular interest are the viscous Lax shocks of (1.8). For any two given numbers
q—,q+ € R, the Burgers equation admits a travelling wave ¢(X,T) = ¢.(X — ¢*T)
with ¢, (X — ¢*T) — ¢4 as X — oo if, and only if,

(1.10) wi(k)(g+ —g-) <O0.

4Details can be found in §2.
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Thus, g— < ¢4 for w/j(k) < 0 and ¢+ < g— for W/ (k) > 0. If (1.10) is met, then
the wave speed c¢* is given by

N 1
(1.11) ¢ = 5%’1(]@)(% +q-),

and the front ¢.(X — ¢*T) is asymptotically stable. The Burgers equation (1.8) is a
viscous conservation law, and the inverse slopes of its characteristics to either side

of the front g, are given by

c;t = ng(k)Qi~

In particular, using (1.10) and (1.11), we have

(1.12) g > >,

and the characteristics therefore point toward the front interface which confirms
that the fronts g, are viscous Lax shocks. Of course, if (1.10) is not met, then the
characteristics point away from the transition area near X = 0, and we expect the
solution ¢(X,T) of (1.8) to behave in a way that is similar to rarefaction waves in
conservation laws.

Starting from a wave train with wave number k in the reaction—diffusion system,
the Lax shocks ¢.(X —¢*T) of the associated Burgers equation correspond formally,
via (1.5), to coherent structures of the reaction-diffusion system (1.1) that move
with speed ¢, = c,+dc* and connect the wave train with wave number k_ = k+4dq_
at X = —oo to the wave train with wave number k. = k + g+ at X = oo (see
Figure 1.3). Since the group velocities of the asymptotic wave trains are given by

wi(k +0q+) = Cg + win(k)dgs = Cg + 50;:
we can therefore conclude from (1.12) that
wn(k+0g-) > cg +0¢* > wiy(k + dqy).
Using the definitions k+ = k 4 dg+ and c. = ¢z + dc”, we finally get

wpy(k=) > ex > wyy (k).

Using the interpretation of the group velocity as the speed with which perturbation
propagate along the wave train, we therefore see that the asymptotic wave trains
transport perturbations toward the interface that separates them since its speed is
¢y = cg +0c”. Coherent structures with this property are often referred to as sinks
[50].

This ends our discussion of the dynamics of the Burgers equation and how
it relates to the underlying reaction-diffusion equation. In the next section, we
outline our approach for proving validity of the Burgers equation as the system
that governs modulations of nonlinear wave trains and the existence of the Lax
shocks we discussed above in the reaction-diffusion equation.

1.4. Verifying the predictions made from the Burgers equation

We will prove in §8 that the coherent structures which we discussed in the
previous section indeed exist. More precisely, for given constants k_ and k4, we
are interested in solutions to (1.1) of the form wu(x,t) = u.(z — cit,wt), where
ux(§, 7) is 2m-periodic in 7 and

Ui (T — Cutywit) = up(wat —kex — i k)
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w : Lax shock / W
i G
W (k) <0 R
L k+ interface

w Cx R Cg
Lax shock \ ———

wih(k) >0
k. A interface

FIGURE 1.3. The relation between concave (top) and convex (bot-
tom) dispersion relations and the resulting weak shock profiles is
illustrated. The velocity c, of the interface, given by the Rankine—
Hugoniot condition (1.13) and therefore by the slopes labelled ¢, in
the insets, is close to the group velocity ¢, = w},;, which is positive
for the dispersion relations shown to the left.

as * — too for appropriate phase constants ¢4+ € R. Solutions u,(z — cit,wyt)
of the above form are spatially asymptotic to the wave trains with wave numbers
k_ and k4. They are also temporally periodic with frequency w, when considered
in a coordinate frame that moves with speed c.. It turns out that the assump-
tion of temporal periodicity determines the wave speed via the Rankine-Hugoniot
condition

(1.13) o = :

which coincides with the speed prediction (1.11) once the moving frame (1.6) is
taken into account. The temporal frequency w, is given by

_ u)n](k_)k_;,_ — wn](k+)k_

* ky —k_ '
We shall show that u, exists, and is nonlinearly stable with respect to (1.1), when-
ever the wave numbers k4 are sufficiently close to each other® and the Lax condition

/

wni (k=) > ex > wyy (k)

is satisfied. Thus, the group velocities of the asymptotic wave trains, computed in
a frame moving with the interface, are again directed toward the interface, which
illustrates further why these structures correspond to the Lax shocks of the Burgers
equation.

We can only prove the existence of u, when ky and k_ are close to each
other®, so that the coherent structures are really weak shocks. It is an interesting
consequence of (1.13) that ¢, — cg(ko) as k+ — ko. Thus, the speed of the interface
between the two asymptotic wave trains becomes the group velocity c; when the
wave trains approach each other.

5More precisely, when both the wave numbers and the profiles of the associated wave trains,
in the 2m-periodic #-variable, are sufficiently close to each other.
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The idea of the existence (and stability) proof is to use spatial dynamics and the
Kirchgéssner reduction [18, 29, 41]: If the weak shocks were independent of time,
they would satisfy an ordinary differential equation (ODE) in the spatial variable
& = x — ¢, t. Since the weak shocks are periodic in time, a similar approach works:
Writing the weak shock as u.(§,7) = u«(x — cit,wst), we see that (u,v)(&,7) =
(us, Oguy) (€, 7) has period 27 in 7 and satisfies the modulated-wave equation

(1.14) O = w
dv = D Mw.dru — cov — f(u)],

where (u,v)(&, -) lies for each £ in the space H,.,(0,2m) x H;éE(O, 27) of functions
that are 27-periodic in 7. In this spatial-dynamics formulation, wave trains corre-
spond to periodic orbits of (1.14), while weak shocks are heteroclinic orbits that
connect them. Since (1.14) is autonomous in &, periodic orbits of (1.14) will always
have one neutral Floquet exponent. If we choose ¢, := cg(ko) to be the group veloc-
ity of the wave train with wave number kg, then the periodic orbit corresponding
to this wave train turns out to have two neutral Floquet exponents, and the vector
field on the two-dimensional center manifold coincides with the equation describing
viscous shock profiles in the Burgers equation. Thus, we obtain the weak shocks
from the Lax shocks of the flow on the center manifold.

Next, we discuss the validity of the Burgers equation itself over time intervals
[0, Ty /6?] for some fixed Ty > 0. To illustrate the key ideas and difficulties, we focus
first on the complex Ginzburg-Landau equation (CGL)

QA= (1+i0)de A+ A— (1+iB)AAP,

where A(z,t) is complex-valued. For simplicity, we consider the wave train with
wave number k = 0 which is given explicitly by

Ag(z,t) = e P!

and whose group velocity vanishes. Exploiting the invariance of the CGL with
respect to A — Ae'?, we introduce the amplitude and phase deviations (r, ) of
this wave train via

Az, t) = (14 r(z,t))el-AtHe@t),
Substituting this ansatz into the Ginzburg-Landau equation and using the local
wave number ¥ = 0,¢ as a new variable, we obtain the equation

(1.15) Oyr = Opur — 2r — b? — p%r — 20(0p7)t) — @Opt) — (Optp)r — 3r% — 13
B Q0T 2(0yr)Y
3t1/1 - ax;c¢+ax<1+r 147

—a¢2+—26r—ﬂr2>,
which depends only on r and ¥ = J,¢ but not on the phase ¢ itself. Thus, we have
successfully decomposed the underlying PDE into an equation for the local wave
number ¥ and an equation for the remainder r. The equation for % is a conservation
law, which somewhat resembles the Burgers equation, while the equation for r is
exponentially damped due to the linear term —2r.

Given a solution ¢(X,T) of the Burgers equation on the time interval [0, Tp],
we now wish to examine whether there is a solution (r,9)(x,t) of (1.15) that stays
close to the slowly-varying modulation (0,dq(dz,d%t)) for t € [0,T56 2] and 0 <
§ < 1. Our approach follows closely the general strategy that has been developed
over the past decade to establish validity of amplitude and modulation equations.
First, using a formal power-series expansion in the scaled variables (X, T'), we can
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calculate corrections to the initial approximation (0, §g(dx, §?t)) to obtain functions
(rn,¥n) (X, T) that satisfy (1.15) up to residuals of the order O(6™) (with n chosen
as large as we wish). This suggests that we try to control the full solution by
making the ansatz

(1.16) (r, ) (. 1) = (rn, ¥n) (@, 1) + 6" FH(R®, RE) (2, )

for solutions of (1.15), which leads to a certain evolution equation for the error
(R®,R°). Roughly speaking, we expect that the equation for R® will again be ex-
ponentially damped, and that its solutions therefore stay bounded by Gronwall’s
lemma as long as its right-hand side remains bounded, while the equation for the
error R will retain the conservation-law structure exhibited by (1.15). Corrobo-
rating these assertions requires diagonalizing (1.15) in an appropriate sense which
we postpone until the actual proof. Instead, we shall focus on the model problem

(L17)  OR® = 05uR 4 0, (6aR° + O(6%)),  a=a(z,t) € L°(R x RY)
which turns out to share the key features with the actual equation for R°.

The issue at hands is to control the growth of the solution R° of (1.17) over
the time interval [0, Ty/6%]. Using the variation-of-constant formula, we find

RE(t) = /0 t P+ (1=9)9, [5a(-, s)R°(s) + O(6?)] ds.

The estimate o
||€8”tax||L2—>L2 <2

Vit

of the linear semigroup gives

Co
RE(t 2 <

t
6Cy
< C+/ RE(s)||2ds, Vtel0,Ty/6?.
>~ 1 0 \/m” ( )HL [ 0/ ]

We can now use the version® of Gronwall’s inequality proved in [22] to conclude
boundedness of the error R¢(t). This is further illustrated by the calculation

t
/0 j%ds < 6CoVE < Co/Ty
which is valid for ¢ € [0, Tp/6?].

In summary, it is the factor 9, in (1.17), i.e. its conservation-law structure, that
allows us to conclude that the error stays bounded over the desired time interval.
We shall see in §3.9 that the leading-order term in the equation for the error of the
Ginzburg-Landau equation is indeed of order O(d) so that we could not possibly
infer boundedness over time intervals of length 62 if the factor 0, were not present.

To apply the same analysis to reaction-diffusion equations, we need to extract
an equation of conservation-law form for the local wave number. This is accom-
plished in §5: Starting with an arbitrary slowly-varying phase function ¢(x,t), we
change the independent variable x via © = y + ¢(y,t). The resulting PDE in the
y-variable turns out to depend only on the derivatives of ¢ but not on ¢ itself. This
allows us to derive an effective equation for the wave number upon using Bloch-wave
transforms and mode filters.

[0llallzR°(s)llz2 + O(6%)] ds

6See Lemma 3.12 in 83.9.
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The Burgers equation is formulated in terms of the wave number, and any va-
lidity result therefore needs to take into account the reconstruction of the phase ®
from the wave number 0x®. This reconstruction turns out to impose a number
of limitations on how well the dynamics in the reaction-diffusion system can be
approximated via solutions of the associated Burgers equation: While our approx-
imation results are uniform in the variable y that we introduced above, it turns
out that we cannot expect uniform validity for x € R but only for z in intervals
of large but finite length. Moreover, we have to allow a global xz-independent shift
between the approximation and the solution. For this shift, we can only prove an
O(1)-estimate on the time interval of the order O(1/42).

We emphasize, however, that the quality of the approximation by the Burgers
equation improves dramatically for solutions with additional properties. One ex-
ample are solutions to the Burgers equation that converge sufficiently fast toward,
possibly different, limits as X — #+oo. In particular, this class of solutions includes
sufficiently localized solutions ®(X, T') of the integrated Burgers equation (1.9). For
all these solutions, the approximation is uniform in z € R.

1.5. Related modulation equations

We derived the Burgers equation by choosing a scaling of the (z,t) that resem-
bles the self-similarity scaling of the linear heat equation. Alternatively, following
[23], we may also employ the ansatz

(1.18) wu(z,t) = ug(wm (k)t — ke — (X, T)/6;k+0x®(X,T)), (X,T)= (dz,0t)
which leads to the inviscid Burgers equation”
(1.19) Orq+ Oxwni(k+¢q) =0

for the wave number ¢ = dx®. Equation (1.19) is a hyperbolic conservation law
and therefore allows the formation of shocks. Thus, we can only expect to obtain
validity results that hold over time intervals [0,T7/0] where T7 > 0 is sufficiently
small depending on the chosen solution ¢(X,T'). This is indeed the result that we
shall establish in §6 for reaction-diffusion equations. While the profile of solutions
is again approximated well, its position is known only up to an error of the order
O(J|q|[?/8). We emphasize though that this estimate is good enough to prove that
the group velocity provides the speed with which perturbations are transported
along the wave train. Lastly, we remark that a similar approximation result has
been proved in [40] for the complex Ginzburg-Landau equation.

The description via the Burgers equation breaks down once the wave trains
undergo sideband instabilities which occur when the coefficient A{{ (0) changes sign.
In particular, the Burgers equation (1.8) becomes ill-posed near these instabilities,
which shows the need of taking higher-order derivatives into account that regularize
the equation. Depending on the next nonvanishing term in the linear dispersion
relation Ay, (v), it is either the Korteweg—de Vries equation (KdV)

1 1
Orq = GNin(0)9%q + 5win(k)9x (¢°) = 0

7Strictly speaking, the term inviscid Burgers equation refers to the conservation law with
nonlinearity gdxq (i.e. with a quadratic flux). Within the context of this paper, we think of
the Burgers equation as a shortcut for the modulation equation for the wave number and shall
therefore, with a slight abuse of notation, always refer to (1.19) as the inviscid Burgers equation.
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or the Kuramoto-Sivashinsky equation®
1 1
Orq -5, 1 (0)0% g + raOxxq + §wg1(k)8x(q2) =0

which describe the dynamics of modulated sideband-unstable wave trains. Validity
results for both of these equations are presented in §7 though the results for the
KdV equation are again quite unsatisfactory due to its hyperbolic nature. Since we
chose not to exploit the regularity properties of the KdV equation, our results are
limited to time intervals [0, 776 3] where 0 < Ty < 1 is sufficiently small.

1.6. References to related works

The mathematics and physics literature contains a large body of works pertain-
ing to phase and modulation equations. We shall put here our work in perspective
by citing those papers that influenced us most but do not attempt to give a com-
prehensive literature review.

Howard and Kopell [23] were, to our knowledge, the first to consider phase
equations in reaction-diffusion equations. They formally derived the inviscid Burg-
ers equation for reaction-diffusion systems using multi-scale expansions similar in
spirit to the approach pioneered by Whitham [56] in his work on conservative PDEs.
Howard and Kopell also proved the existence of weak shocks in A-w systems where
weak shocks satisfy an ODE. Lastly, they commented on the difficulties that arise
for general reaction-diffusion systems when weak shocks are sought via the spatial-
dynamics approach since the resulting equation is ill-posed.

Kuramoto [31] investigated more systematically the different types of phase
equations that arise through formal multi-scale expansions depending on the sym-
metries of the underlying PDE and the stability and symmetry properties of the
underlying periodic pattern (see also [43] for a comprehensive overview).

Other formal derivations of various phase equations for the Ginzburg—Landau
equation and for general reaction-diffusion equations can be found, for instance,
in [3, 4, 20, 30, 35]. For further references, we refer to the survey articles and
textbooks [1, 10, 32, 34, 44, 45]. These also contain references to many of the
works that have focused on multi-dimensional phase equations, starting with the
seminal paper [11] by Cross and Newell.

There do not appear to be many mathematically rigorous results regarding the
existence of weak shocks or the validity of phase equations. Kapitula proved in [25]
the nonlinear stability, in polynomially weighted spaces, of the weak shocks in A-w
systems that were found by Howard and Kopell. In [27], he considered the existence
and stability of not necessarily weak shocks for the nearly real cubic Ginzburg—
Landau equation. Van Baalen [2] proved validity of the integrated Kuramoto-
Sivashinsky equation for the phase (but not the wave number) near the £ = 0
wave train of the CGL. Lastly, Melbourne and Schneider established in [39, 40]
the validity of the phase diffusion equation and the inviscid Burgers equation near
the £ = 0 wave train of the real and the complex Ginzburg—Landau equation,
respectively.

8We shall give the precise definition of the diffusion coefficient k2 in §7.






CHAPTER 2

The Burgers equation

As outlined in the introduction, solutions ¢ of the Burgers equation describe
the local wave number of an underlying travelling spatially-periodic pattern. In
this section, we review properties of these solutions.

2.1. Decay estimates

First, we recall the stability properties of the constant solutions ¢(X,T) = g
of the Burgers equation

(2.1) drq = Oxxq+ dx(q°)

that were obtained in [6].
Thus, denote by ¢(X,T) the deviation from the constant solution so that
q(X,T) = qo + G(X,T) satisfies (2.1). We see that §(X,T) satisfies the PDE

(2.2) Ord = OxxG+ 2q00xq + 0x(7°)
which can be transformed back to (2.1) by the transformation
(2.3) X — X +2¢T.

Hence, without loss of generality, we can restrict ourselves to the stability of ¢ = 0
in the equation

(2.4) Ord = Oxxq + 0x(d*).

The results for general gp can then be obtained by transforming (2.4) into a comov-
ing frame of reference via X — X — 2¢o7T.

The mean fR q(X,T)dX is conserved by the Burgers equation (2.4), and the
subspace of functions with vanishing mean value is therefore invariant under the
evolution of (2.4). Solutions to the linearized equation

Orq = 0xxq
with vanishing mean satisfy the decay estimate
C
q(- T oo < —|qg(- O
I, D)o~ < TomlaC, )l

for some constant C' > 0. For these decay rates, the nonlinear terms dx (g?) turn
out to be asymptotically irrelevant so that solutions to the nonlinear system (2.4)
with zero mean have the same asymptotics as solutions to the linearized system
with zero mean.

PROPOSITION 2.1 ([6]). For each e € (0,1/2), there exist positive constants Cy,
Cs such that the following is true. If

13C )l zr22) < Co, / 3(X,0)dX =0,

— 00

15
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then there exists an A € R such that

H(l +T)§ (ﬁx, T) - AXe’XQ/“H <G
H2(2) — (14 T)27¢
Consequently,
_ Cy . Cy
X, T < X, 1)~ < .
AT € e, XDl < 1257

REMARK 2.2. The local phase @, which is related to the wave number ¢ through
q = 0x P, satisfies the integrated Burgers equation

(2.5) or® = Ox x® + (0x )%

For this equation, we have the following asymptotics. For each initial condition
®(-,0) for which || ®(-,0)| g2(2) is sufficiently small, there exists an A € R such that

|0 +vDe (VEx.T) —acn| <O
H2(2) — (14T)=2"°
so that the renormalized phase converges toward a Gaussian.

Next, we consider localized solutions ¢ € L! of (2.4) with nonzero mean. The
Cole—Hopf transformation

QX,T) = el 10V Y
transforms (2.4) into the heat equation

orQ = IxxQ.

Since the Burgers equation conserves the quantity [, ¢(X,T)dX, we are interested
in the long-term profiles of solutions to the heat equation with initial conditions
that satisfy
lim Q(X,0)=1, lim Q(X,0)=1+ A.
X——0o0 X —o0

The results in [6] show that

Jim Q (\/TX, T) — 1+ Aerf(X)+ 0 <1> .

vT
Using that the inverse Cole-Hopf transformation is given by
. IxQ(X,T)
(X, T) = ==~
D=0

we see that solutions ¢ to the Burgers equation (2.4) with localized initial conditions
in H?(2) satisfy
Aerf'(X) d

Jim VT (\/:Fx: T) = T A0 = ax M0+ Aef(X) = fi(X)

with rate O(1/v/T). The limiting profile f%(X) satisfies limx 1o f5(X) = 0.
Therefore, the renormalized solutions converge toward a non-Gaussian limit.
PROPOSITION 2.3 ([6]). For A € R, define f3(X):= % In(1+ Aerf(X)). For

each e € (0,1/2), there are positive constants C1, Cy such that the following is true.
If [|G(+, 0)[| m2(2) < C1, then there exists an A € R such that

H\/1 YT (\/TX, T) . f;;(X)H s

< —
H2(2) — (1 4+T)Y/2-=
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Consequently,

Cs
sup |¢(X,T)| < .
RIS T

2.2. Fronts in the Burgers equation

Next, we recall existence and stability properties of fronts of
1 1
(26) Irq = 5N (0)9x xq = Swii(k)0x (¢°)

2
where we assume that A/ (0) > 0 and w/|(k) # 0. While an appropriate scaling of
2 and ¢ would make both coefficients equal to one, we prefer to leave (2.6) as it is
to make the results a little easier to apply.

Thus, we seek solutions of (2.6) of the form ¢(X,T) = ¢.(X — ¢.T") where
(2.7) GE) —qe, € %00

with g_ and ¢4 being given real numbers. Upon substituting this ansatz into (2.6),

we obtain ) )
S (00 + el — Sefi(k)(gZ) =0
where we differentiate with respect to £ = X — ¢, T. Integrating in &, and using
that ¢.(§) — q— as £ — —o0 by (2.7), we get
SN0+ a0 — Sla(R)? = aa — Selh(R)eE.
If we also require that ¢.(§) — ¢+ as & — oo, we find that the wave speed c, is

necessarily given by

1
(2.8) Cx = §w;’1(k)(q+ +4q-),
so that the travelling-wave ODE becomes
w// (k)
2.9 [ =l . — L —qo).

Thus, a necessary condition for obtaining a front that satisfies (2.7) is
(2.10) wni (k) (g+ —¢-) <0.
If (2.10) is met, then the front ¢.(¢) is given by

q e_“’:x/l(k)(‘Pr_qf)g/)‘{i/n(o) + q—
(2.11) ¢.(6) = = (k) (ar —q)E/NI (0 ’
e nl( Ya+—g-)&/ 1,1,( )_|_ 1

E=X-—cT

with ¢, as in (2.8).
Perturbations ¢ of the front g, satisfy the nonlinear equation

1 ) 1 o
(2.12) Ord = 5Min(0)0ecd + €2 0¢q — win (k)9 [24.G + 7]

which is obtained from (2.6) by setting ¢ = ¢« + ¢ and transforming into the
comoving frame £ = X — ¢, 7. Initially, one may expect that the solutions ¢ decay
only algebraically in t. However, by considering (2.12) on the space

%, = {@ @1q(9) € L2(R) and ¢"€10:q(6) € L*(B)}

where n > 0 is sufficiently small, we obtain exponential decay rates: Indeed, Sturm—
Liouville theory shows that the stationary solutions obtained in this fashion are
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linearly stable, with a simple eigenvalue at the origin due to translation invariance,
when considered on &), with n > 0 small. Using the spatially weighted norm on A,
spectral stability also implies nonlinear stability. We summarize these well-known
facts in the following proposition (see also Figure 1.3).

PROPOSITION 2.4. Assume that X\ (0) > 0 and w}(k) # 0. For any two
numbers g+ and q_ that satisfy (2.10), equation (2.6) has a unique front given
by (2.11) which approaches the equilibria qx as X — Foo. The spectrum of the
linearization of (2.12) about zero, considered on X, for sufficiently small n > 0,
lies in the left half-plane except for a simple eigenvalue at X\ = 0. In particular, the
fronts are nonlinearly stable with asymptotic phase in the spatially weighted space
Xy

In fact, there is a constant a > 0 such that small perturbations of the nonlinear
fronts converge to zero algebraically with t—™ or exponentially like exp(—ant) in

the norms supgcg [€]"G(&)| and supgcg exp(nl€])1G(§)], respectively, for 0 < n < 1
sufficiently small.



CHAPTER 3

The complex cubic Ginzburg-Landau equation

The complex cubic Ginzburg-Landau equation (CGL) in normal form is given
by

(3.1) KA = (1+ia)0,, A+ A — (1+iB)A|A?

where the coefficients o, 5 € R are real and where z € R, ¢t > 0, and A(x,t) €
C. The Ginzburg-Landau equation is a universal amplitude equation that can
be derived by multiple-scales analyses: it describes slowly varying modulations,
in space and time, of the amplitude of bifurcating spatially-periodic solutions in
pattern-forming systems close to the threshold of their first instability.

Among the pattern-forming systems for which Ginzburg-Landau equations
have been derived are reaction-diffusion equations and hydrodynamic stability prob-
lems such as the Bénard and the Taylor-Couette problem. Mathematical justifi-
cations and other aspects of the reduction to the Ginzburg-Landau equation have
been investigated, for instance, in [8, 19, 37, 38, 52]. We refer to [1] and [42]
for recent reviews of the physical and mathematical aspects, respectively, of the
Ginzburg—Landau equation.

In this section, our goal is to prove that the dynamics of slow modulations
of spectrally stable wave trains of (3.1) is approximated by the dynamics of an
associated Burgers equation.

Before we embark on the analysis, we shall review related results that were
obtained for the Ginzburg—Landau equation. Firstly, the nonlinear stability of
spectrally stable wave trains in the sense of §2.1 has been proved in [5, 26]. The
existence and stability of fronts, which connect different wave trains and are of
Lax-shock type in the sense of §2.2, has been established in [5, 25] for the real CGL
and in [27] for the nearly real CGL.

We are not aware of any general results on the existence and stability of weak
shocks in the CGL. Such results can be obtained with the same methods that
we employ in this paper: in fact, the proofs for CGL are simpler than in the
general reaction-diffusion case since the existence problem reduces to an ordinary
differential equation. We note, however, that the papers [13] and [27] establish the
existence and stability, respectively, of Lax-type fronts for the nearly real CGL that
are not necessarily weak in that the asymptotic wave numbers k; and k_ are not
required to be close to each other.

3.1. Set-up
The complex Ginzburg—Landau equation has a family of time-periodic solutions
(3.2) A(z,t) = Ag(wni(k)t — kz; k) = r(k)el ko —wm®)D

19
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where k,7(k),wn (k) € R. The amplitude r, the spatial wave number k, and the
temporal frequency w are related via

(3.3) r(k) = V1— k2,  wu(k) =8+ (a— Bk

In particular, these waves exist only for |k| < 1.
Spectral stability of these waves is checked as follows. Upon substituting the
expression

(3.4) Az, t) = Ag(wni(k)t — ks k) + el Frmem®n) [g, A1y goeMt=ve]

into (3.1), we see after some tedious computations that the ansatz (3.4) satisfies
(3.1) to linear order in |a;| + |az| provided

"
(35) A= )‘lin(V) = —CgV + )\hnT(O)VQ 4 O(‘I/|3)
with
1 2 9
I e o

(see [1, §I1.D]). Therefore, if the Benjamin—Feir—Newell criterion 1+ a8 > 0 is met,
then the wave trains (3.2) are spectrally stable with respect to perturbations with
small wave numbers ¢, where v = i/, for appropriate values of k. We remark that
the wave trains are spectrally, and in fact also nonlinearly [26], stable in certain
regions in (a, 3, k)-space, while they are spectrally unstable with respect to finite
wave numbers in other regions [20, 36].

We restrict our analysis to the following parameter regime. In particular, we do
not consider the real Ginzburg-Landau equation or spectrally unstable wave trains
as we shall choose k = 0 below.

HyPOTHESIS 3.1. We assume o + 32 >0 and 1 + af > 0.

3.2. Slowly-varying modulations of the £ = 0 wave train: Results

To describe slowly-varying spatio-temporal wave number modulations of the
family of wave trains, we derive and validate the Burgers equation. We concentrate
on modulations of the wave trains with wave number close to zero and seek solutions
to (3.1) of the form

(3.7 A(z,t) = Ag(wa(0)t — ®(6x,6%t); 50x P(dx,5°t))

_ T((S@X(I)((S:Z}, 52t))ei(é(dz,é%)fwnl(o)t)
where 0 < § < 1 is a small scaling parameter. We will comment below on the
differences when the basic wave number is not zero. For the above expression (3.7)
to be an approximate solution of (3.1), it is then formally necessary, as we shall see
in §3.3 below, that the phase ® satisfies the phase equation
(3.8) Or® =1+ af)oxx®+ (8 — a)(8X<D)2
where we introduced X = dz and T = §?t. Equation (3.8) can also be written as

28’1“(1) = )\{/ (0)axx¢ — wgl(O)(aX(I))Q

in
where w!| is evaluated at k = 0.
Of course, once this phase equation has been derived on a formal level, the ques-
tion that needs to be addressed is its validity. In other words, given that ®(X,T) is
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a solution to (3.8), we should investigate in what sense, and over which time inter-
vals, does (3.7) approximate a solution to the full Ginzburg-Landau equation (3.1).
We will answer these questions by providing estimates of the difference of the formal
approximation (3.7) and an exact solution A(z,t) of the complex Ginzburg—Landau
equation over time scales of the order O(1/§2).

THEOREM 3.2. Assume that Hypothesis 3.1 is met, and fix an integer n > 3.
For each choice of Cy > 0 and Ty > 0 there exist constants 61 > 0 and C1 > 0 such
that the following is true: For each § € (0,01) and each solution ®(X,T) of (3.8)
for which
(3.9) sup [ @(-.T)]la, < Co,

T€[0,To)
there exists a solution A = A(x,t) of the complex Ginzburg—Landau equation (5.1)
such that
sup sup|A(z,t) — ei[‘b(‘sx’52t)_“’“1(0)t]| < 162,
t€[0,To /6% w€R

In the preceding result, we only allow solutions ® that satisty (3.9). In partic-
ular, the phase function @ is bounded in X, and we therefore do not change the
wave number of the underlying wave train.

Thus, to extend the preceding result, we will now consider modulations ¢ =
Ox® of the local wave number which satisfy the Burgers equation

(3.10) Orq=(1+aB)dxxq+ (B — a)dx(¢°)
or, equivalently,

20rq = Min(0)0x xq — wi(0)9x (¢°).
Of particular interest are solutions ¢(X,T) that converge to different limits ¢+ as
X — +o00: such solutions describe the evolution of interfaces between wave trains
with wave number q_ at z = —oo and ¢4 at x = co. The associated phase functions
® are, however, unbounded in X, so that Theorem 3.2 is not applicable.

THEOREM 3.3. Assume that Hypothesis 3.1 is met, and fix integers M > 3 and
n > M + 3. For each choice of Cy > 0 and Ty > 0, there exist constants 61 > 0
and C1 > 0 with the following property: Pick 6 € (0,61) and a solution q(X,T) of
the Burgers equation (3.10) for which there are numbers g+ € R so that
sup[laC- D)l + 1 T) = )0 ey + 1@, T) — 0206 iz < Co
T€[0,To)

where py(X) =14 X2, Then there exists a higher-order approxzimation (qn,Th)
with

H™

ul

sup sup [ rr(X,T) + %[q(X, T) + adxq(X,T)]| + |qn(X,T) — q(X, T)|] <Cyé

Te[0,To] XER
and a solution A(x,t) of the complex Ginzburg—Landau equation (3.1) such that

sup  sup|A(z,t) — Aapprox(x, 1) < C6M—3/2
te[0,Ty/62] x€R
where

Aapprox (33, t) =
2

1-— %rh(&c, 5275)] exp (i [(qu + 5/;(qh(5y, 6%t) —q_)dy — wnl(O)tD .
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We remark that the higher-order approximation (g, 7,) can, in principle, be
computed from the solution ¢ through the solutions of a recursive set of linear
PDEs. We refer to §3.4 for details.

Somewhat surprisingly, there appear to be serious limitations regarding the
quality of the approximation when the requirement that ¢ has limits as X — +oo
is dropped. In particular, as we shall see in Remark 3.13, we cannot expect validity
uniformly for all z € R but only for = in intervals of finite length, where the length
depends on the accuracy of the approximation.

THEOREM 3.4. Assume that Hypothesis 3.1 is met. For any choice of integers
M >1 andn > M + 3, and real numbers Cy, Lo, Ty > and 0 < 1 < M, there exist
constants 61 > 0 and C1 > 0 such that the following is true: Pick § € (0,41) and a
solution q(X,T) of the Burgers equation (3.10) for which

sup lg(-,T)|laz < Co,
T€[0,T0]

then there exist a global phase function ¢o(t) with

sup  |¢o(t)] < Ch,
t€[0,Ty/62]

higher-order approzimations (qy,ry) with

sup sup [

Te[0,Ty] XER

XT) 4 (X TP + adxa(X. )]+ an(X.T) - (.7 <

and a solution A(x,t) of the complexr Ginzburg-Landau equation (3.1) such that

sup sup \e_i%(t)A(aj,t) — Aapprox(z, )] < Cy oMl
t€[0,To/62] || <L /5"
where
2

Aupes() = [1= Srn(6.520 o (i [ 50n60.%0)ay — (0] ).

The difficulty in justifying the Burgers equation for the Ginzburg-Landau equa-
tion is the time scale O(1/6%). Since the admissible modulations are of order O(¢),
an application of Gronwall’s inequality would only give validity over a time scale
O(1/6). Thus, a more refined method has to be used. We also remark that it
is not obvious why an approximation result should hold for the Burgers equation
(3.10): as shown in [53], there are examples of amplitude equations that are derived
formally in a correct way, but that do not describe the dynamics in the original
system in the desired way.

We remark that, as shown in [40], it is possible to allow modulations of order
O(1). In this case, the wave number modulation ¢ satisfies the inviscid Burgers
equation

orq + 0x [wnl(q)] =0.

However, validity is only expected over time scales 77 /6 where, in contrast to the
situation discussed in Theorem 3.4, Ty cannot be chosen arbitrarily but comes
out of the analysis: Since the inviscid Burgers equation is a conservation law, we
expect the formation of shocks at which stage validity breaks down. Secondly,
the approach in [40] requires analytic initial data which makes it possible to trade
exponential decay in Fourier space (as k — +o00) for temporal decay. Lastly, the
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global phase difference ¢q(t) will be of order is O(1/d) on the natural time scale of
the conservation law. We shall revisit this situation in §6.

The remainder of this section is devoted to the proofs of the results stated above.
We first derive the Burgers equation from the complex Ginzburg—Landau equation
using polar coordinates. Afterwards, we construct higher-order approximations
that are then used to formulate an approximation result for the wave numbers. The
idea is now to separate the critical modes belonging to marginally stable spectral
curve \jj, (i) from the noncritical modes that decay in time: since the relevant
eigenmodes are associated with curves of spectrum, we need to employ mode filters
to accomplish this separation of modes rigorously. The key feature that we shall
then exploit is that the equation derived in this fashion for the critical modes has
extra structure: roughly speaking, the nonlinearity is in conservation-law form. It
turns out that the same structure is present in the equations for the residuals.
The next step consists in applying Gronwall’s inequality to the system for the
residuals: the extra conservation-law structure supplies the better estimates for the
linear problem that allow us to work on the natural time scale 1/§2. Lastly, the
results obtained for the wave numbers need then be transferred back to the original
formulation. It is at this stage that the restrictions and limitations of Theorem 3.4
arise.

3.3. Derivation of the Burgers equation

We formally derive the Burgers equation for the complex Ginzburg-Landau
equation
(3.11) KA = (1+i0)0,, A+ A — (1+iB)A|A|?
where o, € R, z € R, ¢ > 0, and A(z,t) € C. Recall that this equation admits
the wave trains

Az, t) = Ag(wi(k)t — kas k) = r(k)e! o mem®D
where
r(k) =v1—k2 wni(k) = B+ (o — B)K.
We concentrate on long-wavelength modulations of the wave train with k£ = 0 given
by
Az, t) = Ag(wn(0)t;0) = e ¢,

and therefore introduce the amplitude and phase deviations (r, ¢) of this wave train
via

Az, t) = (1 4+ r(z, 1))l (FtHe@ ),
The function A(z,t) satisfies (3.11) if, and only if, (r, ¢) satisfies
(312) Oy = Opar — 21 — (020)% — (020)*r — 2a(0,7)(0,0)
~ 00y — (Dyr)r — 3r% — 1°

06 = Do+l _a@.ep+ 200D _op g2

Next, we replace the equation for the phase ¢ by an equation for the local wave
number ¢ = J,¢ and obtain
(3.13) Oyr = Opur — 2r — b? — h?r — 20(0p7)t) — @Opt) — (Dptp)r — 3r% — 13

Ob = Opeth+ s <aa“7’ C ot X0 o W) .

1+7r 1+7r
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We emphasize that we lose information in the process of going from phases ¢ to
wave numbers ¢ = 0,¢ as we need to recover the value of ¢(0,¢). On the other
hand, equation (3.13) is independent of ¢(0,t).

To derive the Burgers equation, we assume that the wave number varies slowly
and seek solutions of the form

r(x,t) = 8°W(6x, 6%t;0), O(x,t) = W (6, 6%t; ).
Substituting this ansatz into (3.13), we get
oW = 8 [SOxxW —2W — U2 — ° W — 26%a(0x W)V
(3.14) —adx V¥ — 2a(0x U)W — 38°W? — §'W3]
530r v 8% [0xx ¥ — Ox (2BW + a¥?)

2 Oéaxxw 2(8XW)\I/ _ 2
+070x <1+62W v W

where X = 6z and T = §%t. Dividing the two equations by §% and 62, respectively,
we get

820rW = 820xxW —2W — U2 — 202 W — 26%a(dx W)W

(3.15) —adxV — 82a(0x U)W — 36°W?2 — 543
or¥v = OxxV — 0x(26W + a¥?)
oy (2t 0408 )

Neglecting terms of order O(62) and higher gives the equations
(3.16) 0 = —2Wy— V2 —adx¥,

Or¥y = OxxVo+ Ox(—alj—28W,)
for (Wy, Uo)(X,T) = (W, ¥)(X,T;0), which we rewrite as

Wy = —%(\1/3 + adx V)

¥y = (1+aB)dxx¥o+ (6 —a)dx(¥F).

Thus, every solution ¢(X,T) of the viscous Burgers equation
(3.17) Orq = (1+ aB)dxxq+ (B - a)dx(¢*)

gives a solution (W, ¥y) of (3.16) via

(318) (Wo, \I/o) = (;(qz + Otan),q> .

3.4. The construction of higher-order approximations

The higher-order approximations mentioned in Theorem 3.4 are obtained as
follows. Upon writing (W, ¥) as a formal expansion of the form

(3.19) Wy = &% [Wo(dz,8%t) + 6Wy(0x,6%t) + ...+ MWy (o2, 6%t)]
Uh, = 0 [Wo(dx,6%t) + 6V (2, 6%t) + ... + MWy, (0, 6%1)]

we find equations for (W}, ¥;) which are determined from (3.15) and (3.19) as long
as Uy = ¢ is given.



3.6. MODE FILTERS 25

First, we find ¥y = W; = 0. On the next level, we obtain

oWy = OxxWoy —2Wa — 20Ty — U2W, — adx Uy
—a(0xWo)¥o — a(Ox o)Wy — 3W¢
8T\112 = 8XX\I/2 — 3)((2,6W2 =+ 204\110‘112)

+ax(aaxxw0 + Q(axwo)\lfo — 6W§)

The first equation is linear in W5 and can be solved for W5 as a function of
(Wo, ¥p, ¥y). Substituting this solution for W5 into the second equation gives
a linear inhomogeneous PDE for W5, which we can solve. As a consequence, the
solutions (Ws, ¥y) can be computed as long as ¥y = ¢ is given.

Proceeding in this fashion, we find that Wor11 = Wory1 = 0 for all £k € N.
Moreover, the functions Wy satisfy linear equations, while Wo; can be found as
solutions of linear inhomogeneous PDEs. These functions can be calculated as long
as ¢ is given.

We remark that had we started with a wave number k # 0 in (3.2), we would
have got nonzero contributions from Wy 41 and and Wag41.

3.5. The approximation theorem for the wave numbers

The major step in proving Theorem 3.4 is the following approximation theorem
for the variables (W, ¥).

THEOREM 3.5. Fiz integers M > 1 and 1 < m < n —3 — M and choose a
constant Cy > 0. There are then constants C1 > 0 and 61 > 0 such that the
following is true. If q is a solution of the Burgers equation (3.17) with

sup HQ('vT)HH;'J‘l < Co,
T€[0,To]

then, for each & € (0,01), there exists a higher-order approzimation (Wi, ¥h ) €

H, see (3.19), which satisfies

sup | ||(WJI\I4’ qjl]t[)(vT) - (WOa \IIO)(7T>||H:11+1 < 015

TE0,To
with (Wo, W) as in (3.18), and a solution (W, W) of (3.15) on [0,Ty] such that
(3.20) sup O, 0)(T) — (Wl Wh ) T s e < O™,
T€[0,To] ul ul

Hence, we have an approximation result for the variables (W, ¥) which is uni-
form in space. In particular, the limitations in the statement of Theorem 3.4 are
entirely due to the reconstruction of the phase ¢ from the wave number .

Sections 3.6-3.9 are devoted to the proof of Theorem 3.5. We then use Theo-
rem 3.5 in §3.10 to prove the results stated in §3.2.

3.6. Mode filters, and separation into critical and noncritical modes

To prove Theorem 3.5, we need to separate the dynamics of the critical modes
corresponding to marginally stable spectrum of the wave trains from the remaining
damped modes. Upon linearizing equation (3.13) about (r,1) = 0, we obtain

Oir = Opar — 2r — a0z
at1/] = 5'm1/) + aaxrzr - 26817'
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FIGURE 3.1. The real part of the eigenvalues A;(¢) is plotted as
a function of the Fourier wave number ¢ for 1 + a5 > 0.

which we consider on H:f“ x H!'. Using the Fourier ansatz

( 17/; ) (w,t) =T f(),  f(6) e C?

with £ € R, we see that f needs to satisfy the equation

(3.21) AGO)f = M, Awy:(_ﬂé;ﬁm jﬁ)

We obtain two spectral curves ¢ —— A;(¢) where j = 1,2 with A1(0) = 0 and
A2(0) = —2 < 0. In particular, the curve A (¢) coincides with the linear dispersion
relation Ajjn(i¢) calculated in (3.5). Furthermore, we find that Re A\;(¢) < 0 for
j = 1,2 uniformly in ¢ except, of course, for A\;(¢) which takes values in a small
neighbourhood of A = 0 for £ = 0.

We shall denote the eigenvectors (r,1)(¢) that belong to the rightmost curve
A1 (€) = Ain(if) of spectrum by fi(¢) and refer to them as the critical modes when
¢ ~ 0. We also use the notation A(f) for the 2 x 2 matrix A(if). To separate the
nonlinear dynamics of the critical modes from the remaining temporally damped
noncritical modes, we introduce mode filters.

First, there is an ¢; > 0 such that \;(¢) is the rightmost eigenvalue of A(¢) for
all £ with |¢] < ¢;. Thus, for all such ¢, the integral

e 1 -1
@0 = 5 [ =)
defines an A(ﬂ)—invariant projection onto the subspace spanned by fi (¢), provided
we choose I' C C to be a small circle that surrounds Ay (¢) counter-clockwise in the
complex plane but does not intersect the rest of the spectrum of A(f) In particular,
we have QC(g)fl(g) = fl(g)'

Since we wish to select only the critical modes, i.e. those belonging to |¢] < 1,
we pick a C§°-cutoff function x : R — [0, 1] with values in [0, 1] so that

[ 1 for <1,
(3.22) X@_{o for |0 > 2,

and define
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as well as

A&M%Q%@x(f), Akwylé%ox(g).

Any two of these matrices commute for each fixed ¢, and we have
(3.23) (1-P)PS =0, (1-P)P5;=0, PS+Pi =1

which shows that the operators Prflf and P¢ together behave to some extent similar
to projections. Lastly, we set

A(0) == M (0)
and define scalar-valued projections p°(¢) and pS ((¢) implicitly by

[6°(£)0] f1(6) = P(O)o, e (OV1f1(0) = Bre(f)v,  VweC?
We now employ multiplier theory to transfer these operators from Fourier space
back to physical space. Throughout this paper, the Fourier transform of a variable
u is denoted by . To each multiplication operator M in Fourier space, we associate
the operator
(3.24) M: ur—s FYMFu)

where F denotes the Fourier transform. Thus, in z-space, we denote operators by
the same symbol but with the superscript ~ being dropped. The following multiplier
theorem gives estimates for the operator M in the physical spaces H}.

LEMMA 3.6 ([52, Lemma 5]). Let Wy, Wh be Hilbert spaces and fix m € Z. If
M: R— LW, W), £—s M(0)
is a map such that £ — (1+ 02)™/2 ML) lies in C2(R, L(W1,W)), then, for each
q € Ng with ¢+ m > 0, the operator M defined through (3.24) can be extended to
a bounded operator
M HLR,W) — HE™(R, W)

whose norm satisfies

HMHL(Hq (R, W), HIF™ (R,W3)) < Clg,m)[[(L+]- |2)m/2M(')HC%(R,L(Wl,Wg))v

ul

where C(q,m) does not depend on M.
REMARK 3.7. The above lemma also holds for multilinear mappings.

We record that the mappings Pﬁlf, PC, P, P° and fl have compact support
in £. Thus, an application of Lemma 3.6 with W; = W, = C? shows that PS;, P¢,
P, p° and fl are bounded linear operators from H&l X Lil into Hgfﬂ x H} for
each m > 0. Similarly, P, and P® are bounded linear operators on HZILH x HTY
for each m > 0.

We are now well prepared to establish the desired splitting into critical and
noncritical modes in Fourier as well as in physical space. Using the notation v =

(r,1), we write (3.13) as

(3.25) 0w = Av + N (v).

We seek solutions of this equation by considering the system

(3.26) Dy°(£) A(0)w°(€) + P (DN (w° + 0°) (L)
O (f) = MO (L) + Pog(ON (i + 0%)(£)
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for (¢, w*"), where we require that
(3.27) (1—Pe()ac(l) =0, (1—P(0)u*(t)=0, VLeR

for all t > 0. Upon applying 1— P¢(¢) and 1— P5(¢) to the first and second equation
n (3.26), respectively, and using (3.23), we see that (3.23) leaves Fix P¢(¢) and
Fix P5(¢) invariant: in other words, if (3.27) holds true initially at ¢ = 0, then it
is met for all ¢ > 0. Most importantly, given a solution (w°,w®) of (3.26) which
satisfies (3.27), we see from (3.23) that the function v = w® 4+ w® satisfies (3.25).
Lastly, we record that any initial condition can indeed be decomposed into w*® and
we.

Since @°(¢) lies in a one-dimensional subspace of C? for each fixed Fourier wave

number ¢, we may introduce the scalar function 9°(¢) by w ( ) = 5¢(0) f1(¢). T
keep the notation consistent, we also set ¢° := @®. Thus, (0°,0%) batlbﬁeb
(3.28) 00°(0) = MO0 + Pl (ON (0°f1 + & )(f)

00°() = A0 (0) + Pog(ON (5 fi +°)(0),

where AS(¢) = A(¢)P5. By construction, we then have pv¢f; = v¢ and P5v® = v,

Inspecting the equation for ¢ in (3.13), we see that its right-hand side is of
the form 0;]...] which, in Fourier space, corresponds to a term of the form if]...].
Since v is related to the critical modes, we may expect that this feature survives
the splitting into critical and noncritical modes. The following lemma shows that
this is indeed the case. As already alluded to in §3.2, we will exploit this important
property in the later stages of the proofs of the approximation theorems.

LEMMA 3.8. There exists a smooth nonlinear mapping N°¢ which maps Hﬂ“ X
H into HS| for each s > 0 and a smooth function p with |p(€)| < C|¢| for some

u

constant C' > 0 such that
Biag (ON(0° fi + 8°)(€) = pION (6 fy +0°)(0)
ProOOF. The eigenfunctions of
. -2 0
A(l) = < 00 ) + 0(9),
see (3.21), have the expansion

ﬁ=<$+om, ﬁ=(®+0@

near £ = 0, while the adjoint eigenfunctions satisfy

fi= () +ow.  fi=(g)+ouw.

Furthermore, upon inspecting (3.15), we see that the nonlinearity N from (3.25)
satisfies

o _ (O

X = ( o €)> .

Pt = (ff . N) = O(0)

as claimed. O

Hence,
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Using the notation of the preceding lemma, equation (3.28) becomes

(3.29) vt = X+ pN€(v°,0°)
ov® = A0S+ N0, 0°),

which we shall solve for (v°,v®) where

v¢ € XS = HY T NRe(p[pixpe), 08 = (r9) € X5 = (HT x HJ})NFix P*.

ul

From now on, as there is little danger of confusion, we shall denote both spaces X,
and X3 simply by X,,.

Since the variable v® has compact support in Fourier space, it lies, in fact, in
H, for every s > 0; more precisely, we have v°f; € H5M x H2| for each s. We also
record that p is a possibly nonlocal linear operator that acts similar to 0.

3.7. Estimates of the linear semigroups

The semigroup associated with the linear part of (3.29) has the following prop-
erties.

LEMMA 3.9. The operators \° and A® are sectorial in X,,. Furthermore, there
are constants Cy,o > 0 such that the semigroups e*t and €M generated by these
operators satisfy

X2 —x,, < Co
c C
X ol x, —x,, < 7%

[

Xy, < Coe™ 7

for allt > 0 and each m > 0, where p is the function found in Lemma 3.8 with
p(O)] < Cle).

PROOF. The operator A differs by a relatively bounded perturbation from the
sectorial operator
Ope  —QOy

and is therefore also sectorial. On account of [22], A generates an analytic semi-
group, and the growth rates of e are determined by the position of the spectrum.
In particular, e*’* decays with strictly negative exponential rate. The factor t~1/2
for the critical part is obtained by noticing the parabolic form of Re A\ at kK = 0
and applying Lemma 3.6 to

M(f) _ 6672:\“(6€)Tﬁ(6€)
with 7' = §°t. O

Taking the assertions of the Lemmas 3.8 and 3.9 together, we see that we gain
a factor t~1/2 in the equation for the critical modes v°: this factor becomes smaller
for larger ¢, and exploiting this additional decaying factor will be crucial in the
forthcoming analysis.
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3.8. Estimates of the residual

We are now in a position to begin the proof of the approximation theorems.
Thus, pick a solution ¢(X,T") of the Burgers equation (3.17) which satisfies the
assumptions laid out in Theorem 3.5. The issue at hands is to see whether the
function (6q(dz,d%t),0) constructed from ¢ is a good approximation of solutions
(v°,v®°) of (3.29) over sufficiently large time scales.

More generally, we may use the higher-order approximations (¥4, Wh) (X, T)
considered in §3.4 to construct a better approximation (6V°¢,§2V®)(dx, §%t) of solu-

tions to (3.29). A measure for the quality of these approximations are the residuals
Res.(0V¢,6%2V®) and Ress(0V¢,6%2V®) defined by

(3.30) Resc(v,v°*) = —0ww° + A° + pN°(v°,v°)
Ress(v,0%) = =00 + A%0° + N3(v°,0°)

for given functions (v¢,v®). In other words, the residuals contain all terms that do
not cancel out after substituting the ansatz (v, v*) into the PDE.
Equation (3.14) shows that the residuals of (dq, 0) satisfy

" _
Resc(5q,0) = 63 _aTq + )\IT@)aXXq + ﬁ 5 a

Resy(dq,0) = N®(6¢,0) = O(6?).

Ix ()| +0(8Y) = 0(8%)

The following lemma asserts that we can always find approximations whose residuals
go to zero with an arbitrarily large, but fixed, algebraic rate as § goes to zero.

LEMMA 3.10. Pick positive integers n,m, M with n > M + m + 3, then there
exist functions (V°,V®)(6-,T) € X, and positive constants 61 > 0 and Cres > 0
such that

sup ||VC(57 T) - q(57 T)HXm S Cr055
T€[0,To]
(3.31) sup (V0 T, + V(6 T)lx,) < Cres
T€[0,To]
sup  ||Resc(0VC(8-,6%t),8%V3(8-,0%))||x,, < Cresd™Mt3
te[0,7T0/62]
sup  ||Resg(8VE(6-,0%t),02V3(0-,0%))||lx,, < Cresd™ T2
te[0,T0/62]

is true for all 6 € (0,81).

PROOF. Similar to the calculations in §3.4, we expand (v¢,v®) into a formal
series of the form

Ve = S(Vg+oVE+ ...+ MV
FVe = SV 4V +...+ MV
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and find equations for (V,V?)(dx, §%t), which we subsequently solve recursively for

given Viy = ¢ and Vi§ = 0. In detail, we use the relations
VY = §0rVy
O(Vy = 8*orvy
e 820, A°(0 .
AVE = — ( )3XXVj +0(5%)
AVP = A)VF +0(0)

PN = 55 (0)0x N+ O(5%)
and obtain the system

Dy A(0 .1 .
orvs = 22 oeavs - Lo pox (v

0 = AO)Vg +O(IV5l®)

for Vi and V§§. Since A®(0) = —2, we can solve the second equation for V{§, while
the first equation is the Burgers equation as claimed.
Next, the equations for V{° and V are of the form

C aVVS\CO C C C S C
orve = 22 v 001+ VL + 1V + VD)
0 = A0V +O(IVEI(X + |VE| + V5] + Vs])).

Again, the second equation can be solved for V. The first equation is a linear para-
bolic PDE in V{ since the higher-order terms contain at most first-order derivatives
of V. Thus, V¥ and V{° exist as long as V{5 is given.

A similar analysis can be carried out recursively for all V7 and V7. As a
consequence, the residual can be made as small as we wish with respect to powers
of . The assertions about regularity follow by counting derivatives in the preceding
expansions of A, A® and the nonlinearities. O

We remark that, from now on, we do not distinguish in our notation whether
the approximations V¢ and V*® are regarded as functions in (X,T) or (x,t) through
(X,T) = (6z,5°t).

3.9. Estimates of the errors

Having constructed initial approximations with very small residuals, it remains

to prove that the error, defined as the difference between genuine solutions of (3.29)
and the initial approximations, is also small. Anticipating the expected scaling of
the errors, we define the critical and noncritical parts R¢ and R® of the error via

vo(x,t) = SVC(ox,6%t) + SMTIR (2, t)

v (x,t) = 62VE(x,0%t) + SMTER (2, t),
where we assume that the left-hand sides satisfy (3.29). Substituting this ansatz
into (3.28), we obtain the system
(3.32) OR¢ = MR+ pg°(R°, R, 1)

R = NR +¢(R° Rt
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for (R, R®). We remark that we shall always work with the initial data
(3.33) (R, R)[t=0 = 0.
We claim that the nonlinear terms satisfy the estimates
lg¢(RS, R*,t)|lx,, < 6C1||R|\x,, + 0°CRes
(3.34) +62C1 || R?|| %, + 6™ Co(De, D)
lg*(R%, R )%, , < CRres + C1||Rlx,,
+6C1|| R x,, + 6™ Co(De, Ds)

for
(3.35) 7], < D, | 7| x,, < Ds

with constants D. and Dy that are independent of 0 < § < 1 and will be chosen
later. The specific form of (3.34) arises as follows: First, quadratic interactions of
SV with M+ R lead to O(J) terms! in the equation for R® and to O(1) terms in
the equation for R®. Next, quadratic interactions with §2V* lead again to higher-
order terms, while quadratic interactions of 6" +1 R, with itself leads to O(6M+1!)
terms in the equation for R¢ and to O(d™) terms in the equation for R®. Lemma 3.8
shows that we do not have any loss of regularity for the nonlinearity ¢°.

Our goal is to prove that the solution (R, R®) of (3.32)—(3.33) stays bounded,
uniformly in 0 < § < 1, over the time interval [0, Ty /2]

Since the nonlinearity ¢® is bounded on bounded sets, and given the exponential
decay of the semigroup generated by the linear operator A®, we do not expect any
problems from the second equation in (3.32). However, Lemma 3.9 shows that the
semigroup associated with the critical part A° is merely bounded: thus, the term
C16||R°|| x,, in the estimate (3.34) of the nonlinearity ¢g¢ may cause trouble when
integrated over [0,7y/6%]. It is here where the special structure of (3.32) becomes
crucial. If we subsume the factor p in (3.32) into the semigroup generated by A,
we can exploit the improved estimate

1eX" pl| 2, — 2, < Cot~1/?

which we established in Lemma 3.9. Integrating t—'/2 over [0, Ty /d?] gives only a
contribution of order 1/6, instead of the factor 1/6 when integrating a constant,
which can now be taken care of by the term C16||R°||x,,.

In the remaining part of this section, we carry out the details. We begin by
recording that (3.13) and (3.29), and therefore also (3.32), are quasilinear. This is
further reflected in the estimate (3.34) which shows that the nonlinear terms map
X into X, —o (and not into X, —1). Thus, we shall treat (3.32) as a fully nonlinear
equation making extensive use of the results in [33] regarding long-time existence,
uniqueness and optimal regularity of solutions. First, we have the following esti-
mate.

LEMMA 3.11 ([33, Theorems 4.3.1(iii) & 4.4.1(ii)]). Fiz 0 < v < 1, then there
exists a constant Cs > 0 with the following property: For each t1 with 0 < t; < oo
and each function N5 € CO7([0,t1], Xy_2) with N5(t) = PSN3(t) and N*(0) € X,,,
there is a unique solution R® of

R = KR+ N*(t),  Rli—0 =0

IThe term —adx (2) in the second equation in (3.15) shows that this quadratic term will
indeed be present.
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on [0,t1], and
B[l co (10,61],20) < C3INZllcom (10,61], X —2)

Since R° has compact support in Fourier space and the operator A° in the first
equation in (3.32) is bounded, there is a constant C5 > 0 such that

(3.36) IR lco (0,620, 2) < C5lIR llco(fo,617,2m) + IV llco (0,617, 2m)
for the solution R€ of
Oy R° = X\°R° + N°(1), R¢4=0 =0

on [0,#1] where N¢(t) = P°N°(t). The constant C5 does not depend on ;.

The results in [33, §8.1], and specifically [33, Theorems 8.1.1 & 8.1.3, Propo-
sition 8.2.1], show that the nonlinear system (3.32)—(3.33) can be solved as long
as the C%7([0,], X,,)-norm of the solution (R¢, R®) stays bounded: To apply the
cited results, we need to check the compatibility condition ¢*(0,0,0) € X,, (see
also Lemma 3.11) which is met since the residuals are sufficiently smooth due to
Lemma 3.10. In the rest of the proof, we shall also exploit that the Holder norm
of the residuals is bounded uniformly in 4.

We define

S(t) = 1R lcom((0,6],2,0) S5(t) = [[1B||co (10,4, 2m) »

and record that these functions increase monotonically in ¢. We claim that S¢(t)
and S%(t) stay bounded uniformly in t for ¢t < Tp/6% and 6 € (0,6;) for some
fixed 6; > 0. To prove the claim, we argue by contradiction. Thus, we shall pick
appropriate positive constants S¢ and S%, which will be chosen in (3.40) below
independently of ¢, and assume that there are sequences d; \, 0 and ¢; < Tp/ 5? SO
that S°(t) < SS and S°(t) < S5 for all 0 < t < t; and S°(t;) > S$ and S°(¢;) > S5.

We proceed as follows to reach the desired contradiction. Throughout the
forthcoming estimates, we restrict ourselves to 0 <t < ¢; < T/ 532. Applying the
variation-of-constant formula to the equation for R® in (3.32)—(3.33), we get

t
Rt = [ O gt (BB (7) dr
0
The estimates provided in (3.34) and Lemma 3.9 show that

t
IR, < / 1 ) pll
0

gC(RCa RS? )(T) ||Xm dr

t
< / Colt — 7)1/ [5CLIR(7) |, + 62 Crres
0

+62C1 || R (7) || x,, + M O(SE, S5)] dr
VToCo [6CRes + 8C1S5 + M Co(S¢, S3)]
b 6CyC

o Vio7
Using the rescaled time variable T := §t, we see that

(337)  [IR(T/6)|x, < V/ToCo[0Ches +5C1S5 + M Cy(SS, S2)]

T
CoCy 9
Re(1/é d
+ [ IR/ e

IN

+ 1B (7)]| x,,, d7-
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for T < Tj = tj5]2- < Tp. We are now ready to apply the following version of
Gronwall’s inequality.

LEMMA 3.12 ([22, Lemma 7.1.1]). Assume that b and Ty are positive constants
and 0 < d < 1, then there is a constant Cy = C(b,d,Ty) such that the following is
true. Suppose that a > 0 and u : [0,To] — R is continuous with

T
u(T)Sa—i—/O (;ju(:))ddr

for all T € [0,Tp], then

sup u(T) < aCly.
T€[0,To)

Applying Lemma 3.12 to (3.37) with u(t) := |R°(t/52)| .,
|RS(t)]|x,, < V/ToCoCl [6Cres + 8C1 53 + 8 C5(S¢, S3)] .

Using (3.36), we finally get

(3.38) S°(t) < V/ToCoCyCs [6CRes + 6C1 S5 + 6M Co(SS, 53]

for all ¢ with 0 <t <¢;.
Next, we focus on the equation for R® in (3.32)—(3.33). Applying Lemma 3.11
together with the estimates from (3.34) and Lemma 3.9, we obtain

Ss(t) C3||gS(R07RS, ~)HC0=‘Y([O,t],Xm,2)
C5 (CRes + S°(t) + 655(t) + 0M Co(S¢, S5))
Cs (Cres + SS + 655 + 6MCo(S¢, 55))

we get

INIACIA

(3.39)

for all ¢ with 0 <t <¢;.
In summary, if we choose

(3.40) Sy =2, S5 =2+ C3(2+ CRes)s
then we get from (3.38) and (3.39) together with the assumption d; — 0 that
Se(t;) <1, S%(t;) <14 C3(2 + Cres)
for all sufficiently large j. This is the desired contradiction which establishes that
the solutions (R, R®) of (3.32)(3.33) exist on [0, Tp/6?] and are bounded uniformly
in 6.
3.10. Proofs of the theorems from §3.2

3.10.1. Proof of Theorem 3.4. We use Theorem 3.5 to prove Theorem 3.4.

The starting point of our analysis is the relation

Az, t) = (1 + 5°W (6z,6%t)) exp (1(5 /fﬂ (Sy, 6t) dy + igo(t) — iﬁt)
0

which defines a solution A of the complex Ginzburg-Landau equation (3.11) in
terms of an arbitrary solution (W, ¥) of (3.15). We wish to compare this solution
with the function

Aapprox(z,t) = (1 + 52W1](‘4(5x, 5215)) exp <i§/ \I/}j/l(éy, 52t) dy — iﬂt)
0
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where (W1, Uh ) are the improved approximations obtained from a solution q of
the Burgers equation (3.17) via the expressions (Wp, ¥() from (3.18). We estimate
the difference of A and Aapprox as follows:

|e7i¢0(t)A(fL', t) — Aapprox(x7 t)|

< (1+ 0°W (6, 6%t)) exp <i(5/ U (0y, 6%t) dy — iﬂt)
0

—(1 + 8?°Wi, (6, 6%t)) exp (15/ Th 8y, 6%t) dy — iﬁt) ’
0

< (14 6*W 6z, 6°t)) exp <15 /0 ’ U (5y, 6%t) dy)
—(1+ 6°W (6z,6%t)) exp (1(5 /0 ’ b (5y, 6%t) dy) ’
+ ’(1 + 62W (8, 5°t)) exp <15 /OI wh (5y, 6%t dy)
—(1 + 8°W3, (6, 6%t)) exp <i5 /I wh (8, 6%t) dy> ‘
< |1+ 0%W (92, 6%t)| x ’
X |exp (15 / ’ U (y, 6%t) dy) —exp (ia / ’ wh 5y, 6%t) dy)‘
+6% |W (4, g%) — Wi (62, 6%t)| O
R Se? /0 " W6y, 6%) — BB, (5y, 8%4)| dy’ + oMt
Thr% 3.5

/ 05M+1 dy‘+C§M+2
0

< CS(EMFL 4 6M|g)).

Restricting z to the region |z| < L5, we obtain the desired estimate of the left-
hand side by C6M~!. The limitation comes from the phase which is obtained as
the integral of the wave number which is not necessarily integrable over R.

Lastly, inspecting the right-hand side of the ¢-equation in (3.12), given by

_ azx 2 2
8,5(;5—5m¢+am —a(0.0)° + Lo —20r — pre,

we see that 9;¢(0,t) = O(62) and therefore

sup  [6(0,8)] = O(1).
te[0,To/62]

REMARK 3.13. We emphasize that, in general, we cannot expect better approx-
imation properties. To see this, take ¥ = 2 and ¢ = 0. In the above estimates, we
would then need to prove that the difference of €' * and 1 is smaller than o(4). A
uniform estimate over R can only be expected for special solutions.

3.10.2. Proof of Theorem 3.3. The idea of the proof is as follows. By as-
sumption, the solution ¢(X,T') of the Burgers equation that we start with converges
to constants algebraically as * — 400, and our ansatz therefore satisfies the com-
plex Ginzburg—Landau equation at x = +00. We shall see that this implies that the
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residuals are also algebraically localized, which enables us to solve the equation for
the errors in appropriate spaces of algebraically localized functions. When we then
transfer the approximation result from wave numbers to phases, we can exploit the
algebraic 1/2%-decay of the wave number to see that the phase, computed as the
integral of the wave number in x over R, stays bounded.

Thus, we introduce the space H™(n; ) which is equal to H™(n) but equipped
with the norm

[l (nis) = [lu(-)p (8) L

where py (x) = V1 + 22. To prove Theorem 3.3, we first repeat the steps in the proof
of Theorem 3.5. Tt is not hard to see that the residuals lie in X, := H™1(2;8) x
H™(2;4). Furthermore, the estimates in Lemma 3.10 stay the same except that the
terms 6™ *3 and 6*2 on the right-hand side of the last two equations in (3.31) are
replaced by 6M+5/2 and §M+3/2, respectively, due to the scaling properties of L2-
spaces. Next, Lemma 3.11 and the estimates (3.34) of the nonlinear terms remain
true in A,,. Likewise, the estimates of the semigroups in Lemma 3.9 are true in X,
since the 6 dependent norm in H™(n;0) ensures that the constants arising in the
estimates of the critical semigroup remain are O(1) in ¢ over the long time scale
O(1/46?%). Thus, we see that Theorem 3.5 remains true with X, replaced by X,
except that the term 0™ on the right-hand side of (3.20) needs to be replaced by
sM—-1/2.

It remains to transfer the result from wave numbers to phases. Without loss of
generality, we may assume that ¢_ = 0. We now have to compare the solution

Az, t) = (1 + 8*W (6, 8%t)) exp (id/ U (0y, 6%t) dy — iﬂt)
of the complex Ginzburg-Landau equation (3.11) with the approximation

Aapprox(, 1) = (1 + 82WE (52, 6%t)) exp (15 / oh (5y, 6%t) dy—iﬁt).

—00

x

x

The key is that the integrals in the expressions above exist, and are O(1) in §, since
‘5/ (1—|—52y2)_1 dy S/ (1+y2)_1 dy < oo.

Thus, as in §3.10.1, we obtain

A1) — Auppron(a.1)] < 06] / (5, 621) %(53;,52t>]dy\+caM“

< Ca/ |6M=1/2(1 + (6y)?) 72| dy + CoM+2

< C(SM—3/2
uniformly for = € R.

3.10.3. Proof of Theorem 3.2. To prove Theorem 3.2, we follow the same
strategy as in the proof of Theorem 3.5. However, instead of using equation (3.13)
for the wave number v as in §3.5, we use only the equation (3.12) for the phase
¢. This is feasible, of course, since we begin with a solution ®(X,T') of the phase
equation (3.8) rather than with a solution ¢(X,T) of the Burgers equation (3.10).
Thus, we shall focus on (3.12) and go through the analysis presented in §3.5 to
work out the adjustments that we need to make.
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The major difference is that Lemma 3.8 is no longer true for (3.12), since the
leading order term in the critical part of the nonlinearity is now given by (9,v°¢)2,
see (3.8). In particular, we can no longer use the improved estimate in terms of
t=1/2 for the critical part of the semigroup in Lemma 3.9 but only the bound by a
constant. Thus, for the estimates of the errors in §3.9 to go through, we shall need
that the nonlinearity itself is of order O(62): the key is that the term (9,v°)?, is
indeed of the desired order O(42) if v¢ is a function of dz. Therefore, to exploit this
property, we introduce the space X; s which, as a vector space, is equal to X; but
whose norm is defined via

lu)llay,s = llu(@™) -
In this space, we obtain the estimate
(3.41) I s < (14 52
for the critical part of the linear semigroup. As in §3.9, we make the ansatz
(3.42) v© = Ve §MRe
o= PV MR

and seek functions R and R® in X} s and X,,, respectively. Note that since R°
has compact support in Fourier space, we have that R® € &,,,. Furthermore, the
approximations V¢ and V* lie in both X; 5 and AX,,. Upon substitution our ansatz
into the analogue of (3.28), we obtain the equation

OR° = A°R°+ ¢°(R°,R°t)
R = MNR +¢*(R°RT)
for the errors, where the nonlinearity obeys the estimate
lg°(RS, R, ) 2y,s < 6°Cres + 0°C|R ||, 5 + 0°CI R,
+6MC(De, D[R [l 2,,5 + |1 B,
CRres + C||R||x, ; + 6C||R*|| x,,
+6MC(De, D[R ||, 5 + 1R, )2

Hgs(Rcv Rsa t) ||Xm—2

IN

when restricted to
R, s <D and  [|R%[x,, < Ds

with constants D, and Dy as in §3.9. We record that we used here that the right-
hand side depends only on 9,V = O(§) but not on V¢ = O(1), see (3.12).

From this point on, the rest of the proof follows exactly as in §3.9 upon utilizing
the estimate (3.41) instead of the estimates provided in Lemma 3.9.






CHAPTER 4

Reaction-diffusion equations: Set-up and results

4.1. The abstract set-up

Consider the reaction-diffusion system

where v € R%, x € R, D is a diagonal matrix with strictly positive entries, and
f: R4 — R? is smooth.

We assume that, for some nonzero temporal frequency w = wy and a certain
nonzero spatial wave number k = kg, there exists a nonconstant travelling wave
train u(z,t) = ug(wot — kox) of (4.1) where ug(6) is 2m-periodic in its argument.
Substituting this ansatz into (4.1), we see that ug(6) must be a 2w-periodic solution
of the ordinary differential equation

(4.2) k2 Ddgou — wdpu + flu)y=0

for w = wy and k = ky. Linearizing this equation about ug, we obtain the linear
operator Ly, given by

(4.3) Lo = k*Ddgg — wdy + f'(uo(6)),

again with w = wy and k = kg, which defines a closed and densely defined operator
on L2..(0,27) with domain D(Ly) = HZ,(0,27). We assume that A\ = 0 is a
simple eigenvalue of Ly on Lfmr(O,QW), so that its null space is one-dimensional,
and therefore spanned by the derivative dypug of the wave train.

We may now vary the parameter k in (4.2) near k = ko and again seek 27-
periodic solutions of (4.2). The derivative of the boundary-value problem (4.2) with
respect to w, evaluated in the solution uyg, is given by dgug. Since A = 0 is a simple
eigenvalue of Ly on Lger(O, 27), we see that Jpug does not lie in the range of Ly,
and the linearization of the boundary-value problem (4.2) with respect to (u,w) is
therefore onto. Thus, exploiting the translation symmetry of (4.2), we can solve
uniquely for (u,w), up to translations in 6, and obtain the wave trains

(4.4) u(z,t) = uo(wn (k)t — kz; k), w = wni(k)
of (4.1) where wyi(ko) = wo. In particular, ug(0; k) satisfies the ODE
(45) k2D899’u, — wnl(k)agu + f(u) =0

for all k close to kyg. We call wy; the nonlinear dispersion relation and define the
group velocity of the wave train with wave number k to be

(4.6) Cg = d(‘;; (k).

39
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The phase speed of each wave train is given simply by ¢, = wu(k)/k. We
shall assume that the nonlinear dispersion relation is genuinely nonlinear so that
wy (ko) # 0.

We will need additional assumptions on the stability of the wave train ug as a
solution to the reaction-diffusion system (4.1). We therefore linearize (4.1) in the
frame 6 = wyt — kox that moves with the phase speed ¢, = wg/ko of the wave trains
and get

(4.7) Oru = ki DOpou — woOgu + f'(un(0))u.

The spectrum of the linear operator defined by the right-hand side of (4.7) on the
space L?(R) can be computed using the Floquet or Bloch-wave ansatz

(4.8) u(f) = e " *oy(9;v)

where v € iR and v(0;v) is 2m-periodic in §. Substituting this ansatz, we obtain a
family of operators £, given by

2
(4.9) L,v=k:D (89 - V) v — wo <89 — V) v+ f(up())v,
ko ko

each of which is a closed operator on L2 (0,27) with dense domain HZ. (0,27).
In particular, £, has compact resolvent, and its spectrum is discrete. Thus, its
eigenvalues \;(v) with j € N can be ordered with descending real part so that
ReAjt1(v) < ReAj(v). The curves v — A;(v) are analytic except possibly at a
discrete set where the values of two or more curves A;(v) for different indices j
coincide. We denote the associated eigenfunctions by v;(0;v).

Since we assumed that £y has an algebraically simple eigenvalue at A = 0, we
find an analytic curve of eigenvalues given by A = A, (v) for v € iR close to zero
for which

(4.10) N(Ly — Ain(v)) # {0}

We call A = Ajin(v) the linear dispersion relation. As we shall see below, we can
compute the derivative d\/dv and recover the group velocity as defined via the
nonlinear dispersion relation:
dhin | dww
dv lv=0o P dk
We remark that the phase velocity ¢, appears in the above equation simply because
we computed the linear dispersion relation in the frame moving with speed ¢, while
the nonlinear dispersion relation was computed in the steady frame. Note also that
the signs of the second derivatives of the linear and nonlinear dispersion relation
are, in general, not related. We assume that Re A{{ (0) > 0.
We summarize the assumptions that we stated so far in the following two
hypotheses.

(ko) = cp — cq-

HyPOTHESIS 4.1. We assume that there exists a wave-train solution to (4.1)
whose linearization Ly has a simple eigenvalue at A = 0 when considered on
L%er(0,27r), We also assume that the nonlinear dispersion relation is genuinely
nonlinear so that w!| (ko) # 0

HYPOTHESIS 4.2. The linear dispersion relation satisfies Ajf, (0) > 0.



4.2. EXPANSIONS OF THE LINEAR AND NONLINEAR DISPERSION RELATIONS 41

Our last assumption is concerned with temporally oscillatory solutions of the
linearization (4.7). We assume that, for each fixed v € iR, and for every A in the
spectrum of £,, we have

(4.11) A # (cp —cg)v

except, of course, when v = 0 and A = 0. Recall that ¢, and c; denote the phase
and group velocity, respectively, of the wave trains. In the original steady frame,
this assumption is equivalent to requiring the absence of solutions to the linearized
equation of the form exp(i(wt — kz)) for which the phase speed of the modula-
tion, w/k, is equal to the group velocity ¢y of the wave trains. This hypothesis
is automatically met if we assume that the wave trains are spectrally stable, see
Hypothesis 4.4 below.

HypOTHESIS 4.3. We require the absence of resonant spectrum in the dispersion
relation as stated in (4.11).

When we derive and validate the Burgers equation, we shall need the follow-
ing, more restrictive hypothesis which assumes spectral stability of the wave trains
UQ(wot — kol‘)

HypOTHESIS 4.4. We assume that, for any v € iR and any eigenvalue \ of L,
we have either Re A < 0 or else A =0 and v € ikyZ.

In other words, we assume that A\, () = A\ (v), and remark that Hypothe-
sis 4.4 implies Hypothesis 4.3. As indicated above, the stronger Hypothesis 4.4 is
only needed for the validity of the Burgers equation and for the stability of small-
amplitude shocks but not for their existence.

4.2. Expansions of the linear and nonlinear dispersion relations

In this section, we derive certain useful expansions for the linear and nonlinear
dispersion relations. In particular, we show that their first derivatives coincide (up
to their sign).

We start with the nonlinear dispersion relation, and consider the nonlinear
boundary-value problem (4.2)

(4.12) k*Dgou — wdgu + f(u) =0

with periodic boundary conditions. By assumption, we know that A = 0 is a simple
eigenvalue of the linearization Lo, posed on L2, (0,27), of (4.12) about the solution

uo(#). The null space of Ly is therefore spanned by dpug. We denote by u.q the
nontrivial function in the null space of the adjoint operator

Laoqu = k’%Dagg’u + woOyu + f’(uo(ﬁ))Tu
with the normalization

(4.13) (tad, Opuo) £2(0,27) = 1.

We now proceed as follows. The above hypothesis on Ly implies that there is a
solution ug(0; k) and w = wy (k) of (4.12) for each k close to kg, and that the solution
u € H2,.(0,27) as well as wy(k) depend smoothly on k. Thus, we substitute both

per
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u = up(0; k) and w = wy(k) into (4.12) and take the first two derivatives of (4.12)

with respect to k evaluated at k = kg. We obtain

(4.14) LoOkug = —2koDOyoug + w:ﬂ(ko)aguO

(4.15) LoOkrug = —4koD0pgOrug + 2w;11(k‘0)696kuO — 2D0goug
+w;’1(k0)8gu0 — f”(uo)[akuo, 8k’u,o].

In particular, we conclude from these equations that the right-hand sides of both

(4.14) and (4.15) lie in the range of the operator L. Therefore, the L2-product of

these right-hand sides with the adjoint solution w,q vanishes. Writing down these
scalar products, and using the normalization (4.13), we obtain

(4.16) wi(ko) = ¢z = (Uaq,2koDIpgug) L2
(4.17) Wi (ko) (Uad,; 4koDOkgouo — 2¢5 koo + 2DDggug

+ 1" (uo) [Oruo, Opuo)) 2 -
Combining (4.14) and (4.16) shows that dxug satisfies
(4.18) LoOkuo = —2koD0pouo + cgOpuo = —2ko [DOpotsp — (Uaa, Dgouo) £20puo] .
We remark that we can arrange for
(4.19) (Uad; Oguo)r2 =0
since we can always shift wave trains arbitrarily in 6. Shifting appropriately in
a k-dependent fashion allows us to replace Oxug by Oxug + adpug. Choosing a
appropriately gives (4.19).

Next, we turn to the linear dispersion relation. We consider the linear boundary-
value problem (4.9)

(4.20) k2D <ae - k”o)z v — wo (ae - ]:0) v+ f(uo(0))v = Aim(v)v

near v = 0. We proceed as above and take the first two derivatives of this equation
with respect to v evaluated at ¥ = 0. Upon using that v = dyug at v = 0, we obtain

(4.21) LoO,v = ( {in(O) — Cp)aguO + 2ko DOgoug
(4.22) Lo0,v = N, (0)0sug + 2X};,(0)0,v + 4ko DOyd, v
—2¢p,0,v — 2D0gug.

Proceeding as above, and comparing the above equations with (4.16) and (4.18),

we can arrange that d,v = —9gug, see also (4.19), and
(423) )‘{m(o) = Cp —Cg = <uad; Cp69U0 - 2k0D899U0>L2
1in(0) = (Uaq,4koDOkouo + 2Dgug) > -

REMARK 4.5. It is sometimes more convenient to use speed vs period instead
of spatial vs temporal frequency formulations of the nonlinear dispersion relation
wni(k). Using
2 _ wu(k)

& OPT Tk
we obtain the phase velocity ¢, = ¢(L) as a function of L. A trivial application of
the chain rule gives

dwn1 de
4.25 =
( ) Cg dk

(4.24) L=

de d2w, L3 d2%¢
=c(L) - [— 4 = [— n_Z -
oll) = Lap i (0) = Laz, a2 27 dL?
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Thus, the signs of —¢/(L) and the relative group velocity ¢, — ¢, coincide. Further-
more, the signs of ¢’ (L) and w/),(k) are the same.

4.3. Formal derivation of the Burgers equation

We are interested in slowly varying modulations of the wave trains uo(wn (k)t —
kx; k) to the reaction-diffusion system (4.1)

(4.26) O = DOypu + f(u).
Thus, we fix a wave number k and seek solutions to (4.26) of the form
(4.27) w(z,t) = wolwm(k)t — ke — ®(X,T;06); k4 00xP(X,T;9))
+62U1 (wnl(k)t - kx? Xa T7 5)

where the variables (X,T) depend on (z,t) and are given by
(4.28) X = 0(x — cg(k)t), T = &*t.
We shall assume that both ®(X,T;0) and wy(0, X,T;d) are smooth in §. The
functions (X, T; ) and q(X,T) := dxP(X, T;d) describe the slowly varying phase
and wave number modulations, respectively.

The strategy is now to derive, on a formal level, the equation that ®(X,T;0),
or equivalently ¢, ought to satisfy in order to turn (4.27) into a solution of (4.26).
In the process of the derivation, we will also choose a normalization that makes the
correction uq (@, X, T;0) unique. The validity proof of the equation for ®(X,T’;0)
derived in this fashion then amounts to providing estimates for ®(X,T;d) and

u1 (0, X,T;0) for 0 < § < 1 over time scales of order O(1) in 7.
Throughout the derivation, we use the abbreviations

(4.29) 0 = wni(k)t — kx,

w = wpi(k), and ug = ug(8; k). For any function h(0—®(X,T;9); k+60x P (X, T} 9)),
we then have
d

" = [+ ScgOx P — 3207 ®]0ph — 6%cy(Oxx P)h + O(6%)
%h = —[k+d0xP|0ph + 52(3XX(I))8k-h
2
% = 82(Oxx®)(Dph) + [k + 50x B|*Dpgh — 2% (Dx x B)koh + O(69)

where h is evaluated at (0 — ®(X,T;0);k + 00xP(X,T;0)). Therefore, we obtain
formally

=0+ DOyru + f(u)

= —(w+0cg0x® — 528T<I>)89u0 + 520g(3XX(I>)8ku0 — 5%wdpuq
+D [—6*(0xx ) (Dguo) + (k + 60x P)*Dgouo — 2k6*(Ox x P)Orouo
+8°k*Bgour ]| + f(ug + 6%uy) + O(6%)

= —wdgug + k*DIgguo + f(uo) + 8 [2k(Ox ®) DIgoro — cg(Ox ®)Dpuo]
+62 [cg(Ox x @) Ot + (OrP)Dgug
+D (—(9x x®)dpuo + (9x P)?Igouo — 2k(0x x ®)Irouo)

—wdguy + k*DOgour + f'(ug)ur] + O(6%)
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where ug = ug(f — ®(X,T;0); k + 60xP(X,T;0)) and u1 = uy(0,X,T;0). In the
next step, we expand ug further

ug(0 — @3k +90x®) = wup(d — ®;k) + 0(OxP)Okuo(6 — @; k)
62
+5 (0x®)*0fuo (0 — B k) + O(5°)

and note that analogous expansions hold for dpug and dggug. We will next substi-
tuting these expansions into the above equation for —dyu + Ddy,u + f(u). From

this point on, we regard (6, X,T) as independent variables and neglect that they
depend on z and ¢ through (4.28) and (4.29). We shall also set

(X, T) := ®(X,T;0).

Upon substitution, we obtain, with ug = ug(0 —®(X,T); k) and vy = u1 (0, X, T;0),
that

—0wu + DOyru + f(u)
= —wlyug + kz.DaggU() + f(uo)
+6(0x D) [—wOkguo + k2 DOrgouo + I (wo)Okug + 2k Ddgoug — cgDpuo)
52
+5[2Cg(8xxfb)akuO — w(aX(I))QakaUQ + kQD((?X(I))ZakkgguO
+(9x®)* f' (u0)Ouo + (Ox )2 " (uo) [Okuo, Oxuo] + 4k(0x ®)> Dygouo
72Cg(8xq))2ak9’lm + 2(8T<I>)89u0 + 2D(7(8XX<I>)89UO + (8)(@)209911,0
—|—2k‘(8xx‘1))8k9u0) + ﬁoul] + 0(63)
= —wdug + k*DOggug + f(uo)
—|—6(8X<I>)[L’08kuo + 2kD0gyug — CgaguO]
52
+§[2£0u1 + (0x ®)*(LoOkruo + f (uo) [Oruo, Ixuo] + 4kDrgoug
72Cgak9uO + 2D399U0) + 2(5‘T<I>)89u0 — 2D(8XX(§)(89U0 + 2k8k9u0)
+2¢4 (Ox x ®)Oruo] + 0(53)

where £y has been defined in (4.3). Equations (4.12) and (4.14) imply that the
terms of order O(6°) and O(J) in the above expression vanish identically. We can
then use (4.15) to simplify the term of order O(4?) to get

—Ou+ DOyyu + f(u)
1
= 52 ,C()’Lbl + §wg1(k)(8x<1>)289u0 + (8T<I>)89u0 — D(@XX@)(&;UO + Qkakg'l.l,o)
+cg(8XX<I>)8ku0] + 0(53)
Thus, we require that the term of order O(6?) vanishes identically which results in
1
(4.30) Lowy = —(0r®)dyuo — 5w (k) (Ox ®)*dgu
+D(6XX(I>)(BQUO + 2k6k9uo) + Cg(aqu))akuo.

We can solve this equation uniquely for u; = w;(0, X, T;0) provided we require
that (uad,u1)r2 = 0 and provided we choose ®(X,T') so that the right-hand side is
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in the range of Ly, that is, provided

1
<uad, —(8T<I>)89u0 — §wf1'1(k) (6X<I>)289u0 + D(axx@)(ag’lm + 2k6k9u0)

+Cg(aqu))akuO>L2 =0
Exploiting (4.19), this solvability condition becomes
(Uad, Oguo) 2 Or®

W (k
= (Uad, D(Opuo + 2k0kouo))r2 Ox x P — %@Lada Bpuo) L2 (Dx @)
Using (4.13) and (4.23), we eventually obtain the eikonal equation
A0 " (k

(4.31) Or® = IHT() Oxx® — “’%() (0x®)?
for the phase ®(X,T) or, alternatively, the Burgers equation

A (0 W (k
(4.32) orq = I“T() Oxxq— % dx(q°)

A0

= 71”12( ) Ixxq— wi(k) g0xq

for the wave number modulation ¢(X,T) = 0x®(X,T).

4.4. Validity of the Burgers equation
We start with the wave trains
u(z,t) = uo(wn (k)t — kz; k)

of the reaction-diffusion system (4.1) for a fixed wave number k. It turns out to
be convenient to replace the spatial variable x by 0 = wpy(k)t — kx. In these
coordinates, (4.1) becomes

(4.33) Oru = k*Dpou — w1 (k)Opu + f(u),
and the wave trains are simply given by
(4.34) u(0,t) = up(0; k).

To get into the spirit of the results we shall prove, we will begin with statements
that are relatively easy to formulate but may not be the most general or relevant
ones (the latter ones can be found toward the end of this section).

Therefore, we shall first consider slowly-varying modulations of the wave trains
(4.34) that admit the following representation. Pick a phase function ¢(4,t) with
|09d (9, t)| < 1/2 uniformly in (¢, t) and consider the change of coordinates defined
implicitly via

(4.35) 0 =19+ ¢(0,1).

Due to our assumption on ¢, we can solve (4.35) for ¢ as a function ¥(8) of 8, which
will allow us to write solutions of (4.33) in the form w(6,t) = U(¥,t), where ¢ and
0 are related via (4.35).

Initially, for the sake of clarity, we shall formulate results in terms of the vari-
ables 1J; results for the original variable 8 are stated toward the end of this section.
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First, we consider modulation of the phase. Thus, pick a solution ®(X,T) of
the phase equation

(1436) Ord = SN (0)0xx® — Lol (k)(0x D)’
with X € R and T € [0, Tp], and set

(4.37) P(0,t) =P (6((cp — cg)t —V/k),8%t) .
We then have the following approximation result.

THEOREM 4.6. Assume that Hypotheses 4.1, 4.2 and 4.4 are met, and fix an
integer n > 3. For each choice of constants Cy > 0 and Ty > 0, there exist constants
91 > 0 and C1 > 0 such that the following is true: Pick a solution ®(X,T) of (4.36)
with

sup ||, T)||a~ < Co
Te[0,To]
and define

Unpprox (0, 1) = o (0; k(1 + 00x B(X,T))), (X, T) = (5((cp — cg)t — 0/k), 5%)

then there exists a solution u(6,t) = U(9,t) of the reaction-diffusion system (4.33)
such that

sup  sup |U(9,t) — Uapprox (¥, 1) < 62
t€[0,Tp/62] VER

uniformly in 6 € (0,01), where the variables ¢ and 0 are related through (4.35) and
(4.7).

The preceding theorem is weaker than Theorem 3.2 which we stated for the
complex Ginzburg-Landau equation in §3.2, since ® has to lie in H" instead of
H',. The reason is of a technical nature: we do not know of estimates for quadratic
interactions of H[j-functions which retain the scaling with respect to the Bloch
variable £, while such estimates exist for H"-functions [54].

Solutions with a richer dynamics can be obtained by modulating the wave
number instead of the phase, and we are therefore interested in solutions ¢(X,T) =
OxPo(X,T) of the Burgers equation

1 1
(4.38) Orq = M (0)0x xq = Swin(k)dx (¢*).
In this situation, we have the following result.

THEOREM 4.7. We assume that Hypotheses 4.1, 4.2 and 4.4 are met. For each
choice of integers M > 1 and n > M + 3 and constants Cy > 0 and Ty > 0, there
exist constants 61 > 0 and C1 > 0 with the following properties: For each solution
q(X,T) of the Burgers equation (4.38) for which

sup |lg(-, T) |l < Co
TE[0,T0]

and each 6 € (0,61), there are functions (qn,n)(9,t) with

sup ||gn(-5t) — ¢ (6((cp — cg)t = 9/k), 6%t) | 11
t€[0,Ty /62 ul

IN

Cho

IN

sup |lrn ()|l Cy

te[0,Ty/62]
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and a solution u(0,t) = U(9,t) of the reaction-diffusion system (4.33) such that

sup  sup [U(9,t) — Unpprox (9, )| < C16 M,
te[0,To/62] YER
where
Uapprox (9, ) = ug (95 k(1 + 6qn (9, 1)) + 62rn (9, 1).
Again, 9 and 0 are related through (4.35) with

9
6(0,1) = 6 /O an (9, 1) dd.

The functions (gpn,7)(x,t;6) are obtained as higher-order approximations to
the solution ¢(X,T) of the Burgers equation. As outlined in §4.3, they can, in
principle, be computed by solving a recursive set of linear inhomogeneous PDEs.

For practical purposes, the approximation results stated so far are quite useless
as they are formulated in terms of the coordinate ¢ which is defined implicitly by
0 =9 + ¢(9,t), an expression that obviously involves the knowledge of the phase
function ¢. Hence, we now transfer our assertions from the ¥} to the 6 variable.

First, we state an approximation result for solutions ¢(X,T) to (4.38) that
approach different constants g+ as X — Z£oo. Such solutions are of particular
interest, since they describe the temporal evolution of interfaces between wave
trains with wave numbers k + dg+ at X = +o0.

THEOREM 4.8. Assume that Hypotheses 4.1, 4.2 and 4.4 are met, and fix in-
tegers M > 3 and n > M + 3. For each choice of Cy > 0 and Ty > 0, there exist
constants 61 > 0 and Cy > 0 such that the following is true: Pick a § € (0,61)
and a solution q(X,T) of the Burgers equation (4.38) for which there are numbers
q+ € R with

sup [la(-,7)|
T€[0,To]

where pw(X) =1+ X2. Then there are functions (qn,7)(9,t) with

sup ||an(t) — q (6((cp — cg)t — 9/k),8%)|| ;. < C10
te[0,Ty/62] ul

an + (g T) — Q+)P3v||H§1(R+) +1(q(-,T) — Q—)PEVHH;LI(Rf)} <y

ul

sup |lra(H)llan < G
t€[0,To/62]

and a solution u(0,t) of the reaction-diffusion system (4.33) such that
sup  sup [u(6,t) — Uapprox (0, 1)] < CLOM /2]
te[0,T0/62%] OER
where Uapprox 15 given by
uapprox(ov t) = Uo (19(9)7 k(l + 5Qh(19(0)7 t))) + 62rh(19(9)7 t)a

and ¥(0) is the solution of
9

6 =19+ (v, 1), P(9,1) := 6g_0 + 5/ (qh(é,t) - q_) dd.
— 00
Lastly, we state the most general approximation result that we were able to
prove. We will encounter the same limitations that we found earlier for the complex
Ginzburg-Landau equation: We cannot expect validity to hold uniformly in 6 € R
but only for # in bounded intervals where the length of the interval depends on
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the accuracy of the initial approximation. Furthermore, we need to add a global
a-independent phase shift ¢q(¢) which will be of order O(1) in ¢: therefore, only
the profile of modulations but not their exact location is approximated over the
relevant natural time scales.

THEOREM 4.9. Assume that Hypotheses 4.1, /.2 and 4.4 are met, and fix inte-
gers n, M and a real number I with M > 1, n> M+ 3 and 0 <l < M. For each
choice of Cy > 0 and Ty > 0, there exist constants §; > 0 and Cy > 0 such that the
following is true: Pick a solution q(X,T) of the Burgers equation (4.38) for which

sup |lq(-,T)|lmn, < Co
T€[0,To]

and 6 € (0,01), then there are functions (qn,7) € Hy with

sup H‘Ih('at) _q(é((cp_cg)t_ﬁ/k)762t)HHﬂ
te[0,T0/62] !

IN

C1o

IN

sup  |[ra(, )|l an Cr,

t€[0,To /2]
a phase function ¢o(t) with

sup  |¢o(t)] < Ch,
t€[0,Ty/62]

and a solution u(0,t) of the reaction-diffusion system (4.33) such that

sup sup |u(0,t) — Uapprox (0, )| < Cyot M-t
t€[0,To/82] |0|<L /6!

where Uapprox S given by
Uapprox (0,1) = uo (9(0); k(1 + 8gn (9(6), 1)) + 6%ra(9(), 1),
and 9(0) is the solution of

9
O=0+0(0.0),  9(0.t) = 6o(t) + 8 [ an(D,)dd.
0
The proofs of the theorems stated in this section can be found in §5.

4.5. Existence and stability of weak shocks

We are interested in solutions to (4.1) that are spatially bi-asymptotic to wave
trains and time-periodic with temporal frequency w, in a frame moving with an
appropriate speed c,. In other words, we seek solutions u(z,t) = u.(x — cut, wyt)
such that

(4.39)  w(z — cutywit) = un(T — ity wit + 2m)
(4.40)  us(z — ety wit) —  up(wat — kex; k) as x — +o0.

Here, the convergence is understood to be uniformly in ¢ for v and its derivatives
OJzu and Oyu. More precisely, upon using the new independent variables £ = x — ¢, t
and T = w,t, we require that

u*(&')—u0<

— ke,
(4.41) Wi T F4C

c—ki&; k:t)‘

*

H}.(0,27)

W+ — ki Cy 0

+ Haéu*(& *) — Ogug < - —k4&; ki)

*

H}L(0,2m)
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as £ — Foo. The speed ¢, and the asymptotic wave numbers ki are, in principle,
free parameters. Note, however, that the asymptotic frequencies wi are necessarily
fixed through the nonlinear dispersion relation wy = wyi(k+). In particular, since
(4.39) requires that the solution has frequency one in 7, we see that the asymptotics
required in (4.41) imply that

wnl(ky) —kyeo 1= wn(k=) — k_cy
Wi Wi
so that
(4.42) wnl(ky) — ke = we = wni(k-) — k_cs.

Hence, for k_ # k., we find that the average speed ¢, of our solution is determined
by the Rankine-Hugoniot condition

Wnl(k+) — Wnl(k—)
ky —k_
with the genuinely nonlinear flux function wy,). Using (4.42), we see that the corre-
sponding frequency w, is then given by
kywn(k-) — k_wn(k
(4.44) Wy = +wni (k) wi( +).
ky —k_
We have ¢, — ¢g and wy — ko(cp — ¢g) as k4, k— — ko. We say that the solution
is a viscous shock if

(4.43) Ce =

(4.45) Cg > Ci > cg
where cg = w/ (k) or, equivalently, if
nl(kt) — wni(k—
(4.46) Wy > Stk Zemlbo) ey

ky —k_
In particular, viscous shocks correspond to the viscous Lax shocks of the Burgers
equation found in §2.2. The interpretation of (4.45) is that the asymptotic wave
trains transport toward the interface between them. For ki close to ko, (4.46)
implies that k_ < ko < k4 for concave dispersion relations with w!’| (ko) < 0, while

we have kp < ko < k_ for convex dispersion relations with w!| (ko) > 0 (see also
Figure 1.3).

THEOREM 4.10 (Existence). Assume that Hypotheses 4.1, 4.2 and 4.3 are met,
then the following is true for all wave numbers k_ and ki that are sufficiently
close to ko and for which c; > cg. There exists a viscous shock solution u(x,t) =
u (T — cut,wit) of (4.1) whose temporal frequency w, and speed c. are determined
by the Rankine—Hugoniot conditions (4.43)-(4.44). Furthermore, the viscous shock
is unique, up to translations in x and t, in the class of solutions that are close to

ug and satisfy (4.39)-(4.40).

REMARK 4.11. We emphasize that the existence statement of Theorem 4.10
remains true if A (0) < 0 in Hypothesis 4.2. The resulting modulated waves,
however, are sources, and not shocks, and satisfy ¢, < c. < cg+. The rest of
Theorem 4.10 remains true as stated.

Under slightly more restrictive assumptions on the linear dispersion relation,
the small-amplitude viscous shocks u. (&, 7) that we found in the preceding theorem
are spectrally stable.
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We formulate the stability result in exponentially weighted spaces. For each
71— and N+ € R, we define

(4.47) L2, (R) = {u € LEo(R); flullrs_,, < oo}
0 0o
T / fu(z)e™*|? de + / fu(2)e™ 2 de.
1=+ —o0 0
We also define H, , as the subset of functions u in Hy,, for which both u and u,
belong to L727—m+'

THEOREM 4.12 (Stability). Assume that Hypotheses 4.1, 4.2 and 4.4 are met.
Let uy(x—cut, wyt) be the viscous shock solution found in Theorem 4.10 with asymp-
totic wave numbers ky. There exist then extremal weights Mmin(k+) and Nmax(k+)
such that, for each fized choice of nt with Nmmm < N— < 0 < Ny < Nmax, the
viscous shock is nonlinearly asymptotically stable with respect to perturbations in
H, .. More precisely, fix ne with fmin < 17— < 0 < 7y < Nmax, then there
are positive numbers §, p and C such that each solution u(xz,t) of (4.1) for which
[lu(-,0) — us (-, O)HH%,,M < 0 satisfies
(448) ||’LL(, t) - u*( - C*t7w*t)||]—[71,7‘n+ < Ce_ptHu('? 0) - U*('7 0)||H%7m+'
The optimal exponential rate of convergence is given by

p=min{|(c; —c)n-l(ef — cml}.

The theorem asserts that localized perturbations do not cause a shift in the
position or the phase of the front. In particular, the linearization of the reaction-
diffusion system about the viscous shock solution does not have a neutral eigenvalue
at the origin when considered in the exponentially weighted spaces used in the
theorem. Note also that stronger exponential weights enhance the exponential rate
with which perturbations decay in time.

At a first glance, this statement may appear to contradict the assertion in
Proposition 2.4 that the viscous Lax shocks in the Burgers equation do have a
neutral eigenvalue at the origin in the same exponentially weighted spaces. The
explanation is as follows. The exponential weights require that perturbations of
the viscous shocks in the reaction-diffusion system are localized. In particular, the
phases of the asymptotic wave trains cannot be changed by perturbations in these
spaces. The phase modulation is modelled by the eikonal equation
(1.49) 0r® = XL (0)0xx® — Lty (R)(9x)?
for the phase ® = [¢, i.e. by the integrated Burgers equation, instead of the
Burgers equation for the wave number g. The linearization of (4.49) about the Lax
shock does not possess a zero eigenvalue in our exponentially weighted spaces since
®, = ¢ is not localized. Equivalently, we can view perturbations of (4.49) that
are localized in ® as perturbations of the Burgers equation that have zero mass
| g = 0: these perturbations, however, preserve the position of the viscous shock.
The absence of the zero eigenvalue can also be inferred directly from the properties
of the viscous shock in the reaction-diffusion system. Any eigenfunction of A = 0
for the linearization of the reaction-diffusion system about the shock solution is
a linear combination of the derivatives of the shock solution with respect to time
and space; we would obtain an eigenvalue at A = 0 in the exponentially weighted
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spaces considered above if an appropriate linear combination is localized in space.
We shall prove, however, that localized linear combinations do not exist: Moving
the interface in space and time will always change the phases of at least one of the
asymptotic wave trains since phase speeds of the two wave trains differ (see also
[50, Proposition 5.5] where it is shown that the absence of zero eigenvalues is a
generic feature of sinks regardless of their amplitude).

The proofs of the theorems stated in this section can be found in §8.






CHAPTER 5

Validity of the Burgers equation in
reaction-diffusion equations

In this section, we prove the theorems that we stated in §4.4. In §5.1-5.4,
we carry out the proof of Theorem 4.7, while we discuss in §5.5 the modifications
needed for the other theorems.

5.1. From phases to wave numbers

The first step is to extract an equation for the phase, and henceforth for the
wave number, from a general reaction-diffusion system. Note that the formal deriva-
tion in §4.3 uses a multi-scale expansion which we cannot assume apriori. We re-
mark that the S'-symmetry respected by the Ginzburg-Landau equation provided
an avenue for deriving directly an equation for the phase. This symmetry, however,
is, in general, not respected in reaction-diffusion systems.

Instead, we proceed as follows for the reaction-diffusion system

(5.1) Oyu = DOrpu + f(u).
First, we change coordinates via
0 =wt—kx
and obtain
(5.2) Oru = k?Ddgou — wigu + f(u).

Our starting point is a given stationary wave train uo(6; k) of (5.2) with period 27,
which therefore satisfies

(5.3) k% D0ggug — wdgug + f(ug) = 0.

Given a smooth phase function ¢(¥,t), we shall now seek solutions of the form
(5.4) u(0,t) = ug(V; k(1 + 0pd(9,1)) ™) + w(W, 1),

where the phase ¢(9,¢) and the coordinates 6 and ¢ are related by

(5.5) 0 =19+ ¢(9,1).

We shall assume that dy¢ is small, uniformly in ¥, but remark that ¢ itself might
be unbounded.

Through the ansatz (5.4), we add an additional degree of freedom by introduc-
ing ¢: we shall later add additional conditions on ¢ and w, via mode filters, to
make the decomposition (5.4) unique.

REMARK 5.1. It might seem more natural to make the ansatz
(5.6) u(f,t) = uo(0 — (0,1); k(1 — 9o(0,1))) + w(6, 1)

53
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instead of (5.4). Eventually, we need to be able to relate the dynamics of u(,t)
back to properties of the wave train ug(6; k). It is desirable to allow the phase
function ¢(6,t) to be unbounded. Thus, to transform back to the wave train, we
would need to express u(f,t) in terms of the variable ¥ = 6 — ¢(6,¢) which yields

ug (0 — @(0,1); k(1 = 0pp(6,1))) — uo (V5 k(1 — Bp(0(9, 1), 1)))

which involves the inverse 6(1,t) of the function ¥ = 6 — ¢(6,t). The occurrence of
this inverse would make the forthcoming analysis much more complicated which is
why we proceed with (5.4).

REMARK 5.2. Suppose that we found a phase function ¢(9,t) with small de-
rivative Oy (0, t) so that (5.4) satisfies (5.2). Using the implicit function theorem,
we can then, a posteriori, solve (5.5) for ¥ as a function of 6 which is of the form
¥ =0—$(6,t), where

d;(aa t) = ¢(19> t) = (;5(9 - qj;(ea t)’ t)'
In particular, we see that ug(J; k(1 + 9p¢(,t)) 1) becomes
(5.7) uo(8 = $(0 — 46, ),1); k(1 + Dy (0 — 6(6,1),1)) ")
and
(1= 360(0, )00 — H(0,1), 1)

Thus, to leading order, the solution (5.7) is, in fact, of the desired form (5.6) with
#(0,t) replaced by ¢(0 — ¢(0,1),1).

We now substitute the ansatz (5.4) into (5.2) and derive the resulting PDE in
. We shall use the notation

d ~
@¢(9 - ¢(97 t)? t)

(5.8) uy = up(9 k(14 0ye) )
Opufy = (Djuo)® = (Qyu0) (D k(1 + 0p9) ™), j =10,k
Assuming that 0y¢ is small, we obtain the relations
dv -0
a1+ Oy b
dy 1
40 1+ 090
d 1 d
1 + Oy 49
e 1 d\?
F/Z (1 + Oy d’L9>

and therefore

du 09 ¢ k _ O99d 09 ¢
At 14090 Doty (1+ yo)? ( 11096 819&@5) Ortig
du 1 o kOgoo P
W@ = To,000 % 1+ 090)? Oty

du L d koo AN,
d6? 11056 A9 (14 0p9)% dk) 0
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and
dw  Ow OJw 0O
dt 9t 09 1+ 090
dw 1 ow
a9 1 + Oy ({9719
dPw 1 d\?
a0z (1+519¢ (h?) v

Thus, we get

9] k 0
(5~9)—1 +t§ﬁ¢ Dol + 1+ 0902 (31919¢ 1 +t§19¢ - &9@05) O
O
+0w — 1+819¢)619

_ gep (L0 ko 9 Loy
N kD<<1+aﬁ¢aq9 (14 99)3 Ok o+ 1+o9000) *

I o _KO09¢) o o
w1+819¢ <819u0 (1—|—619¢)28ku0 + Opw

7(k2D31919U0 — wOyuo + f(uo)) + f(ug + w)

where we used (5.3) in the last equation.

Our next goal is to separate the critical modes, which involve the dynamics of
¢, from the damped noncritical modes using the eigenfunctions of the linearization
L given by

Lv = k?Ddggv — wdgv + f(uo(V; k))v.

This will be accomplished using Bloch waves which we introduce next.

5.2. Bloch-wave analysis

We briefly recall from §4.1 some of the properties of the operator £ as they
serve as a motivation to introduce the Bloch-wave transform. In the notation of
(4.8), the eigenfunctions v(1) of the linearization £ about ug(9; k) on L?(R) are
given by
(5.10) v(0) = e 0 ky(9;i0).

For our purposes, it is more convenient to parametrize solutions by the imaginary
wave number ¢, and we shall therefore use the notation

(9, 0) = v(¥;il)
throughout the rest of §5. As shown in §4.1, for each £ € R, the functions o(-, ¢)
are the 2m-periodic eigenfunctions of the operator £, given by

. 2 .
[:gf/ =k%D <(919 — 15) U — Wy <819 — llf) v+ f’(uo(ﬂ))fz.

We observe that £, coincides with the operator £, for v = i¢ discussed in §4.1. Tt
is convenient in this section, however, to indicate explicitly when operators act on
2m-periodic functions which we shall do by using the superscript .

We also record that

(5.11) (0,4 + k) = V9(0, 1),
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and we can therefore restrict ¢ to the interval [—k/2, k/2). Furthermore, as in §4.1,
we denote by v, (1, £) the eigenfunctions associated with the ordered branches \;(if)
of eigenvalues of L, for j € N. In particular, by Hypothesis 4.4, we have A; = Ajp.

We now turn to the Bloch-wave transform J which can be considered as a
generalization of the Fourier transform F. We will state only those properties of
the Bloch-wave transform that we shall need subsequently and refer to [46, 51, 54]
for their proofs and also for additional properties of the Bloch-wave transform. For
every sufficiently smooth and rapidly enough decaying function w in ¥-space, there
are functions w(19, ¢) that are 2w-periodic in ¥ and satisfy

(5.12) (9, L+ k) = eV (¥, ()
with the property that w is represented via
k/2
(5.13) w(v) = / e kp(9, 0) de.
—k/2
We shall write

w=Jw.

The rationale for the Bloch transform is as follows: If we denote the, slightly
rescaled, Fourier transform of w by w, then we have

o] . k/2 ) )
w(d) / e W kpyde = Y / e IR Rap (0 4 k) de

Gez ) —k/2

k/2 ) -~ k/2 )
= / e RN e (¢ + k)| Al = / e k9, 0) de,
—k/2 =/ —k/2

which is the desired Bloch-wave representation. Similar to the Fourier transform,
the Bloch-wave transform can be defined for tempered distributions. We remark
that the Bloch transform of the product of two functions w; and wsy in ¥-space is
given by the convolution

k/2 5 o
(5.14)  Tlws - wa](9,8) = [ty %5 wa](9, €) = / 1 (9, 0 — D) (9, §) di

—k/2
of their Bloch transforms ; and ws in Bloch space. Furthermore, if wq(9) is
2m-periodic in ¥ and the support of the Fourier transform w9 of a complex-valued
function wy (W) lies in (—1/2,1/2), then we have

1

Jwiwe](0,0) = Z]—'[wlwg](j—l—é)eijﬂ = Zeijﬂ/zwl(j+€—g)w2(g)dg

JEZ JEZ -2

= S / i ()in(D)8,_pdi = 3 i ()i (0)
JEZ _% JEZ

=y (9)iba(0)

so that
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The analytic properties of the Bloch-wave transform are based on a generalization
of Parseval’s identity

27 pk/2
/ (9 |2d19—27rk/ / |a(9, €))% d do.
_ k/2

As a consequence, the Bloch-wave transform is an isomorphism from the space
H™(n), equipped with the norm

[ullmmy = lupyllem pw(9) = V1492,

into the space Hy;v,, of functions @(19,¢) that are 2m-periodic in 9, satisfy (5.12),

and whose norm

2 pk/2
@] gz = ZZ// 0500 (9, €)* de d

1=0 j5=0

loch

is finite. As mentioned above, the proofs of the preceding statements can be found
in [46, 51, 54].

Bloch-wave transform allows us to analyse differential operators with spatially-
periodic coefficients. In Bloch space, such operators are multiplication operators.
Since we are interested in functions without prescribed behaviour at infinity, i.e. in
functions which do not necessarily decay to zero, we employ a method already used
in [52] to extend multiplication operators from the space L? of square-integrable
functions to the space L, of uniformly locally square-integrable functions equipped
with the norm

r+1
fullig, =sup [ [u(w)P dy.
x€ER Jz
We recall the definition
o= {u 'R = R; |lullam = [[ullgm (e,041) < 00 with 3}11% v — Tyullzm — 0}

where [Tyu)(z) = u(z +y).
LEMMA 5.3. Let m,s € Z with m+ s > 0 and m > 0. Consider a function
M: R — L(HJS(0,27), H:.(0,27)),  £— M(L)

per
which is at least C* with respect to the Bloch wave number £. The bounded linear
operator M defined by
M: H™(2) — H™?2), ur— J " (MJTu)
can then be extended to a bounded linear operator

M: HI — HY

ul»

which we denote by the same letter, with norm

Mgt mmy < Cms $)IMllcz((—yo,m/2), Lzt H))

per silper

where C(m, s) does not depend on M.

PROOF. Choose a function x € C° so that its support is contained in [—1, 1]
and >, x(z + j) = 1. Next, pick u € H"** and set w;(z) = u(x)x(z — j).
Since u; € H™*5(2), we know that Mu; € H™(2) on account of the results in [54,
Lemma 5.4] (this is the crucial step which allows us now to extend the operator).
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We define (Mu)(x) 1=, (Mu;)(x): While this sum does not converge in Hy,
it converges locally to a function in H]} with a norm bounded from above by

C(m,s)|M HC%((fk/Zk/Q),L(Hm*S,Hgér)) HU“H;’;*S

per

since Muy; is concentrated around z = j and decays like 1/(1 + |z — j|?). O

REMARK 5.4. It is not difficult to see that this lemma can be extended to
multilinear operators.

5.3. Mode filters, and separation into critical and noncritical modes

Our goal is to separate the dynamics of the eigenmodes 07 (9, £) associated with
the critical eigenvalues A1(if) = Ay (if) from the remaining damped noncritical
modes. We shall use mode filters to obtain this splitting.

First, there exists a number ¢; with 0 < ¢; < 1 so that the eigenvalue A;(if)
of Ly is to the right of the rest of the spectrum for each ¢ with |¢| < ¢1. Therefore,
there exists an £-invariant projection

Q°(t) = - /p“‘ L]ty

T 2mi

onto the space spanned by 91 (9, ¢), where I' C C is a small circle that surrounds
A1(if) counter-clockwise in the complex plane and does not intersect the rest of the
spectrum of L, for this fixed £.
Next, we choose a decreasing Cg°-cutoff function y : R — [0, 1] with
1 for |g<1
(5.16) x(6) = { 0 for | >2.
We can now define

rO=-ao(y). o =1-an ;).

and

- - 2¢ - . 16¢
P =aun(3). Po=1-eox (G-
It is easy to check that these operators commute for each fixed ¢ and satisfy

(5.17)  (1-P)PE=0=(1-F)Fy,  (1-P)PL=0=(1-P" )Py
PE+Pi=1,  Pi+Pip=1
Lastly, we set
() = A (if)

and define scalar-valued operators pf,(¢) and pS ((¢) implicitly by

(5.18) P (Oa)oy (-, 0) = PE(Ou,  [prr(0)a]oi (-, £) = Pyg(O)u
for 2m-periodic functions @(¥). An application of Lemma 5.3 shows that each of the
operators above extends to a bounded operator on H:f“. The resulting operators
will be denoted by the same letter but with the superscript ~ being dropped.

The mode filters p{ ; and P;; obtained in this fashion will now be used to
separate the critical and noncritical modes in (5.9) posed on R. We will use the
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operators pf, and FPg, to limit the Fourier support of the critical modes. First, we
write (5.9), given by

s é k i P
15000 Dyuf + e (31919¢ 15 050 &93t¢> Orugy
%
+0;w — 15 050 Oyw

s 19 kdwo D\ 4 A
(5.19) = kD<<1+aﬂ¢ 9 (1+090)? 8k) u°+<1+8ﬁ¢619> v

1 k(0
— <819ug — makug + 819’11})

Y15 090 1+ 0yo)
— (2 Ddygguo — wdgug + fuo)) + f(uf + w)
as
(520) [_BO + Bl (aﬂdja w)]8t¢ + 8tw = _‘anﬁ(zS + Lw + G(aﬁdja ’UJ),
where
Booip = (Oguo + kOruo0y)0rdh
Lodpd = L(kDydOyuo) + k*D(209¢ Dgguo + pad Oguo) — wdyd dyuo
(5.21) = k [—E(&m 0,v1) + kD (209 Opyug + O d 5@@60) — cpOyo 879u0]
_ Dpuf
B1(09¢,w)0ip = (aﬁuo 1+ BMS) Os
+k Ma¢+ O 78;67118’ D90
(1+090)* " O T agez ) U
aﬂw
14990 O
and G is comprised of the remaining terms. In the calculation above, we used that
0,v1 = —0Oug, a fact we established in §4.2. Before continuing, we also remark
that
Bi(9sp,w) = O(|0s¢| + |w])
G(dyp,w) = O(|9yol* + [w]?).

Our goal is to replace (5.20) with the system
(5.22) O PEBo¢ = Pilodyd + PiyBi(99e,w)did — PieG(D90, w)
Ow = Lw+ PiBodid — Pilodsd — PigBi(09d, w)0i
+ PG (090, w)
for (¢, w). Subtracting the first from the second equation and using (5.17), we see
that solutions of (5.22) give solutions of (5.20). Alternatively, we may consider the
system
(5:23)  OwpiBod = PRLodsd + P B1(0ad, W)k — progG(Dah,w)
Ow = Lw+ PiBodid — PiLodsd — PogBi(09d, w)0i
+P:G(0p, w)
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for (¢,w), where the first equation is now scalar-valued. Inspecting (5.18) and
exploiting that the eigenfunctions o1 (¥, ¢) satisfy a linear equation, we see that
(5.22) and (5.23) are equivalent. To make (5.23) well-posed, we shall require that
(¢, w) satisfy

(5.21) swp Flol 7= {6 (1) =1}
?;.(;5) (1—Pw=0

for all ¢ > 0. Since P® commutes with £, it follows from (5.17) and (5.23) that
(5.25) is true for all ¢ > 0 whenever it is met at ¢ = 0.

It remains to check whether (5.24) is respected by (5.23) and to calculate the
operator pg By to see whether (5.23) is well posed. Due to the properties of the
multiplier pf ;, we know that

supp F [pros(B1(99 ¢, w)0i ¢ — G(sd,w))] € T
for any sufficiently smooth function ¢. Next, we see from (5.21) that the operators
By and Ly have 27-periodic coefficients in 9 and are multipliers in Bloch space

which allows us to use Lemma 5.3. For any function ¢ that satisfies (5.24), we then
obtain

PLJ [Bogl = PL(OJT[Bo¢l(9.0)
L G (1) @0 o) + 0(0)

= o (5

) (14 0(6)) 16,0

(5.24)

= [(1 +0(f)) W)} 01(9, ),

where the O(¢1) term is a multiplier. In particular, the term [...](¢) has support in
Z. Therefore, using the definition (5.18) of pf, and denoting the operator associated
with the O(¢1) term by Bs, we get

(5.26) PiBod = (1 + Bs)o
for all ¢ that satisfy (5.24), where B3 has norm || Bs|| = O(¢1) and respects (5.24),
i.e. supp F[Bs¢| C Z. Since similar arguments apply to the multiplier £y, we see
that (5.24) is indeed preserved by (5.23) as claimed.
Next, for all (¢, w) for which (Jy¢,w) is small and ¢ satisfies (5.24), the first
equation of (5.23) can be written as
016 = [+ By + Pint Br (006, w)] ™ [PhLodod — PintG(O90,w)]

Substituting this expression for d;¢ into the second equation of (5.23) for w, we
arrive at the system

0 = [1+ Bs+pieBr(096,w)] " [phLodsd — PG00, w)|
(5.27) dyw = Lw— PiLodyo + P5,G(Dgd, w)
+[PyBo — PiB1(996, w)] [1 + B + plag Br (09, w)] ™" x
X [Pgsﬁoaﬁﬁb - pfnfG(aﬁ%w)} :
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Thus, we accomplished an effective splitting of the critical modes ¢ and the non-
critical modes w.
We now replace ¢ by 1 = dy¢ and obtain

O = 0y [1+ By + piu By (0, 0)] [phLo — G0, w)
(5.28)  dw = Lw— PiLoh + P5G(Y,w)
+[PiBo = B Bi($, )] [L+ By + ol Bi (4, w)) "
X | piLoty — Pl G (¥, w)] .
which we also write in short as
(5.29) YV =AYV +NV),
where V = (1, w), A is a linear operator, and N'(V) = O(|V|?). We record that it
is easy to check, using (4.21), (4.22) and (5.15), that the spectrum of the operator
d9(1+ Bs) ™" piarLo

near \ = 0 is indeed given by the linear dispersion curve A\¢(¢) with the associated
eigenmodes given approximately by the Fourier modes exp(—ifd¥/k). Since the
linear part of the system (5.28) is lower-triangular, we can find a bounded lower-
triangular operator S that diagonalizes (5.29) so that

(5.30) STIAS = diag(\°, A®).
In particular, if we set (v¢,v°%) := S71V, then we have v° = 1) and P5v® = v°. In
these coordinates, (5.29) becomes
(5.31) O’ = A+ Opl e N (V6 v%)
o’ = A+ PN (06, 0°),
where A is a smooth nonlinear mapping from H”/™? x H'"? into H™ for every
m > 1, and
NC(UC7US) = aﬂp;:nf/\/(vc,Us)
maps HSIHQ X H&”Q into H, for each s > 0.
We emphasize that (5.31) therefore has the same properties as (3.28), whence

we can follow the proofs in §3 almost line by line to finish the proof of the approx-
imation result for reaction-diffusion equations.

5.4. Estimates for residuals and errors

We shall solve (5.31) for (v°,v®) in the space X,;, X Xy, where X, := H'. We
remark that v¢ will, in fact, lie in H, for each s > 0.

LEMMA 5.5. The operators A and A® are sectorial in X, for every m > 0.
Furthermore, there exist constants Cy > 0 and o > 0 such that the semigroups Mt
and et generated by these operators satisfy

e[, —x,, < Co
10y 2, —,, < Cot™ /2
1|2, —x,, < Coe !

for allt >0 and m > 0.
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The second estimate in the preceding lemma provides decay of the semigroup
for large ¢ > 1 which we shall exploit below when we estimate the growth rate of
solutions to (5.31).

ProOF. The operator A differs from the sectorial operator Ddyy by a relatively
bounded perturbation and is therefore also sectorial. Thus, by [22], A generates an
analytic semigroup, and the growth rates of e are determined by the spectrum of
A. In particular, e®’* decays with some exponential rate. The singularity ¢~/ for
the center part is due to the parabolic profile of Re A° at £ = 0 which allows us to
apply Lemma 5.3 to M(£) = §le® 20T with T = §2t. O

We are now in a position to compute the evolution of residuals and errors.
Upon substituting the ansatz

(v 0°%) = (5q (5((cp —cg)t —9/k), 52t) ,0)
into (5.31) and computing the residual, we obtain

)\/{ O 1 k,
Reso(00.0) = 6* [~org+ 22 Qo gy Wy ) 1 oan

Ress(6g,0) = 0O(5%).
Indeed, the second equation follows by using that the nonlinearity is quadratic,

while the first equation follows from the calculation in §4.3. Thus, we see again
that ¢(X,T) should satisfy the Burgers equation

NLL(0 ) (k

Thus, we fix integers M > 1 and n > M + 3, and pick a solution ¢ € C([0, Ty], H})
of the Burgers equation (5.32). To derive error estimates, it is advantageous to add
higher-order corrections to the above approximation.

LEMMA 5.6. Fiz positive integers n, m, M with n > M +m+3, then there exists
an improved approzimation (V¢,V®) € C([0,Ty/6%], HY) such that the following is
true. There exist 6g > 0 and Cros > 0 such that

sup  ||[V°(-,t;6) — q(d-, (52t)|

Xm S C'res 0

te[0,7T0/62]
sup (HVC(atv 6)' X + ||VS('7t; 6)' Xm) S Cres
t€[0,To/62]
sup \|Resc(5Vc(~,t;5),(52VS(-,t;5))||Xm < ClesdMT3
te(0,70/62]
sup ||Ress(5VC(-,t;6),(52‘/5(-,15;c5))||/\gm < ClesdMT2
t€[0,Ty/62]

for all 6 € (0,d).

Proor. Higher-order corrections ®(X,T;0) and uq (¢, X, T'; ) in physical co-
ordinates can be obtained as outlined in §4.3. Afterwards, we use the mode filters
to transform these solutions into (v¢,v®) form. While V¢ has compact support in
Fourier space, ® and ¢ do not. However the difference by the cut-off in Fourier space
is O(0™) due to the concentration at the Bloch wave number £ = 0 (see [54]). We
identified Bloch space with Fourier space since v¢ for fixed ¢ is one-dimensional. [
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Using the higher-order approximations, we introduce the scaled errors R® and
R? by setting
v = Ve MRS
v = 8V MRS
Substituting this ansatz into (3.28), and using the approximation properties of
(Ve,V®), we obtain exactly the same system as the one investigated in §3.9. Thus,

following the analysis presented in §3.9, we obtain the following result which finishes
the proof of Theorem 4.7.

PROPOSITION 5.7. For each fixed positive integers n,m, M with n > M +m+3,
there exists constants 61 > 0 and C7 > 0 such that we have

sup  [[R°(t)|[x,, + sup [|R(¢)[x, < Ch
te[0,T0/62] te[0,T0/62]

for all § € (0,01).
5.5. Proofs of the theorems from §4.4

The proof of Theorem 4.6 follows closely that of Theorem 3.2 except that we
adapt the proof of Theorem 4.7 instead of Theorem 3.5, and we therefore omit the
details.

To prove Theorem 4.8, we observe that admissible solutions ¢(X,T') lead to
finite phase differences. In detail, we obtain

elim [9(8) — Papprox ()| < C16™,
where ¥(0) and Vapprox(f) are computed from the true solution ¢(«¥,t) and the
approximation §V¢(d9,9%t). We can then reconstruct the phase from the wave
number by integrating starting at —oo.

Lastly, we comment on the proof of Theorem 4.9. From Proposition 5.7, one
finds the estimate

[9(0) = Dapprox (0 + ¢o(t))| < CEMFH0)]
and therefore
[u(0, ) —tapprox (0, )] < C1]9(0) —Fapprox (0+d0(t))|+C1|09p—V | < CTMT1(|0]+1).
Furthermore, we know that
Ao (t) = 9,9(0,1) = O(6%)

which yields the required estimate on the phase.






CHAPTER 6

Validity of the inviscid Burgers equation in
reaction-diffusion systems

We discuss the evolution of modulated wave trains for wave-number modu-
lations of small, but finite, size. The relevant ansatz in this situation is of the
form

(6.1)  ug(wn(ko)x — kox — 1 ®(X, T); ko + Ox®(X, T)), (X,T) = (dz, 6t).
This is the scaling considered by Howard and Kopell [23] who showed formally that
®(X,T) ought to satisfy the inviscid phase equation

(6.2) ord® + wnl(k‘o + an)> — wni(ko) =0,

while the wave number ¢(X,T) = Ox®(X,T) satisfies the hyperbolic conservation
law

(6.3) Orq + Oxwn(ko + q) = 0.

Since (6.3) is a conservation law, shocks will typically form in finite time. Due to
the break-down of regularity during the formation of shocks, we can only expect
to prove validity results over time intervals [0, 7} /], where T7 > 0 is so small that
the solution ¢(X,T) has no shocks on [0, T1].

6.1. An illustration: The Ginzburg-Landau equation

To illustrate the concepts, we briefly review the set-up considered in [40] for
the Ginzburg-Landau equation.
Our starting point is once more equation (3.13)

(6.4)0ir = Opyur —2r — 2 — P — 20(0,m) — @0t — a(0p)r — 3r2 — o3

O = Ot + O <a8mr + 20y ah? — 20r — ﬂr2>
1+r

for amplitude and wave number corrections of the wave trains of the Ginzburg-
Landau equation with k£ = 0.
In line with (6.1), we substitute the long-wave ansatz

(r)(z,t) = (W, q)(X,T),  (X,T) = (d,6t)
into (6.4), and get
SOrW = 20xxW —2W — ¢® — ¢*W — 200(0x W )q — 6adxq
—6a(dxq)W — 3W? — W3

32adx xW + 200xW
Orq = 5aqu3x(2ﬂW+aq2+ﬁW2>+ax( BT >

1+W

65
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Choosing 0 < ¢ < 1 and neglecting terms that are formally of order O(4), we
obtain the system

0 = —2W—¢®—¢@3W -3w?-w3
orq = —0x(26W +aqg® + pW?).
For |q| < 1, the first equation is satisfied by W = /1 — ¢? — 1. Substituting this

expression into the second equation, we see that the modulation ¢(X,T) ought to
satisfy the inviscid Burgers equation

Orq +0x ((a = B)¢*) =0,
which we may also write as
(6.5) Orq + Oxwu(q) =0,

where wy) (k) denotes the nonlinear dispersion relation (3.3) of the Ginzburg-Landau
equation. Local existence and uniqueness of solutions to the scalar first-order con-
servation law (6.5) are guaranteed by the method of characteristics or, for analytic
initial data, by the Cauchy—Kowalevskaya theorem.

For various technical reasons, the validity results established in [40] are formu-
lated for solutions g(dz, §t) whose Fourier transform lives in the space

Lr(om) = {u e LRC) il = [ a1+ o) ae < oo}

for o > 0 and sufficiently large integers m > 0. For each 4 in L(p, m), the inverse
Fourier transform v is analytic in a complex strip {z € C; |Imz| < o} [28]. We
shall use this and similar spaces in our analysis of reaction-diffusion systems.

6.2. Formal derivation of the conservation law

We repeat the formal derivation of the inviscid Burgers equation presented in
[23, §2C] for reaction-diffusion systems which proceeds as in §4.3. Upon substituting
the ansatz

(6.6) u(z,t) = ug(wa(ko)t — kox — 6 1 ®(X, T); ko + Ox®(X, T))
with (X, T) = (dz, dt) into the reaction-diffusion system
0w = DOyyu + f(u),
we obtain formally that
(wni(ko) — O7®)Dpuo = D(ko + Ox ®)*gguo + f(uo) + O().
Setting formally § = 0 and rearranging terms, we get
(6.7) D(ko + 0x ®)*dpguo — (wni(ko) — r®)dpuo + f(uo) = 0,

where ug and its derivatives are evaluated as in (6.6). Formally treating (x,t) and
(X,T) as independent variables, we find that the effective wave number k of the
function wug(-; ko + OxP) in (6.7) is equal to ko + dx ®. Thus, comparing (6.7) with
(4.5), we see that

wni(ko) — Or® = wni(ko + Ox P),

so that ®(X,T') should indeed satisfy the inviscid phase equation
Or® + wni(ko + Ox P) — wni (ko) = 0.
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Taking the derivative with respect to X, we see that the wave number ¢ = 0x®
should therefore be a solution of the inviscid Burgers equation

(6.8) Orq + Oxwn(ko +q) = 0.

6.3. Validity of the inviscid Burgers equation

Throughout this section, we assume that we are in the set-up introduced in
§4.1 and §4.4.

THEOREM 6.1. Assume that Hypothesis 4.1 is met. For any choice of g9 > 0
and integers M > 1 and n > 3, there are positive constants d1,e1,C1,T1 such that
the following is true. For each solution q(-,T) € H, of the conservation law (6.8)
on the interval [0,Ty] with

sup Hq('aT)”}'*lL}'(.QmO) <&
Te[0,T1]

and each 6 € (0,01), there are functions (qpn,r)(Y,t) in H with

sup |lgn(-,t) — q(6-,6t)| rn C1o
te[0,T71 /4]

IN

ul Cq sup HQ(vT)H%-Il"’l
te[0,T1 /6] T€[0,Ty]

and a solution u(6,t) = U(V,t) of the reaction-diffusion system (4.33) such that

sup  sup |U(9,t) — Uapprox (¥, )] < Cyo™M,
te[0,14 /6] 9ER

IN

sup |[rn ()| e,

where
Uapprox (¥, 1) = uo(9; k(1 + qn (0, 1)) + ru(9, 1),
and ¥ and 6 are related through (4.35) with

9
P(9,1) := /0 qn(0,t) dd.

The preceding theorem implies the following approximation result in the orig-
inal variables (6, t).

THEOREM 6.2. Assume that Hypothesis 4.1 is met. For any choice of o9 > 0
and integers M > 1 and n > 3, there are positive constants 1,C1,T1 and d1 such
that the following is true. For each solution q(-,T) € H, of the conservation law
(6.8) on the interval [0,T1] with

sup HQ(HT)”]:*ILF(QO,O) <&
TG[OsTl]

and each 6 € (0,01), there are functions (qn,rn)(9,t) in H with

sup HQ}L(,t) _Q(ESaCSt)HH;’l < C’16
t€[0,T1 /6]

swp ruC, Ol < Ci sup gl Tl
te[0,T1 /6] T€[0,Ty]

a phase function ¢o(t) with

1
sup {90t < 5 sup[la, )3y,
t€(0,11 /9] T€[0,11]
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and a solution u(0,t) of the reaction-diffusion system (4.33) such that

sup  sup |u(f,t) — Uapprox (8, t)| < C16M,
te[0,T1 /8] VER

where
Uapprox (0, 1) = uo(9(0); k(1 + qn(9(0),1))) + ra(9(0), 1),
and ¥ and 0 are related through (4.35) with

19 ~
P(9,1) = do(t) +/0 qn(9,t) dd.

Thus, our results indicate that the solution profile is approximated accurately
and, for the reasons outlined in Remark 3.13, we expect that the estimates for the
profile are optimal for solutions with no additional properties. The position of the
solution is given only up to an error of order C1l|g||?/5. We again believe that this
is optimal.

The inviscid Burgers equation (6.8) can be written as

Orq + wi (ko + q)gx =0,

and we can think of its solutions ¢(X, T') initially as waves that travel formally with
speed w!,(ko + ¢). In particular, the profile will, to leading order, move with the
speed given by the group velocity ¢,, and the estimate O(]|¢||?/d) confirms this be-
haviour over time scales O(1/d). In this sense, Theorem 6.2 justifies that we named
cg the group velocity and interpreted it as the speed with which perturbations are
transported along the wave train.

6.4. Proof of the theorems from §6.3

First, we note that Theorem 6.2 follows from Theorem 6.1 as in the proof of
Theorem 4.9 in §5.5 except that 9;¢4(0,t) is no longer of O(62): To get the correct
estimate for ¢(0,t), we first infer from (5.27) that

216(0,t) = [1-+ O(1a s (Loa(89,6) + O + a]®)) .

on account of the estimates obtained in Theorem 6.1. On the other hand, proceeding
as in the derivation of (5.26), we obtain

Pias(Loq(89,6t)) = O(6).

Thus, 9;¢(0,t) = O(J + [l¢[|*) as claimed and, consequently, sup,c(o 7, 6] [do(t)| =
O(1 + [lqlf*/9)-

It therefore suffices to prove Theorem 6.1. As in the case of the Ginzburg—
Landau equation [40], we restrict the class of admissible solutions of (6.8). For
o > 0, we set

Lg(o,m) :=
ko/2
{ﬂ € Ll([—k0/2,k0/2],Hm); ||’LVL||LJ(97m) = / , ||11(-,€)||aneglé| d/ < OO}
—ko/2

and remark that the 2m-periodic spatial variable x is not scaled in this space.
Denoting the Bloch transform of a function u by %, we define the Banach space

Xe = {u ‘R — (Cd; U E Lj(g,m)}, llullxe = Nl o,m)-
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Due to Sobolev embedding theorems, there is a constant C'(m) > 0 for each m > 1
so that
1d %327 (o,m) < C)[ L5 (0m) 19]]2.57(0,m)

for any two functions i, v € L(p,m). Since uv = J (% % ©), we therefore obtain
(6.9) [uvlxg < C(m)lullag [lv] g -

In particular, X2 is an algebra under multiplication for m > 1. The constant C(m)
does not depend on p > 0.

Fix gp > 0 and integers M > 1 and n > 3. We also pick a solution ¢(X,T) of
the inviscid Burgers equation (6.8) in the space F 1Lz (0o, 0) on the time interval
[0,Tp]. Scaling the independent variables via (X,T) = (6(¥ — ¢pt), 6t), we obtain
that ¢(6-,T) € X2 for all T € [0,Tp]. As before, it is advantageous to add
corrections to the approximation.

LEMMA 6.3. For any 01 € (0,00), there exist numbers 61 > 0 and Cyres > 0
such that the following is true. For each ¢ € (0,8y), there are functions (V°,V?)
such that

sup HVC(at) _Q((s'at)”XQl/f‘ < Cr055
t€[0,Ty /6] m
sup HVC('at)”X’Ql/é < CYres
t€[0,Ty /6] m
sup  [[VE(,t)lperrs < Cres sup la(, T)lIm
t€[0,To /6] m T€[0,To] v
sup ||R€SC(VC(',t),VS(',t))HXgl/(s < Cres5M
te[0,To /6] m
sup [[Ress(VE(+1), V(. )l yerrs < Cresd™
t€[0,To /4] m

Proor. This follows as in Lemma 3.10 upon exploiting the diagonalization

leading to (5.31). O
We introduce the critical noncritical parts 6™ R¢ and §™ R® of the error by
v© = V4 6MRe
o= VP+ MR
Substitution into (3.28) leads to
R = AX°R°+ pg°(R°, R®)
OR® = NPR + 4R R).

For fixed constants D. and Dg, there are constants so that the nonlinear terms
satisfy

19°(R®, B®) || xg,
lg> (RS, B”)|

Cres + C||R®||xg, + C|| R®|| g, + 0™ C(De, Ds)
CRes + C’”RC”XTQR + C’”RSHXT% + (SN[C(DC, DS)7

IN A

Xe

m—2

uniformly in ¢ € [0, 01/6], provided
[Rlxg < Dey,  ||R|lxg < Ds,

m

It becomes clear now that we cannot pursue the strategy used previously in §3.9 to
prove that the errors are bounded, since this approach would require a factor §1/2
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in front of the estimates of ¢g¢ to work. Instead, we proceed as in [40], where the
scale X2 of Banach spaces has been used.

Pick a constant Ky > 0. For each constant K; > 0, we may define a linear
operator B via its symbol B(f) = —K;|¢|]. We choose K; > 1 so large that the
spectrum Ag, (¢) of A® 4+ B satisfies

Re )\Kl (f) S —K()|€|

for the constant Ky > 0 chosen above (thus, if the wave train is not sideband-
unstable, any positive constant K; > 0 works). Next, we make the exponent g in
the family &2 of Banach spaces smaller at a linear rate as time evolves by setting

(6.10) o(t) == % ~ Kit.

The requirement that ¢ > 0 therefore limits us to 0 < ¢t < T3 /§ for some T; > 0.
Next, we define the operator S(t) via its symbol S(t) = eler/d=Ki)ltl and
introduce

RE() = SOR(E),  R() = SER(1).
Note that R¢(0) € X2/° is equivalent to R°(0) € X2 . The new error variables R®
and R*® satisfy
(6.11) ORE = ARC+ BR + pG°(RE, R)
IR = AR +BR+ (R R).

We shall work from now on in the space X,,, := X2 and denote its norm by || - |-
In this space, it has been shown in [40, §3.2] that the nonlinear terms obey the
estimates

||gC(RCaRS)||Xm < Ches+ CqHRC‘ X T CqHRsl X T 5MC(DC,DS)
IG°(R®, R 22 < Cres + CyllR®|,, + ColR®|l,, + M C(De, Ds)
for
IR°llx,, < De, IR, < Ds

and any fixed choice of positive constants D, and Ds. Furthermore, we have that
Cq — 0 for ||g|]| — 0. The key is now the following optimal-regularity result proved
in [40, §3.3].

LEMMA 6.4 (][40, §3.3]). Fiz 0 < < 1, then there exists a constant Cy > 0 with
the following property: Pick any functions f¢ and f5 with f¢ = p°f° and f* = P5f*
for which f¢(0) and f5(0) lie in the domains of A + B and A® + B, respectively.
The system

OR¢ (A + B)R® + pfe, R(0)=0
HR® = (A°+ B)R*+ f°, R¢(0) =0

then has a unique solution on [0,T1 /4], and

IR llcon o,/ 2m) < Collfllcon (0,11 /6),20m)
IR llcom (o, 1y /8).0m) < Collf¥llcom (0,11 /6], 2 —2)-

The crucial assertion of the preceding lemma is, of course, the boundedness of
solutions over the O(1/9) times scale.
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Using Lemma 6.4 together with property C; — 0 as ||g|| — 0, we can now
proceed as in §3.9 to prove that there are constants C5 > 0 and §; > 0 so that
sup [[R°(t)[|lx,, + sup [[R*(t)]x,, <Cs,
te[0,T4 /6] te[0,T4 /6]

uniformly in ¢ € (0,6;), for the solutions R® and R® of the full nonlinear problem
(6.11). We omit the details.






CHAPTER 7

Modulations of wave trains near sideband
instabilities

7.1. Introduction

In this section, we consider the dynamics of modulations of wave trains at
the onset of sideband instabilities. A sideband instability is characterized by the
condition that the second derivative A{l.(0) of the linear dispersion relation changes
sign as an appropriate systems parameter is varied. This sign change will lead to
an instability of the wave train with respect to long-wavelength perturbations (i.e.
perturbations with small wave number).

To be more precise, we denote the systems parameter by p and assume that
the wave train with wavenumber k exists for all u close to zero, say. We expand

the linear dispersion relation to get
1 1 1
(1) Xuin (V5 1) = N (03 )5 M50 (05 1)+ 05 (05 ) + S AR (03 ) +-O(°)

where derivatives are taken with respect to v. We are interested in the case where

{.(0; ) changes sign at p = 0. Thus, if A[[”(0;0) < 0, which is a natural scenario
in this context as it implies that the wave train is spectrally stable for p < 0, say,
then the resulting instability for g > 0 is indeed induced by small wave numbers
£. In particular, sideband instabilities are modulational in nature, and we may
therefore expect that they can be captured by adding appropriate corrections to

the Burgers equation
(7.2) 20rq = Ni(0; )0x xq — Wi (0; 1)9x (4*),
which itself becomes ill-posed once A}l (0; u) < 0.

lin

Our goal is to provide various validity results in this direction. The resulting
equations depend on parameter scalings, and we therefore denote by 1/ the typical
spatial length scale of modulations that we wish to capture.

Firstly, if we focus on the regime |u| < C2, then the Korteweg—de Vries equa-
tion (KdV) is the correct modulation equation that replaces the Burgers equation
(7.2). Next, if we choose the scaling u = fid with i < 0, then the resulting modu-
lation equation is given by a dissipative Burgers-KdV equation.

A particularly interesting scenario arises if the third derivative A{{ (0; u) also
vanishes at g = 0. This typically requires the adjustment of two parameters, or
the presence of additional symmetries, and is therefore of codimension two. In this
case, the Kuramoto—Sivashinsky equation takes the role of the Burgers equation in
describing modulations of wave trains.

Lastly, we mention that there are other mechanisms that lead to the destabiliza-
tion of wave trains. One such scenario are Hopf bifurcations where a second branch
of the linear dispersion relation crosses the imaginary axis away from zero. In this

73
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case, we encounter a coupled system of two PDEs, namely the Burgers equation (de-
scribing wave-number modulations) and the complex Ginzburg-Landau equation
(describing amplitude modulations of the Hopf modes) [17].

7.2. An illustration: The Ginzburg—Landau equation

Several different equations have been derived as phase equations for wave trains
in the complex Ginzburg-Landau equation [2, 3, 20, 30, 39].

We concentrated in §3 on the wave train with k¥ = 0. As can be read off (3.6),
this wave train becomes sideband unstable at 1 + o3 = 0. The linear dispersion
relation Ajj,(v) of the k = 0 wave train is quite degenerate: since the linearization
is invariant under the reflection x +— —z, all odd derivatives d?" 1\, /dv?"+1(0)
vanish at v = 0. We also record from [1, (21)] that

(7.3) N(0) = —%oﬂa +3%) <0

lin

for the wave train with £ = 0. In particular, the governing equation near the
sideband instability at 1 + a8 = 0 is the Kuramoto—Sivashinsky equation. Its
validity for phase modulations (but not for modulations of the wave number) has
recently been proved in [2] near the sideband instability of the k = 0 wave train of
the CGL. In §7, we shall give an approximation result for wave-number modulations
in reaction-diffusion equations that should carry over to the CGL.

Sideband instabilities for wave trains with k # 0 yield the Korteweg—de Vries
equation [20], at least when « # [ (i.e. away from the real Ginzburg-Landau limit),
since the third-order derivative of the linear dispersion relation at ¥ = 0 does not
vanish [1, (21)].

To illustrate how this higher-order PDEs arise as modulation equations, we
shall derive the Kuramoto—Sivashinsky equation for the k = 0 wave train near its
sideband instability which occurs when 1 + a8 = 0. Starting point is, once again,
equation (3.13)

(7.4)0r = Opar — 21 — h% — %1 — 20(0,7)1h — 0t — a(0p)r — 312 — 13

O = Outd+ 0, (“a”” 200 g2 2 - ﬂrz)
147

for amplitude and wave number corrections r and v of the k = 0 wave trains of
the Ginzburg-Landau equation. We denote by & the spatial length scale of the
modulations we wish to capture. After picking an arbitrary constant ko € R, we
unfold the sideband instability in parameter space by setting

(7.5) 1+ af = ko>
Substituting the ansatz

r = §W (ox, 6*), Y = 830 (5x,5%)
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into (7.4), and dividing the factors 6 and §7 in the equations for W and ¥, respec-
tively, we obtain

SYOrW = §20xxW —2W — ¥? — 502 — 26%a(0x W)W
—ad 205U — 5*a(0x U)W — 365W2 — 123
orv = 5728)()(\1/ — ax(2ﬂW + Oé\Ifz)
2 a@XXW 22(8)(W)\I’ Y 2
+070x (1+56W+6 Trew AW

where X = dx and T = §*. Upon refining the leading-order solution W =
—572a0x ¥V /24 O(1) to the first equation, we obtain that

« U2 o
———0x ¥ — — — =03 ¥ + 0O(8?

252 XYW = 5 = T O
satisfies the first equation up to terms of order O(62). Substituting the expression
for W into the equation for ¥ and using (7.5) gives

W =

orv = 5_2(1 + Oéﬁ)axx\lf + (6 — Oé)ax(\I/Q) — M@}%\I’ + 0(52)

2
Ma;*(wom.

Thus, setting q := ¥|s—o, we find that ¢ ought to satisfy the Kuramoto—Sivashinsky
equation

KQaXX\I’ + (ﬁ - Oé)ax(\IIZ) —

a(a— )
2
The factor in front of the fourth-order derivative coincides with (7.3) upon using

that 1+ a8 =0.
As pointed out above, van Baalen considered sideband instabilities of the k = 0
wave train in [2]. He derived the Kuramoto—Sivashinsky equation
a(e — )
2
for the phase ® (and not the wave number ¢) and proved its validity in certain

Sobolev spaces of spatially periodic functions under the technical assumption that
2
a® < 1/2.

(7.6) Orq = — O%q + ra0xxq + (B — @)0x(¢%).

(7.7) or® = — 0% P + ro0xx® + (B — a)(0x P)?

7.3. Validity of the Korteweg—de Vries and the Kuramoto—Sivashinsky
equation

We consider the reaction-diffusion system
(7.8) Oy = DOggu + f(u; )

with parameter p € RP, and assume that the Hypotheses 4.1 and 4.4 from §4.1 are
met at 4 = 0. In particular, the wave trains persist for all p close to zero, and their
linear dispersion relations are therefore given by

1 1 1
(7:9) Ain(¥3 £2) = Min (05 )v+ 5 X0 (05 1)1+ G0 (05 )+ o AT (05 ) +0(7)
where the coefficients depend smoothly on p, and derivatives are taken with respect
to v. Transforming into the #-variables, we get

(7.10) Oru = k*DOgou — wi (k; 1) dpu + f(u; ).
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We shall make frequent use of the notation introduced in §4.4. For the sake
of clarity, we formulate the results in this section using only the J-variables. We
emphasize that all results transfer to the #-variables in the same way as in §4.4.

We begin with the Kuramoto—Sivashinsky equation.

(0;0) = A (0;0) = 0 and A}/ (0;0) < 0.

lin lin

HYPOTHESIS 7.1. We assume that \!

lin
We typically need to adjust a two-dimensional parameter u € R? to encounter
the situation documented in Hypothesis 7.1.

THEOREM 7.2. Assume that Hypotheses 4.1, 4.4 and 7.1 are met. Suppose that
there is a smooth curve u.(9), defined for 0 < § < 1 with u.(0) = 0, such that

(7.11) M5 14 (8)) = Kod? + O(6%), NI (0; 114(0)) = K36 + O(6?)

lin
for appropriate constants k; € R. For each choice of integers M > 1 andn > M5,
and constants Cy > 0 and Ty > 0, there are constants 6, > 0 and Cy > 0 such
that the following is true. For each § € (0,61) and each solution q(X,T) of the
Kuramoto—Sivashinsky equation

1 1 1 1
(7.12) Org = 57 M (0; 0)0%q + 6/@'38§’<q + 5 h20xxq — gwiﬁ(k)ax(qg)
on [0, Tp] with

sup HQ(7T)HH$ S C(]u
Te[0,To]

there are functions (qp,ry) with

sup |lgn (1) — g (8((cp — )t = 0/k), 5*t) | 11
t€[0,To /64] ul

IN

Cho

IN

sup |7 )| G

t€[0,To/54] o
and a solution u(0,t) = U(9,t) of the reaction-diffusion system (7.10) for p = p.(9)
such that

sup  sup |U(9,t) — Uapprox (¥, t)| < CoM+3,
t€[0,To /4] P€R

where
Uspprox (¥, 1) = 1o (9; k(L + 8°qn (9, 1))) + 6°rn (9, £).
The phase function ¢o(t) needed for the formulation in the O-variables satisfies
SUPye(o, 1, /541 [P0(t)| = O(1).
Next, we consider validity of the dissipative Korteweg—de Vries equation.

HYPOTHESIS 7.3. Assume that A}, (0;0) =0 and A}’ (0;0) # 0.

THEOREM 7.4. Assume that Hypotheses 4.1, 4.4 and 7.3 are met. Suppose that
there is a smooth curve p.(9), defined for 0 < § < 1 with p1.(0) = 0, such that

Nin (0 14(8)) = k20 + O(67)

for some positive constant ke > 0. For each choice of integers M > 1 and n >
M + 4, and constants Cy > 0 and Tg > 0, there are constants 61 > 0 and C; > 0
such that the following is true. For each § € (0,01) and each solution q¢(X,T) of

1 1 1
(7.13) Org = i (0; 0)0%q + 3120xxq — 5w£’1(k)3x(q2)
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on [0, Tp] with

sup |[q(, T)[lmr, < Co,
T€[0,Ty]

there are functions (qp,ry) with

sup [lan(-,t) — q (6((cp — cg)t — 9/k), 8%¢) ||
t€[0,To/6%] ul

Cié

IN

IN

sup ||ra (0| Gy

te[0,Ty/63] o

and a solution u(0,t) = U(9,t) of the reaction-diffusion system (7.10) for p = p.(9)

such that

sup  sup [U(9,t) — Unpprox (9, )| < C16MF2,
te[0,To/83]) YER
where
Uapprox (9, 1) = uo(9; k(1 + 82qn (9, 1)) + 8*rp (9, t).
The phase function ¢o(t) satisfies sup,e(o 1, /631 [P0 (t)] = O(1).

The result that we shall prove for the conservative Korteweg—de Vries equation
is less satisfactory. We cannot exploit that the linear dispersion relation is dissi-
pative at £ = 0 since dissipativeness becomes noticeable only over time scales of
length 5=*. On the other hand, solutions to the Korteweg—de Vries equation exist
for all times so that we should not run into the restrictions that we encountered
and discussed in §6. However, we shall not exploit these properties, and our result
below is therefore weaker and can probably be improved considerably.

THEOREM 7.5. Assume that Hypotheses 4.1, 4.4 and 7.3 are met. Suppose also
that p.(0) is a smooth curve, defined for 0 < & < 1 with p.(0) =0, such that

(7.14) N (03 12.(8)) = O(52).

in
For any choice of oo > 0 and integers M > 1 andn > 3, there are positive constants

01,€1,C1, Ty such that the following is true. For each § € (0,01) and each solution
q(X,T) of the Korteweg—de Vries equation

1 1
(7.15) Orq = 6 {{;(0;0)5§(q - 5“’;/1(]‘3)5)((‘12)
on [0,Ty] with

sup |[q(, T)| xeo < e1,
Te[0,T1]

there are functions (qp, ) with
sup  lan(t) — q (6((cp — cx)t — 9/k),8°t)||,;n < C16
te[0,1y /63] ul

sup a5 t)lmn < Ch
t€[0,71/6°]
and a solution u(0,t) = U(9,t) of the reaction-diffusion system (7.10) for p = p.(9)
such that

sup  sup [U(9,t) — Unpprox (¥, t)| < C16MF2,
te[0,14 /63] YER

where
Uapprox('ﬂ7 t) = Up (197 k(l + 52Qh(?9a t))) =+ 54rh(ﬂa t)'
The phase function ¢o(t) satisfies sup,eo 1, /631 [P0 (t)] = O(1).
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We shall prove Theorems 7.2 and 7.5 in §7.4 and 7.5, respectively. We omitted
the proof of Theorem 7.4 since it is similar to the one given for Theorem 7.2 except
for the different scalings.

7.4. Proof of Theorem 7.2

We proceed in exactly the same way as in §3 and §5.4. Our starting point is
again the system (5.31)

(7.16) Ot = A — pb Oy N (v, 0°)
Ov® = A — PN (v°,0°%).

The operators A° and A® generate semigroups with properties analogous to those
established in §5.4.

LEMMA 7.6. Both A° and A® are sectorial in X,,, respectively. Moreover, for
each integer m > 0, there are constants Cy > 0 and o > 0 such that the semigroups

At and N satisfy
X ) -2, < Co
C
A° 0
e* *sl x,—x,, < /1
||€Ast iy, < Coe 7!

for allt > 0.

PROOF. The first and third inequality follow as in Lemma 3.9. The reason
that the second inequality is valid is due to the fact that A° is, by construction,
the multiplication operator in Bloch space associated with the linear dispersion
relation. More precisely, Hypothesis 7.1 implies that Re A°(¢) ~ —¢*. The factor
t=1/4 is now a consequence of Lemma 3.6 applied to the function

M(b) = §ee® A 00T
with T = §%t. O

Starting with a solution ¢(X,T') of the Kuramoto—Sivashinsky equation (7.12),
we substitute the ansatz

(vcv US) = (53(] (5((610 - Cg)t - ﬂ/k)a §4t) ,0)
into (7.16) and obtain the residuals

1 1
Res.(6%¢,0) = &7 <—3Tq + 552(9qu + éfﬁsag’(q

38000k~ Julh (B0x () ) +06")
= 0%
Res,(0%0.0) = —P(ON(@q)(0) = O(F)

where we used (7.11). Next, we record that the formal procedures outlined in §3.8
and §4.3 can again be used to provide approximations with smaller residuals.
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LEMMA 7.7. With m,n, M chosen as in Theorem 7.2, there are positive con-
stants 01 > 0 and Cres > 0 such that the following is true. For each 6 € (0,61),
there exist functions (V°,V®) such that

Sup ||VC(’t) - q(évt” X S CVlres(S
te[0,To/64]
sup  [[VP(,t)[x,, < Ches
te[0,To /64]
sup  ||Resc(33VE(-,1), V(1) |lx,, < Cresd™MTT
te[0,To/64]
sup  ||Resg(03VE(-,1), 6V, 1)||x, < Cresd™Te
te[0,To/6%]

uniformly in 6.

We define the scaled errors R® and R° relative to the approximations obtained
in the preceding lemma via

o° 63Vc +5M+3Rc
vt = VI MR

Substitution into (7.16) gives the system
OR = A°R°+ 0yg°(R°, R®)
OGRS = AR+ (R, R).
There is a constant Cy such that
(7.17) lg°(R®, R°)|

x, < 6°Co||R%||x,, + 0*CRres + 65Col|| R®|

m Xm
+6M+3C(DC7 Db)
19°(R®, R®)|x,,., < Cres + CollR|x,, +8°Coll R,
+6MC (D, D)
where
7] x,, < D, | 7| %, < Ds

for arbitrary, but fixed, constants D, and Ds.

The rest of the proof proceeds as in §3.9. Using Lemma 7.6 and Gronwall’s
lemma 3.12 over the time scale T = §*t gains the crucial factor § which, taken
together with the factor 6° on the right-hand side of (7.18), shows that the scaled
errors stay bounded.

With regard to the f-variables, we record that 9;¢(0,t) = O(d*) so that the
phase shift sup,c(o 1, /541 [¢(0, )] = O(1) is bounded uniformly in § as claimed.

7.5. Proof of Theorem 7.5

We proceed as in §6 to which we refer for the notation we use below. First, we
pick gp > 0, integers M > 1 and n > M + 4, and a solution ¢(X,T) of the KdV
equation (7.15) in X2. Next, we substitute the resulting ansatz

('Ucv vs) = (52(] (6((CP - Cg)t - ﬁ/k)a 6375) ,O)
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into (7.16) to obtain the residuals

Res.(6%¢,0)

# (0ra + 00k - (9056 ) +06") = O
Res,(0%,0) = ~PONEE) = 06",

where we used (7.14). As before, we can construct approximations with smaller
residuals.

LEMMA 7.8. With g9 and M,n chosen as above, there are positive constants
01 > 0 and Cies > 0 such that the following is true. For each ¢ € (0,671), there exist
functions (V°, V%) such that

sup ||VC(7t) - q(évt)HXﬁl < Cr656

te[0,Ty/64]
sup ||VS(7t)HX,§’,L < Cres
te[0,To/64]
sup ||ReSC (53VC('7 t)a 56‘/8('7 t))' X8, < C’res($1w+2
te[0,T0/6%]
sup HReSS(égvc('at)a56Vs('7t))|‘2¥,€1 < CrcsfsM+47
tE[O7T0/54]
where 0 = 0o /0.
The errors R and R®, defined via
v = V4 MRS
’US _ 64Vs + 6M+4Rs,

satisfy the system
O R° A°RC 4 09g°(R°, R®)
R = MNR + ¢*(R° R
where, for an appropriate positive constant Cy > 0,
lg°(R®, B*)|xg, < 6%Ches + 82 Col| RSl g, + 8" Col| B || g, + 6™ *2C(De, D)
g (RS, B)|lxe_, < Cres + Col| BE||xg, + 0°Col| R xg, + 0™ C(De, Dy)

m—2

uniformly in ¢ € [0, 0o/d] for
IRl < Des [[Rllxg < Ds

where D, and Dy are arbitrary but fixed.

As in §6, we need to exploit the scale of Banach spaces given by X2. We begin
by picking a constant Ky > 0. For any given constant K; > 0, we may define the
linear operator B via its symbol B(¢) = —K6%|¢|. As in §6, we choose K1 > 1 so
large that the spectrum Ag, (£) of \° + B satisfies

Re g, () < —K6%|/|

for the constant Ky > 0 chosen above: note that such a choice of K; is possible
due to (7.14 and Hypotheses 4.4 and 7.3. Next, we define the operator S(t) via its
symbol S(t) = e(eo/3=K15*0l¢l and introduce

RE(t) := SHR°(t),  RS(t) := S(t)R(¢)
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which both live in &, := X2 with || - ||,,. The rescaled errors R¢ and R*® satisfy

HR° = (A°+ B)R®+ 09yG°(R°, R?)
HR® = (A°+ B)R°+ G°(R°, R%)
where
IG°(R, R¥)l|x,, < 6°Cres +6°Cyl|R®|| 1, + 8 Cql| R, + 6 F2C(De, Dy)
IG° (R, R¥) [ #2 < Cres + Cgl R, + 6°CylIR||x,, + 6™ C(De, D)

for

IR°llx,, < De,  IR%|lx,,, < Ds
for positive constants C,; with C; — 0 as |lg|| — 0. The rest of the proof follows
exactly as in §6, and we therefore omit it.






CHAPTER 8

Existence and stability of weak shocks

We prove Theorem 4.10 and 4.12 by introducing an appropriate spatial dynam-
ics formulation to which we apply the Kirchgéssner reduction. The ideas behind
this approach go back to Kirchgéissner [29] and were later extended by Mielke and
coworkers [18, 41].

8.1. Proof of Theorem 4.10
Suppose that u(x,t) = u.(x — cit, w,t) satisfies (4.1) and (4.39), then

(u7 ’U)(f, T) = (u*7 aﬁu*)(§7 T)
has period 27 in 7 and satisfies the modulated-wave equation

(8.1) Ocu = v
Ov = —D —w.Oru+ v+ f(u)]

where £ = © — ¢t and 7 = w,t. We consider (8.1) on the function space X =
H! (0,27) x Hée/f(o,%r) and write u = (u,v) € X. Equation (8.1) is equivariant

er
Wil[‘)ch respect to the time shift S(p) defined by [S(p)u](7) = u(r + p) for p € [0, 27].
In other words, if u(§) € X is a solution of (8.1), so is S(p)u(&) for each p.

Instead of investigating (8.1) for arbitrary ¢, and w,, we will fix a primary wave
number ko and concentrate on finding viscous shocks that have speed cg(ko) =: .
Since cg(k) = w),(k) and due to our assumption that w! (ko) # 0, we know that,
for each given number ¢ close to cg(ko), there exists a wave number k close to ko
such that ¢ = ¢z (k). Repeating the proof given below for different wave numbers k&
close to kg gives shocks with an arbitrary speed c close to cg. Thus, it suffices to
prove Theorem 4.10 for the fixed speed cg.

Therefore, from now on, we will set ¢, = ¢ in (8.1). From (4.44), we conclude
that the frequency of shocks with speed cg and asymptotic wave numbers ki = kg
is w) = ko(c) — ). If we choose different wave numbers for ki, the temporal
frequency of shocks will vary as well. We therefore write w, = w? + @ so that @
varies near zero.

We shall assume that wg #0: If wg = 0, then we fix w, = 0 and allow c,
to vary near cg. The associated weak shocks are travelling waves which satisfy
(8.1) with w, = 0, i.e. an ODE. The primary wave train appears as a saddle-node
periodic orbit in this ODE. Unfolding the vector field on the two-dimensional center
manifold using the speed c, gives the desired weak shocks as heteroclinic orbits.
We shall omit the details since the analysis is similar to (but far easier than) the

forthcoming analysis of the case w? # 0.

83
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Using the definitions introduced above, (8.1) becomes

(8.2) O = w
ov = —D (W +@)0ru+ cgv + f(u)]
where (u,v) € X. The wave train with wave number ko,
u = ug(wot —ko(€ + cgt)) = uo(ko(ch — )t — ko&) = uo(T — kof),
wo = wni(ko)

provides a solution to (8.2) with @ = 0. If we transform (8.2) according to

ur—ug+u

where
(53) w(©) = (bR )
we obtain
(8.4) Oeu = w
dev = —D7'[—(w +0)0-u+cgu+ f'(uo(- — ko&))u
+9(u; uo(- = kof)) — wOruo (- — kof)]
where

g(us ) = fuo +u) — f(uo) — /(o) = 2 f (o)l ] + O(Jull).
We write this equation (8.4) abstractly as
(8.5) Oeu = B, () u+oN(u+ug) +G(u,§)

where
B = 0 !
(&) = ( _D—l[_wgaT + f(uo(- — ko&))] —D_lcg )

(1) ()

Alternatively, we can consider (8.4) in the temporally comoving frame o = 7 — ko&
which gives

(8.6) Ocu = koOou+v
Oev = koOov — D™ —wlpu + cgu + f'(uo(-))u
+9(u; uo(+)) — @05 (u 4 uo(+))]
or, in abstract form,
(8.7) deu = [koT + B u+oN(u+ug) + G (u)
where 7 = diag(9,, 0, ) generates the temporal shift and

0 1
B = ( —D7H [~w)0s + f'(uo("))] —D7'cy )

Gu) = ( —D‘lg?wuo(')) >
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Solutions to (8.5) and (8.7) are conjugated by the shift generated by kg7 . We also
consider the linearized equations

(8.8) Jeu = By (§u
and
(89) 65u = [k‘oT + BS] u.

The coefficient matrix of (8.8) is periodic in &, while the coefficient matrices of (8.9)
do not depend on &. From [41] we conclude that the Floquet exponents of (8.8)
form a discrete set in the complex plane and that there exists a strongly continuous
family of center projections P°¢(£) that are 27/kgp-periodic in £ and have finite-
dimensional range. Thus, on account of [41, Theorem 3.4], the nonlinear equation
(8.5) admits a nonautonomous center manifold £(§) = £(£ + 27 /ko) that is tangent
to Rg(P°(¢)) at (u,@) = 0 and that contains all small bounded solutions to (8.5).
Conjugation with the shift evolution S(ko&) associated with deu = kg7 u gives an
invariant center-manifold to (8.7) whose center subspace consists of the generalized
eigenspace to the center eigenvalues v € iR of ko7 + BY. We remark that there
does not seem to exist a center-manifold theorem for the equations of the type
(8.7) where a hyperbolic structure 7 is mixed with a pseudo-elliptic structure B2.
Still, smooth center-manifolds of (8.7) exist since they can be obtained from smooth
center-manifolds of (8.5). We prefer to work with (8.7), since we avoid complications
that are caused by the ambiguity in the definition of Floquet exponents.

We need one additional property of the center manifold. Recall that (8.2) is
invariant under the action of the time-shift S(p). In a neighbourhood of the relative
equilibrium ug (7 — kof), this action correspondence to the following equivariance
of the nonautonomous equation (8.5): if u(§;&p) is a solution, so is u(§ + p; & + p).
In the construction of a center manifold, G(u, ) is replaced by

Grmod (1, €) = x(||u[[%)G(u, &)

for some smooth cut-off function x(r) that satisfies x(r) = 1 for r < § < 1 and
x(r) =0 for r > 20. Since the norm of the Hilbert space X is invariant under the
time shift S, equivariance is preserved under the cut-off procedure. In particular,
the flow on the center manifold commutes with the (affine) action of the circle
group. We will use this fact extensively.

In the remaining part of the proof, we compute the generalized center eigenspace
of ko7 +BY and use the result to calculate the expansion of the reduced vector field
on the center manifold. We begin with the computation of the center eigenspace.

We consider the eigenvalue problem

vu = [k:OT + BS} u
or, more explicitly,
vu = koOsu-+v
vo = kodyv — DT H—=wl0pu 4 f'(uo(o))u + cgv].
This boundary-value problem has a solution in X if, and only if,
(8.10) k3D (3,, - ];/0)2 U — Wo <5‘U - I:Q) u+ f'(uo(o))u = (cg - cg)l/u

has a nontrivial 27-periodic solution. A comparison with the operator £,, defined

in (4.9), shows that nontrivial solutions to (8.10) exist precisely when A = (¢ —c2)v
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is an eigenvalue of £, for some v € iR. This, however, was excluded for A # 0 and
v # 0 in the nonresonance assumption of Hypothesis 4.3. Therefore, the only
possible center eigenvalue occurs at v = 0. The same argument shows that the null
space of ko7 + B? is one-dimensional and spanned by (9, ug, —koOsoug). It remains
to calculate generalized eigenvectors which are the solutions of the derivative of
(8.10) with respect to v evaluated in v = 9yug. The point is that the eigenvalue
problem

(8.11) k2D <ag - ]:)2 v — wo <ag - kyo) v+ F(uo(0))v = Ain(v)v

0

for the operator L, see (4.9), coincides to quadratic order in v with (8.10) since
Alin (V) = (cg — cg)u +0(v?)

as calculated in (4.23). Thus, recalling the results from §4.2, we therefore see that
the generalized eigenvector u; exists. Its u-component is given as the unique (up
to elements of the null space) solution to

Eoul = Zk:ODaWuO - cﬁ&,uo,
while the v-component of the generalized eigenvector is given by
v = 8(,u0 - kga,,ul.

Thus, comparing the equation for u; with (4.18), we conclude that u; = —9dgug
and therefore

()

! koOkouo + Osug )
Since Ajj, (0) # 0 by assumption, we also see that the eigenvalue v = 0 has algebraic
multiplicity equal to two.

We emphasize that the higher-dimensional eigenspace is generated precisely by
our choice of the coordinate frame—for other choices of the speed ¢, the generalized
center eigenspace would be one-dimensional and spanned by the translated wave
trains. Thus, the group velocity can be interpreted as the unique speed for which
the linearization about the wave train, computed in the frame moving with that
speed, develops algebraic multiplicity two.

For the computation of the projection onto the generalized eigenspace, we will
also need the generalized eigenspace of the adjoint [ko7 + B%].q, where we compute
the adjoint with respect to the simpler L2-scalar product instead of the scalar
product in X. Also, as we shall see below, we only need a basis vector, denoted
by u.q, of the null space of the adjoint operator. The function u.q satisfies the
equation

—koOpu — D™1w20,v — f'(uo)' Do

—koOyv + u — D_lcgv

If we set & = D~ lv, we obtain
k2D0, ot + woOs + f'(ug) o =0

whose solution ¥ = u,q we computed in §4.2. The null space of the L?-adjoint of
koT + BY is therefore spanned by

e — koDOyuaq + cguad
ad — Duad .
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The next step is to calculate the vector field on the center manifold of (8.7).
We parametrize the two-dimensional center manifold by (6, k) € S x (=6, ) via

u=—ru(-—0)+un(b, k),

where 1}, maps R? into the orthogonal complement of the generalized eigenspace,
belonging to the eigenvalue zero, of the adjoint [ko7 + B%].q, and by simultaneously
replacing o by o0 — 6 in (8.7). In particular, the time-shift symmetry acts according
to 0 — 60 + p. Since, as discussed above, the vector field on the center manifold
respects this symmetry, it cannot depend on 6. To leading order, we therefore find

(8.12) 2.0 = k+O0(o|+|x*)

(8.13) Ok = Bow+ Por® + O(|@]? + |ok| + |x[3).

To compute the coefficients 3,, and 2, we substitute the global parameterization
(8.14) u=ug(-—0) — kuy(- — 0) + O(6% + K?)

of the center manifold into the original equation (8.2), projecting A" and G onto the
center manifold using the spectral projection, and comparing the terms. We obtain

B (Waa, Nug)  (Duaa, D"'0pug)  —1
o= - (Uag,ur) T (Uaq,ur) B (Uaq,ur)
By = —(Duga, — 3D~ " (u0) [0k, ruo)) + (Waq, o)
(Uaq, uy)
 (Wad, 2k DOkootio — Q0o + Do + 5 f (o) [Oruo, Dxuo))
a (Uad, uy)

3w (ko)
(Uad, 1)
The denominator in both expressions is determined by the linear dispersion relation:

(Wag, 1) = (koDOytiad + Cotiad, —Okuo) + (Duiad, koOkotio + Oy i)

1
= <Uad7 2koDOrsuo + D80u0> = 5 ﬁn(O)

Alternatively, we can infer a relation between (3, and (2 using the following reverse
argument. Upon inspection, we see that (8.13) has equilibria precisely when

B

B
On the other hand, we know that the family of wave trains exists for frequencies
w = wy(k). Since k corresponds to the detuning of the wave number, we see that

1
@ = —w(ko)K?,
2
and comparing the equations for @, we obtain the relation G = %w;’l(kjo)ﬂw.
In summary, we have shown that the reduced vector field on the center manifold

is of the form

o =

90 = r+O(0|+ |x)
1 1
8.15 15) - = Z k 2~ O(l 2 _ 3
( ) gh %)‘ﬁn(o) <2wn1( 0)"{ W) + (|w| + |am\ + |l€| )
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where neither of the remainder terms depends on 6. On the center manifold, we find
heteroclinic solutions in the k-equation which correspond precisely to the desired
viscous shock waves. This finishes the proof of Theorem 4.10.

The statement of Remark 4.11 follows from the fact that a sign change of Ajl, (0)
corresponds to replacing £ by —¢ in (8.15). Consequently, the stationary front given
in (2.11) connects the asymptotic equilibria in the opposite order, and the relative

group velocities, computed in the comoving frame, change their sign as well.

8.2. Proof of Theorem 4.12

To prove Theorem 4.12, we need to locate the spectrum of the linearization
about a modulated wave.

We denote by wu.(z — cgt,w*t;e) the solution that we constructed in Theo-
rem 4.10, where we set e = w, — w?. Here, we assumed that w’ (ko) > 0 (the
case where the second derivative is negative can be handled in the same fashion).
Furthermore, we denote by ¥ the time-27/w,-map of the reaction-diffusion system
(4.1) and by W/ () the derivative of the period map with respect to the initial
condition, evaluated at u.(z — cgt,w*t; £).

Our goal is to show that the spectrum of the linearized period map lies strictly
inside the unit circle when we consider the operator on the exponentially weighted
function spaces

12, ®) = {ucIB®) lulz_, <oof

0 [e%e]
/ \u(x)e"—r|2dx+/ ()62 da
0

— 00

2
lullzs
defined in (4.47).

For each fixed choice of ny € R, we consider ¥/, (¢) as a bounded operator from
L?F’m into itself. For each A # 0 in the spectrum of W/, (¢), we define its Floquet
exponent A\ by

Wk
A= —logA.
27 o8

We distinguish between values of A in the Floquet point spectrum, where ¥/, (¢) — A
is Fredholm with index zero but not invertible, and values of A in the essential
Floquet spectrum, where ¥’ () — p is not Fredholm or Fredholm with nonzero
index.

Before we state the first lemma, we recall from [49] that the function

1
(8.16) Au(vik) = (cg —ep(R))v+ Xin(v; k) = (g — eg(R))v+ S Xifa (0 k)v* + O(/7),
which is defined and analytic in v € C, is the linear dispersion relation of the wave
train with wave number k£ computed in the frame moving with speed cg.

LEMMA 8.1. For each choice of weights ny € R, the essential Floquet spectrum

of W' (g) in L1277,77+ is strictly to the left of the essential Floquet spectrum of the
2

asymptotic wave trains computed in Ly . while the Floquet spectrum of the wave

trains computed in L%ﬂ is given by

4t
)\:/\*(w*ni;ki), leR.
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In particular, any element A in the essential Floquet spectrum of the viscous shocks
satisfies
(8.17) Re A < Flely/2wf) (ko)n+ + (Mi, (0) + O(e))nt
provided Nmin < N— < 0 <Ny < Nmax and
2wy (ko)
Alin(0)
where A\, denotes the linear dispersion relation of the wave train with wave number
ko.

(8'18) min{'nmin‘v ‘nmaxl} = ‘5‘ + 0(52)7

For further reference, we remark that we obtain the optimal estimate
2 wni(ko)

2Xin(0)
for the essential spectrum when we substitute the optimal 7y from (8.18) into
(8.17).

PROOF. [49, Remark 2.9 and Proposition 2.10] assert that the linearization
about the viscous shocks, computed in the frame moving with the speed cg of the
shock, is Fredholm in the complement of the spectrum of the asymptotic wave
trains. Also, the spectra of wave trains with wave numbers k = k4, computed in
the frame moving with speed cg, are given by the dispersion relation (8.16)

(8.19) Rel < —¢ +0(e?)

1
Me(viky) = (cg - cgt)y + B (03 kL) + O(?)
+

where Cg

= w/,(k+). Since
e = w, —w) = wij(ko) (kx — ko) + Ok — kol*),

we see that

V2]
wpy (ko)
where we recall that we assumed that w!|(ko) > 0. Therefore,

ke — ko =F +0(2)

cg — cfgt = —w! (ko) (k+ — ko) + O(Jk+ — ko|*) = £1/2w" (ko) |e| + O(e?).

We also have

with Af_(0;k+) > 0 by Hypothesis 4.2. Thus, we see that

lin
Awi k) = [/l Rl + 02| v+ N 0) + 02 + O02).
Substituting ¥ = —n4 + i¢, we obtain
ReA(v;ks) < ReA(—n+;ks)
= [FV2 (Ro)le] + O(e2)] s + N (0) + O] + O(n)
which is strictly negative provided nmin < 7— < 0 < N4 < Nmax and

2wy (ko)
Alin (0)

for € sufficiently close to zero. O

(8.20) min{|Mmin s [Imax|} < le] + 0(52)
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LEMMA 8.2. For each € > 0 sufficiently small, the Flogquet point spectrum of
the viscous shocks is contained strictly in the open left half-plane.

Before we give the proof of the lemma, we show that the two lemmata imply
Theorem 4.12.

PROOF OF THEOREM 4.12. Define Y = H711—7n+ where we choose the expo-
nential weights as described in Theorem 4.12. Lemma 8.1 and 8.2 assert that the
Floquet spectrum of the linearized period map W/ (g) associated with the viscous
shocks on ) is contained in the open left half-plane. Therefore, [¥’, ()] is a con-
traction for some sufficiently large integer N > 1. Next, note that the nonlinearity
is actually smooth when considered as map from ) into itself, since the exponential
weights enforce functions to be localized. Thus, the variation-of-constants formula
shows that the nonlinear period map is close to the linearized period map in the
C'-topology if we restrict them to a sufficiently small neighbourhood of the viscous
shock. As a consequence, the iterated nonlinear period map is a contraction in
a sufficiently small neighbourhood of the viscous shock which proves its nonlinear
stability in ). This proves Theorem 4.12. O

PROOF OF LEMMA 8.2. We have to prove that the operator ¥/, — X cannot
have exponentially localized functions in its null space for any A near zero. To
show this, we write the Floquet eigenvalue problem as a differential equation

(8.21) Ocu = v
v = —D7'—w.0ru— M+ cgu+ f(u. (€ Ti€))ul
in the spatial variable £&. Theorem 4.10 shows that
w(€7ie) = uolr — € 0.(0)),  0eh(E) = kal6), (€)= ero tanh(cE)

where the constant kg can be computed easily in terms of linear and nonlinear
dispersion relation.

Our strategy is similar to the one we used to prove existence of viscous shocks.
First, for A\ = 0, we can reduce (8.21) to a two-dimensional nonautonomous center
manifold that contains all bounded solutions to (8.21). To compute the vector field
on the center manifold, we choose appropriate coordinates on it. We therefore pass
to the comoving frame o = 7 — ko and parametrize solutions by

(8.22) u = 00,up + fuy — Ok.uy.

For A = 0, the coordinates (8.22) correspond to the linearization of the coordinates
used to construct the viscous shock. In particular, using these coordinates, we
recover the linearization of (8.15) at the viscous shock. Thus, we need to calculate
only the reduced term that corresponds to Au,. This expression, however, enters
the reduced equation in the same form as the term A enters the nonlinear problem,
at least to leading order. Therefore, we end up with a reduced eigenvalue problem

(8.23) 90 = R+O(E%+eN)

1 -
Ok = +——— [N+ W (ko)ku(E)F| + O(leN| + |%R]).
k= gy [+ (O] +O(A +1e2%)

lin

It is not hard to see that bounded solutions occur for Re A > 0 only in the scaling
A =¢e2)\ and X = &€, since we recover the heat equation outside this scaling which
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does not have bounded unstable eigenfunctions outside a bounded disk. In the
scaled coordinates, the eigenvalue problem becomes

1 - U
(8.24) 5)\ﬁn(0)8xxe - wgl(ko) tanh(X)@XO =\0 + O(E)
This eigenvalue problem arises also through the linearization about shocks in the
eikonal equation ~ R ~

Orf = 0xx0 + ((9)(9)2
which can be viewed as the integrated form ¢ = dx0 of the Burgers equation

Orq = Oxxq + 0x(q?).

Since the Evans function for the linearization about viscous shocks in the Burgers
equation does not have zeros in a bounded neighbourhood of the origin except at
A = 0, the only exponentially localized eigenfunction is given by the derivative of
the shock profile at A = 0. This solution, however, is not exponentially localized
as a solution to (8.24), since dx#(X) converges to nonzero constants as X — oo.
Therefore, the Evans function for the eigenvalue problem (8.24) with € = 0 does
not vanish in Re A > —a for some a > 0. A continuity argument with respect to ¢
shows the absence of point spectrum and concludes the proof of Lemma 8.2. (]






CHAPTER 9

Existence of shocks in the long-wavelength limit

9.1. A lattice model for weakly interacting pulses

In this section, we investigate the long-wavelength limit of wave trains. We
assume that the wave-train profile converges to a localized pulse as the wave number
k tends to zero. Thus, the wave train itself resembles an infinite chain of localized
pulses that interact weakly with each other. We are then interested in finding the
analogues of viscous shocks for the resulting lattice equation that describes weakly
interacting pulses. To be specific, we consider again the reaction-diffusion system
(4.1):

(9.1) O = DOrypu + f(u).

We begin by motivating the lattice equation that we are going to investigate. Thus,
assume that

u(z,t) = h(x — cpt)
is a localized travelling-wave solution to (9.1) with phase speed ¢, so that h(¢) — 0
as ¢ — too. In particular, h(¢) is a homoclinic orbit of the travelling-wave ODE

(9.2) ;CC,L) - (Dl[cps— f(U)])'

We shall then be interested in solutions to (9.1) of the approximate form
o0

(9.3) u(@,t) ~ Y bz — cpt + (1)

j=—o00

where the time-dependent positions (;(t) account for the interaction of individual
pulses. We assume that the pulses are widely spaced to that, at least initially,
Ci+1— ¢ > 1forall j € Z.

Next, we want to write down an ODE that gives the evolution of the positions
¢;(t) of the pulses in the train (9.3). We may expect that the pulses interact, at
least to leading order, only with their nearest neighbours, so that the equation for
¢; depends only on the distances ;11 — ¢; and (5 — (j—1 of the jth pulse to its
nearest neighbours. If the localized pulse h(¢) decays to zero exponentially, then
the function given in (9.3) is a solution to the reaction-diffusion equation up to an
exponentially small error that arises due to the overlapping tails. Thus, we expect
that the equation of motion for the pulse positions should be exponentially small in
the distances between consecutive pulses. For a finite number of pulses, equations of
this kind have indeed been formally derived, for instance, in [15]. Rigorous results
that validate these equations for a finite number of pulse can be found in [14, 47],
while their validity for an infinite number of pulses has recently been established
in [58].
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To write down the ODE, we assume that the linearization of (9.2) about the
equilibrium (u,v) = 0 is hyperbolic and that there is a unique simple eigenvalue
closest to the imaginary axis. We may then assume that this eigenvalue is stable
(the other case can be treated in exactly the same fashion), and we denote it by
v = —b < 0 with b > 0. The resulting lattice equation is

dc.
(9.4) % = ae*b(Cj*Cjﬂ)’ jEZ

where we assume that a # 0. The equation for the jth pulse depends only on
the distance to the pulse behind, but not the pulse ahead. This reflects the fact
that, while the jth pulse sees the tails of both neighbouring pulses, the tail of the
pulse behind decays much slower due to our assumption that the stable eigenvalue
is closest to the imaginary axis. Note also that we omit all remainder terms in
(9.4). We summarize our assumptions on the coefficients that appear in (9.4) in
the following hypothesis.

HyYPOTHESIS 9.1. We assume that a # 0 and b > 0 in (9.4).

We remark that wave trains with large spatial period L, or small wave number
k = 1/L, correspond to the solutions (;(t) — (j—1(t) = L of (9.4) for j € Z where
L > 1 is fixed. These wave trains have phase speed ¢, (L) = aexp(—bL).

Since we are interested in finding fronts that connect different wave trains as
j — to00, it is more convenient to use the distances

(9.5) Lj(t) = ¢ (t) — G-1(t)

instead of the positions (; as variables. We then obtain the equivalent lattice
equation

dL;
dt
for the distances L;(t) between the jth and the (j — 1)th pulse. Viscous shocks

with nonzero speed c, that connect different asymptotic wave trains with periods
L4 correspond then to travelling-wave solutions to (9.6) of the form

(9.7) Li(t) = L.(j —cut), jEL

with L.(§) — L1 as £ — +oo, where L,(£) is a given function, defined for § € R,
that describes the profile of the shock. Substituting the above ansatz into (9.6), we
obtain the delay equation

(9.6) =a (e_bLf - e_bLffl) , JEZ

dr @ ( ~bLE) —bL(&—l))
. — (&) =—— — ' R
(9.8) ©@=-1(c e . e
for the profile L. (&) where £ = j — c.t. We can now state the main result of this
section.

THEOREM 9.2. Assume that Hypothesis 9.1 is met. For any values Ly > L_ >
0, there exist a constant c. and a strictly monotonically increasing solution L (€)
of (9.8) such that L.(§) — Ly as & — £oo and sign(ac,) > 0. If L_ > Ly > 0,
then a solution L.(§) with the above properties does not exist for any value of c..

Theorem 9.2 is somewhat stronger than the corresponding Theorem 4.10 for
reaction-diffusion systems, since it is not required in Theorem 9.2 that |L, — L_|
is small.
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9.2. Proof of Theorem 9.2

It will be convenient to use the new variable r defined by
(99) r= e_bL7 L = _T

instead of L so that L > 0 corresponds to 0 < r < 1 (recall b > 0). Equation (9.8)

then becomes
dr ab

dff(é) = ar(f)(r(ﬁ) -r€-1), §eR,
which we write as
(9.10) FO=ArOE@-re-1),  ¢er
for r > 0 where
4o ab
Cy

is arbitrary. Any constant function r(§) = rg satisfies (9.10). The characteristic
equation of the linearization

ds
d?@) = Aro(s(§) —s(§—1))

about r(£) = r( is obtained by seeking solutions to (9.11) of the form s(&) = exp(A§)
and is therefore given by

(9.12) AN)=A—Arg(1—e) =0.

We then have the following result.

(9.11)

LEMMA 9.3 ([12]). Assume that Hypothesis 9.1 is met and fix ro > 0. The
characteristic equation (9.12) has the root A = 0. In addition, there is precisely one
other real root: this root is positive for Ary > 1, negative for Arg < 1, and zero
for Arg = 1. All remaining solutions of (9.12) have nonzero imaginary part and
strictly negative real part regardless of the value of A.

PROOF. The assertions are a consequence of

dA L
A(0) =0, J(O) =1-— Arg, )\h_)n;o sign A(A) =1
taken together with [12, Theorems 3.1, 3.2 and 3.12]. O

The root A = 0 corresponds, of course, to the line of equilibria of (9.10) given
by r(§) = ro where ro > 0 is arbitrary. Interpreting (9.10) as a dynamical system
on the function space C°([—1,0]), see [12], and using the invariant-manifold results
stated and proved in [12, Chapters VIII and IX], we can therefore conclude the
following from Lemma 9.3: The unstable manifold of the equilibrium r(§) = rq is
one-dimensional if Arg > 1 and has dimension zero for Arg < 1. Analogously, the
stable manifold of r(§) = r¢ has codimension two if Arg > 1 and codimension one
if Arg < 1. The line » = ry € RT of equilibria forms the center manifold which has
dimension one at points where Arg # 1.

In particular, since 0 < ro < 1 for any equilibrium consistent with (9.9), we see
that A > 0 is a necessary condition to obtain a heteroclinic orbit that connects an
equilibrium r_ to r4. Thus, we will only consider A > 0 from now on and define

T

(9.13) (=7>0
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so that (9.10) becomes

de
(9.14) dfg(ﬁ) = L&) (L(§) — L(g —1)).
LEMMA 9.4. If £(€) satisfies (9.14) for & > 0, and £(§) > 0 is strictly monotone
n [—1,0], then €(€) is strictly monotone for £ > —1 as long as £(£) > 0.

PROOF. If not, take the smallest value of & > 0 for which ¢(¢) = 0, while
2(&) > 0. It is then straightforward to obtain a contradiction to (9.14). O

The next lemma states that every ¢ > 1 connects to some ¢, > 0 via a
heteroclinic solution to (9.14).

LEMMA 9.5. For each {_ > 1, there exists a solution (,(§) to (9.14) in the
one-dimensional unstable manifold of £_ such that €,(§) decreases monotonically
for £ € R and £.(§) — Ly for some £y > 0.

PROOF. The tangent vector to the unstable manifold of ¢_ is equal to exp(A¢)
for some A > 0. In particular, the solution ¢,(§) in the unstable manifold that
corresponds to £ — e exp(AE) + O(g?) for sufficiently small € > 0 is strictly mono-
tonically decreasing in £ for all £ < —1. On account of Lemma 9.4, it therefore
suffices to show that £, (&) is bounded away from zero in order to prove the lemma.
To this end, define p(§) = 1/£(&) so that p(§) = 1/4,(€) satisfies the equation

ren . D) —p(§—1)

We shall show that the monotonically increasing p(€) is bounded as a function of
. If not, then we certainly have that p(§) > 4 for all £ > —1, say. Integrating the
above delay equation, we therefore obtain

3 _ _
AE) = p©)-pE-1)= /glp@i?@p_@l —ac
< s PO-pC-D=] s AQ)
Celg—1.¢] Cele-1.¢]

for £ > 0. Taking the supremum on both sides gives

1 1
sup A(§) < 7 sup < sup A(C)>§4 sup  A(E)
g€l r+1] gelr,r+1] \cele—1,8] gelr—1,7+1]
1
< —| sup A+ sup A(E)
4\ eefr—1,7] ger,m+1]

so that

1 1
M;:= sup A(¢) < 5 sup Ag) = §Mj,1
£elii+1] ¢elj—1.4]

for all j > 0. As a result, we get

M
o < p(1)+2M,

p(j) =p(1) + Y A@) <p(1)+ Y M <pl)+
i=0 i=0 i=0

which proves that p(¢) is indeed bounded independently of &. [
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For each ¢/_ > 1, we denote by ¢, = H(¢_) the constant solution for which
lime 00 44 (§) = ¢4, where £,(£) is the heteroclinic orbit obtained in Lemma 9.5.

LEMMA 9.6. The function H(£_) is continuous in £_ > 1, has values in (0, 1],
and satisfies

(9.15) H(E) | { 0 £ — oo

f_ 1 /_ —1

Before we prove this lemma, we show how it implies Theorem 9.2. Choose
Ly > L_ >0, then we need to find numbers £_ > 1 and A such that

b e, N Y
H((_) = V& , l_ = 7° .
Thus, A = e %L-/¢_, and it remains to find £_ > 1 such that

H((-) — o b(Ls—L-)
. .
Lemma 9.6 together with L, — L_ > 0 implies that such an ¢_ exists. Thus, it
suffices to prove Lemma 9.6.

PROOF OF LEMMA 9.6. We first prove that H(¢_) < 1 for all /_ > 1 (note
that H is well defined and positive by Lemma 9.5). Observe that the derivative
0 (&) satisfies the variational equation

e
dg
about the connecting orbit £,(€). The results in [9] imply that (9.16) does not admit

any nontrivial small solutions, that is, there are no nonzero solutions to (9.16) that
decay faster than any given exponential. If H(£_) > 1, then this fact implies that

£ = a6+ 0 ()

for some a # 0 and some root A of A(\), defined in (9.12), with ReA < 0. By
Lemma 9.3, any such A has nonzero imaginary part though, contradicting mono-
tonicity of £,(§) as stated in Lemma 9.4. Therefore, we have H(¢_) < 1 for all
- > 1.

Using this restriction on the range of H, continuity of H follows from the
unstable-manifold theorem for delay equations [12]. As a consequence of the above
facts, we see that H(¢_)/{_ — 0 as {_ — oo.

It therefore remains to prove that H(¢_)/¢_ — 1 as {_ — 1. Hence, we
consider the two-dimensional center manifold of (9.14),

ds
E(é) = L)L) — LE - 1)),

near ¢ = 1. Using the results in [12, Chapter IX.10], we see that the vector field on
the center manifold is given by

(9.16) (&) = [26:(8) = £u(§ = D]EE) — Lu()E(E = 1).

(9.17) ¥ o=y <1 + %x +O(z?* + y2))

y = y(2z+ O(z? + yz))
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where the coordinates x and y correspond to the eigenfunction ¢(£) = 1 and the
generalized eigenfunction ¢(§) = £. We also used the fact that the line y = 0
consists of equilibria. Introducing the new variable

z:x':y(l—&—?—i—O(aEQ—i—yg)),
(9.17) becomes
(9.18) ¥ = z
2 = 22 (x+§+0(x2+z2)).
The equilibria with z > 0 have a one-dimensional unstable manifold. The solutions
inside these manifolds for which z < 0 will cross the z-axis at a finite distance. We

shall construct a trapping region that shows that each such solution converges to
an equilibrium with x < 0. Indeed, consider the line

z=T(r) = —¢€* (1 + 2%) = —c%w
where —2¢ < z < 0 and therefore w € [0,1]. We compute
dr / 3
Tde ) (V) Y 4
( 1 ) (z’) 5 [5 y+O0(e)] >0

which shows that solutions in the unstable manifold of equilibria with x > 0 close
to zero converge to equilibria with < 0 that are also close to zero. Interpreting
these results for the original equation proves that H(¢_)/¢_ — 1 as {_ — 1. O



CHAPTER 10

Applications

10.1. The FitzHugh—Nagumo equation
The FitzHugh-Nagumo equation is given by
(10.1) ou = Opgutu(l—u)(u—a)—w
dw = e(u—yw),

for z € R, where v > 0 and a € (0, %) are fixed. This equation is a simplification
of the Hodgkin—Huxley equation that models the propagation of impulses in nerve
axons. We are interested in travelling waves (u,w)(z,t) = (u, w)(z — ct).

It has been shown in [21] that (10.1) exhibits a localized pulse with positive
speed for all sufficiently small 0 < ¢ < 1. As shown in [24, 57|, this pulse, which
we refer to as the fast pulse, is nonlinearly stable. Each fast pulse is accompanied
by a family of wave trains with arbitrarily large period.

THEOREM 10.1 ([48, Theorem 21]). For each fized a in the interval (0, 3), there
exists a number e, = £,(a) with the following property. For every e with 0 < & < &,
there is an L, = L.(¢) so that the fast pulse to the FitzHugh—-Nagumo system is
accompanied by periodic wave trains with period L for any L > L., and all these
wave trains are spectrally stable.

In fact, using the quantities v*, V®, W* and M from [48, §6.2], we may define
the constants b and I' via

(v, W)
= 5 F = -
b v, %
so that
(10.2) A(v) =0br (e¥F —1) e "F, ¢(L) = cop — Dk

for all L > 1, where ¢, > 0 and ¢(L) denote the phase velocities of the fast pulse
and the wave trains with period L, respectively. From Remark 4.5, we obtain that

cg = c(L)—Lc (L) = ¢(L)—=bLTe " < ¢(L) < coo, signw! (k) = sign” (L) < 0.
Using geometric singular perturbation theory, the results mentioned above carry
over to the modified FitzHugh—-Nagumo equation
(10.3) ou = Opgu+tull—u)(u—a)—w

Ow = 620,00 + (u — yw),
with small diffusion added to the second equation, provided the diffusion coefficient
6 > 0 is chosen sufficiently small so that 0 < § < ¢ < 1. Hence, the theory

developed in the preceding sections can be applied to the FitzHugh-Nagumo system
(10.3). In particular, weak viscous-shock interfaces of (10.3) travel to the right at a
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smaller speed than the wave trains, and they connect wave trains with larger period
at r = —oo to wave trains with smaller period at z = oo.

Lastly, we remark that Eszter [16] investigated spectral and nonlinear stability
of periodic wave trains to the FitzHugh-Nagumo system (10.1) in a different regime:
he first fixed the period L of a singular spatially-periodic wave train and then varied
e > 0 near zero with € < £,(L); the maximal allowed value e,.(L) will tend to zero
as the period L tends to infinity.

10.2. The weakly unstable Taylor—Couette problem

In §3, we asserted that solutions to the Burgers equation can indeed, as ex-
pected, be used to approximate the dynamics of modulated wave trains in the
complex cubic Ginzburg-Landau equation. On the other hand, it is well known
that the Ginzburg-Landau equation itself approximates the dynamics near onset
of far more complex pattern-forming systems. It is the purpose of this section to
illustrate this connection by investigating the Taylor—-Couette problem close to the
first instability of the stationary Couette flow.

We strongly expect that the results we established for reaction—diffusion sys-
tems are also true for hydrodynamical stability problems such as the Taylor-Couette
problem but have not yet embarked on the proofs.

The Taylor—Couette problem [7] consists of finding the velocity field of a viscous
incompressible fluid between two rotating concentric cylinders. This system has a
stationary solution, the so-called Couette flow, that has purely azimuthal form, so
that the streamlines are concentric circles. It is known that the Couette flow is
asymptotically stable for sufficiently small Reynolds number R and destabilizes for
larger Reynolds numbers. Mathematically, the fluid flow can be described by the
incompressible Navier—Stokes equation with no-slip boundary conditions.

To set up the problem, we denote by R; and R, the inner and outer radii of
the two concentric cylinders, with the obvious assumption R; < R,, and by €2; and
Qo their angular velocities. We write v for the viscosity coefficient of the fluid. It
is then convenient to introduce the nondimensional parameters

Q= QO/Qi, n = Ri/RO, R := RiQi(RO—Ri)/I/

that fully describe the system, where R is called the Reynolds number. The annular
planar cross-section between the cylinders is denoted by X, so that the fluid fills
the three-dimensional volume @ = R x X. Thus, in cylindrical coordinates (x,r, ¢),
the domain @ is defined by x € R, n/(1—n) <r < 1/(1—n), and ¢ € R/27Z. The
Cartesian coordinates in the annular cross-section ¥ are denoted by z = (21, 22) €
Y CR2

The stationary Couette fluid flow is given by

Utw) B 0
Ucoulw,9) = | Uw | = (AT+ r) 0
U(w) 1
Q-7 (1-Q)y
—raxn BT a—oa-ay
n(1+n) (1—n)(1—n?)

where (U, Uy, Ugyy) denote the cylindrical coordinates of the vector U. The
above fluid flow satisfies the Navier—Stokes equation on @ with no-slip boundary
conditions on dQ and is, in fact, exponentially stable for sufficiently small Reynolds
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numbers R. The deviation (U, P) from the Couette flow Ug,, satisfies the Navier—
Stokes equation

(104) U = AU -=R[Ucow-V)U + (U - V)Ucou + (U - V)U] = VP
V.U = 0

with no-slip boundary conditions U =0 at r =n/(1 —n) and at r = 1/(1 —n). To
solve this equation uniquely for the velocity U and pressure gradient VP, we need
to add the flux condition

1
z€X

We refer to [7] for more details.

In the (U, P) variables, the Couette flow corresponds to (U, P) = 0 which is
a solution for all R. This trivial branch of solutions becomes unstable when the
Reynolds number R exceeds a certain threshold value which we denote by R..
The translation invariance of (10.4) in the z-direction implies that the linearization
of (10.4) about (U,P) = 0 has continuous spectrum given by dispersion curves
A=\, () for n € N with associated eigenmodes of the form

MOty (4, 2), z€X

where ¢ € R and U,(¢,z) € C>. We may order the dispersion curves so that
Re A, > Re A 41 for all n € N. The instability scenario is then as follows.

For 71 close to one, there exists a number €2, with the following property. If
we fix Q > Qp, then the real-valued curve ¢ — A1(¢) crosses the imaginary axis
from left to right as R increases though R.. On the other hand, if we fix 2 < Qy,
then the two complex-conjugated curves £ +— A1(€) and £ +— Ao(£) = A1 (£) cross the
imaginary axis at some nonzero wave number ¢ = {. # 0 as R passes though R..
In both cases, each remaining dispersion curve is strictly bounded away from the
imaginary axis. We refer to the first case as PRI and to the second case as PRII.
In the following, we focus on PRII.

To analyse the resulting bifurcation for PRII, we introduce the small parameter
e?2 = R — R, and make the ansatz

(10.5) Unpprox = EA(e(x — cgt), e2t)elt" Tl (0, 2) + c.c.

where AT
g = 3%@, we = Im A (£).
Using this ansatz, the Ginzburg-Landau equation

(106) 8TA: ClaxxA—i-CgA—Cg‘AFA

can be derived for the complex-valued amplitude A = A(X,T) for certain complex
coefficients ¢; € C. It has been proved in [55] that the approximation of the Taylor—
Couette system by the above Ginzburg-Landau equation is valid over the natural
time scale:

THEOREM 10.2 ([55]). For each choice of positive numbers Cy and Ty, there
exist constants Co and €9 > 0 such that the following is true for all 0 < e < gg. If
A € CO([0,Tp), H3) is a solution to the Ginzburg-Landau equation (10.6) such that

sup JA(T)[| s, < Ci,
T€[0,To]
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then there exists a solution U of the Taylor-Couette problem (10.4) with

sup  U(t) ~ Unpprox (D) 122, < Cae?
t€[0,Ty /2]

where Uapprox has been defined in (10.5).

REMARK 10.3. In the parameter region PRII of interest to us, a system of
coupled Ginzburg-Landau equations can be derived for the amplitudes A; and
Ay corresponding to the curves A\; and Mg of eigenvalues. Since these equations
decouple when one of the amplitudes is set to be zero, we again obtain a family of
solutions that can be described by a single Ginzburg-Landau equation (see [55]).

The Ginzburg-Landau equation (10.6) can be put into the normal form (3.11).
Doing this in the region PRI, we obtain the coefficients & = § = 0. In the case
PRII, however, we obtain nonzero coefficients «, 3 # 0 and therefore a nontrivial
Burgers equation

(10.7) 8:q = (1+ aB)dyyq + (B — @)dy(q°)

for the evolution of the wave number ¢ of the locally preferred planform.
Combining Theorem 3.4 with Theorem 10.2 gives the following result.

THEOREM 10.4. For each fixed choice of integers M > 1, 0 < m < M and
n > M + 3, and constants Cy > 0 and Ty > 0, there are constants C7 > 0 and
91 > 0 such that the following is true for each § € (0,61) and each solution q of the
Burgers equation (10.7) for which

sup |lg(7) a7 < Co.
T€[0,70]

There exist higher-order approzimations (qp,ry) with

1

sup sup | (X,7) + §(a(X,T)° + @0xa(X.T)| + | (X.T) - (X,

Te[0,To] XER
< Ci6
and numbers €3 > 0 and Cy > 0 such that, for each choice of € € (0,e2), there is a

solution U = U(z, z,t) of the Taylor—Couette problem in PRII and a global phase
¢o(t) with |po(t)] < Cq so that

Uz — ¢o(t),t) —

sup sup
te(0,70/(e6)?] =z€[—1/(ed)™,1/(ed)™]

e [14 6°rn(ed(z — cgt),°0°t)] x

ed(x—cgt)
X exp <i€csc + iw, + 128t + i/ 5qn (Y, €%6%t) dY) Ui (£, z) —c.c.
0

S 015(51+M_m + 0262.

Proposition 2.3 shows, at least on the level of approximation of solutions of
the Taylor-Couette problem by the Burgers equation as explained by the theorems
stated in this section, that the phases of waves with the same wave number are
mixed universally in the Taylor—Couette problem in the case PRII near onset.
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