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Abstract

In this paper we consider the spectral and nonlinear stability of pe-
riodic traveling wave solutions of a generalized Kuramoto-Sivashinsky
equation. In particular, we resolve the long-standing question of non-
linear modulational stability by demonstrating that spectrally stable
waves are nonlinearly stable when subject to small localized (inte-
grable) perturbations. Our analysis is based upon detailed estimates
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of the linearized solution operator, which are complicated by the fact
that the (necessarily essential) spectrum of the associated lineariza-
tion intersects the imaginary axis at the origin. We carry out a nu-
merical Evans function study of the spectral problem and find bands
of spectrally stable periodic traveling waves, in close agreement with
previous numerical studies of Frisch—She—Thual, Bar—Nepomnyashchy,
Chang—Demekhin—Kopelevich, and others carried out by other tech-
niques. We also compare predictions of the associated Whitham mod-
ulation equations, which formally describe the dynamics of weak large
scale perturbations of a periodic wave train, with numerical time evolu-
tion studies, demonstrating their effectiveness at a practical level. For
the reader’s convenience, we include in an appendix the corresponding
treatment of the Swift-Hohenberg equation, a nonconservative counter-
part of the generalized Kuramoto-Sivashinsky equation for which the
nonlinear stability analysis is considerably simpler, together with nu-
merical Evans function analyses extending spectral stability analyses
of Mielke and Schneider,
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1 Introduction

Localized coherent structures such as solitary waves play an essential role as
elementary processes in nonlinear phenomena. Examples of this are multi-
bump solutions in reaction diffusion equations, which are constructed by
piecing together well-separated solitary waves [E], or the limiting case of
infinite, periodic wave trains. A similar situation occurs in nonlinear dis-
persive media described by a KdV equation where exact multi-bump and
periodic solutions exist. In this paper, we consider periodic solutions of
an unstable dissipative- dispersive nonlinear equation, namely a generalized
Kuramoto-Sivashinsky (gKS) equation

(1.1) ug + Y04u + €02u 4 602u + 0. f(u) =0, 7,8 >0,

where f(u) is an appropriate nonlinearity and €,y € R are arbitrary con-
stants with v > 0. In the case f(u) = “2—2, equation (1.1) is a canonical model
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for pattern formation that has been used to describe, variously, plasma in-
stabilities, flame front propagation, turbulence in reaction-diffusion systems
and nonlinear waves in fluid mechanics [S1, S2, K, KT, CD, PSU].

Equation (1.1) may be derived formally either from shallow water equa-
tions [YY] or from the full Navier-Stokes system [W] for 0 < v = 0 < 1.
Here § measures the deviation of the Reynolds number from the critical
Reynolds number above which large scale weak perturbations are spectrally
unstable. For this latter application, what we have in mind is the description
of chaotic motions in thin film flows down an incline [CD]. Indeed, periodic
traveling waves are some of the few simple solutions in the attractor for
the classic (¢ = 0) Kuramoto-Sivashinsky equation, a generic equation for
chaotic dynamics, and there is now a huge literature on these solutions (and
their bifurcations, in particular period doubling cascades) and their stability;
see [FST, KE, K, CD]. As ¢ increases, the set of stable periodic waves, and
presumably also their basin of attraction appears (numerically) to enlarge
[CDK, BaN], until, in the |(,d)] — 0 limit, they and other approximate
superpositions of solitary waves appear to dominate asymptotic behavior
[CD, PSU, BJRZ, BINRZ2].

Since § > 0 it is easily seen via Fourier analysis that all constant solutions
of (1.1) are unstable, from which it follows that all asymptotically constant
solutions (such as the solitary waves) are also unstable. Nevertheless, one
can still construct multi-bump solutions to (gKS) on asymptotically large
time O(671) by gluing together solitary waves, provided that the distance
between them is not too large [PSU]. One possible interpretation of this is
that there exist stable periodic wave trains nearby the solitary wave. Indeed,
it has been known, almost since the introduction of the classical Kuramoto-
Sivashinsky equation (1.1) (¢ = 0) in 1975, that there exists a spectrally
stable band of periodic solutions in parameter space; see for example the
numerical studies in [CKTR, FST]. These stable periodic wave trains may
be heuristically viewed as a superposition of infinitely many well separated
solitary waves. In [EMR], the existence of such a band of stable periodic
traveling waves was justified for the equation (1.1) with periodic boundary
conditions and in the singular KdV limit |(-y, d)| — 0.

Although numerical time-evolution experiments suggest that these spec-
trally stable waves are nonlinearly stable as well (see [CD]), up to now this
conjecture had not been rigorously verified. In this paper, relying heavily
on the recent infusion of new tools in [JZ1, JZN, BJRZ, BINRZ1, BINRZ2]
in the context of general conservation laws and the St. Venant (shallow
water) equations, we prove the result, previously announced in [BJNRZ3],
that spectral modulational stability of periodic solutions of (1.1), defined in
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the standard sense, implies linear and nonlinear modulational stability to
small localized (integrable) perturbations; that is, a localized perturbation
of a periodic traveling wave converges to a periodic traveling wave that is
modulated in phase. The first such nonlinear result for any version of (1.1),
this closes in particular the 35-year old open question of nonlinear stabil-
ity of spectrally stable periodic waves of the classical Kuramoto-Sivashinsky
equation (¢ = 0) found numerically in [FST].

With these improvements in nonlinear theory, we find this also an oppor-
tune moment to make a definitive discussion of the generalized Kuramoto-
Sivashnisky equation (and Swift-Hohenberg equations) in terms of existence,
nonlinear theory, and numerical spectral stability studies, all three, across
all parameters, both connecting to and greatly generalizing the variety of
prior works [FST, KE, K, CD, M1, Sc, CDK, BaN]. We thus carry out
also a numerical analysis of the spectrum in order to check the spectral as-
sumptions made in our main theorem. Since the spectrum always contains
the origin, due to both translational invariance and the conservative form of
the equations, this stability is at best marginal, a circumstance that greatly
complicates both numerical and analytical stability analyses.

Our numerical approach is based on complementary tools; namely Hills
method and the Evans function. On the one hand, we use SpectrUW numer-
ical software [CDKK] based on Hills method, which is a Galerkin method of
approximation, in order to obtain a good overview of location of the spec-
trum: the periodic coefficients and eigenvectors are expanded using Fourier
series, and then a frequency cutoff is used to reduce the problem to finding
eigenvalues of a finite dimensional matrix. It is known that Hills method
converges faster than any algebraic order [JZ5]; moreover, in practice, it
gives quickly a reliable global qualitative picture. However, the associated
error bounds are of abstract nature, with coefficients whose size is not a pri-
ori guaranteed. Further, near the critical zone around A = 0, the resolution
of this method is not in practice sufficient to guess at stability, let alone
obtain satisfactory numerical verification.

Thus, in order to get more reliable pictures near the origin and guar-
antee the spectral stability of periodic wave, we use on the other hand an
Evans function approach, computing a winding number to prove that there
is or is not unstable spectrum in the part of the unstable (positive real part)
complex half plane excluding a small neighborhood of the origin, then using
Cauchy’s integral formula to determine the Taylor expansions of the spec-
tral curves passing through the origin. This method, though cumbersome
for approximating global spectrum, is excellent for excluding the existence
of spectra on a given region, and comes with error bounds that can in
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a practical sense be prescribed via the tolerance of the Runga—Kutta 4-5
scheme used to evaluate the Evans function by solution of an appropriate
ODE; see [Br, Z1, BJNRZ1] for general discussion of convergence of Evans
function methods. Furthermore, under generic assumptions, the numerical
protocol introduced in Section 2.1.3 below detects sideband stability and
instability of the underlying periodic wave train without the need of lengthy
spectral perturbation expansion calculations, thus adding what we believe
is a valuable new method to the numerical toolbox for analyzing the spec-
tral stability of periodic wave trains. For relations between Hill’s method,
Fredholm determinants, and the periodic Evans function of Gardner, see
[JZ5, 72].

In order to validate our numerical method, we check benchmarks from
the Kuramoto-Sivashinsky equation (¢ = 0, f(u) = u?/2) and the Swift
Hohenberg equation. We obtain very good agreement with existing nu-
merical works. In particular, we recover and extend stability boundaries
found numerically for KS in [FST] and analytically for Swift-Hohenberg in
[M1, Sc|]. Then we perform an all-parameters study linking in particular
the Kuramoto-Sivashinsky equation ¢ — 0 v = § = 1 to KdV equation
€ = 0,7 = J — 0 by homotopy, again obtaining excellent agreement with
existing results of [CDK, BaN]. A rigorous proof of spectral stability of peri-
odic traveling wave solutions of (1.1), in the spirit of [M1, Sc], or a numerical
proof (interval arithmetic) would be a very interesting direction for future
work, particularly in an interesting parameter regime such as the canonical
KDV limit |(,d)| — 0 studied in [PSU]. In this regard, we point to the
recent singular perturbation analysis of this limit in [BaN] and [JNRZ4],
the second relying on and completing the first, reducing the problem of rig-
orous validation of stability /instability as |(vy,d)| — 0 to computer-verified
evaluation of the signs of certain elliptic integrals associated with KdV.

As we will see, our main theorem indicates that the long time dynam-
ics of a localized perturbation of a given periodic traveling wave of (1.1)
is governed by a space-time dependent phase modulation v (x,t), which in
turn satisfies in some sense a set of modulation equations. Moreover, it is
well known that, in the neighborhood of the origin, the spectrum of the lin-
earization about a given periodic wave train is strongly related to some local
well-posedness properties of the associated linearized Whitham system; this
set of modulation equations may be derived via a nonlinear optics expansion
(WKB), and formally govern the evolution of weak large scale perturbations
of the underlying wave train.

In [FST], the authors derive for the classic Kuramoto-Sivashinsky equa-
tion (¢ = 0) a second order modulation equation in the phase 1 of the
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form 1y — at)py = bibyzy, which is indeed an alternative formulation of the
linearized Whitham equations; more generally, the Whitham equations for
(1.1) consist of a system of two first-order conservation laws [NR2]. The
signs of the coefficients a and b depend implicitly on the underlying wave
train, and determine the spectral stability in the low frequency/low wave
number regime; see again [NR2|. The fact that Whitham’s equations deter-
mines (a part of) the spectral stability of periodic wave trains in the low
frequency regime has also been established for viscous conservation laws in
[Se], for generalized KdV equations in [JZ4] and [BrJZ], and for the shallow
water equations with a source term in [NR1].

Here, in terms of the modulation equations we have two requirements
for low-frequency modulational stability: reality of the characteristics of the
first order part (in [FST], positivity of sound speed squared; more generally,
positivity of a certain discriminant); and positivity of the various diffusion
parameters associated with different characteristic modes (which are equal
in the classic case [FST], but in general distinct [NR1, NR2]).

We point out that the justification of such Whitham equations has be-
come an important direction of research in the last decade, with important
and fundamental results being given, for example, in the context of the re-
action diffusion equations [DSSS] and the Shallow water equations [NR1].
In this paper, we carry out numerical time evolution studies that illustrate
this correspondence with the Whitham equations; see section 2.3. In the
forthcoming paper [JNRZ1], the authors provide a rigorous justification of
Whitham’s equations in the context of viscous conservations laws, which
applies in particular to equation (1.1). The approach proposed there ex-
tends readily to other second and higher order parabolic equations such
as the Cahn-Hilliard equation, general fourth order thin film models, and
to general systems of quasilinear 2r-parabolic equations such as the Swift
Hohenberg equation.

The paper is organized as follows: in the current section, we introduce
the assumptions of our main theorem, both on the set of periodic traveling
wave solutions of (1.1) and on the spectrum of the linearization of (1.1)
about such a wave. After stating our main theorem we continue with sec-
tion 2 where we, among other things, check numerically that the spectral
stability assumptions of our main theorem are satisfied for some families
of periodic traveling wave solutions of (1.1). In particular, we show that
there exist bands in parameter space of spectrally stable periodic traveling
waves and verify that these bands agree in particular asymptotic limits with
previous numerical studies [FST, CDK, BaN]. Section 3 is dedicated to the
proof of the main theorem of our paper: that is, that spectral modulational



1 INTRODUCTION 8

stability implies linear and nonlinear modulational stability to small local-
ized perturbations. The proof is an adaptation of the analysis recently given
for the St. Venant equations and the case of general, second order, viscous
conservation laws; see [JZN, JZ1].

For completeness, we present in Appendix A a survey of the existence
theory in the periodic context in a variety of asymptotic regimes; small
amplitude, near the classic Kuramoto-Sivashinsky equation (¢ — 0, vy = § =
1), and near the KdV equation (¢ = 1, v = § — 0). In Appendix B, we
prove a nonlinear stability result, analogous to our main theorem, in the
case of the Swift-Hohenberg equation. The nonconservative nature of this
equation makes the nonlinear stability analysis considerably simpler than
that presented in Section 3, and the reader unfamiliar with the techniques
of Section 3 may find it helpful to read the Swift-Hohenberg analysis as a
precursor to Section 3. Also in Appendix B we conduct a numerical study
similar to but less detailed than that given in Section 2. In particular, this
numerical study complements and extends the analytical results of [M1, Sc.
In Appendices C and D, we describe, respectively, computational statistics
and the shooting algorithm [BJNRZ1] used to estimate the Evans function
at a given frequency pair (), ). Finally, in Section E, we estimate the rate
of growth of perturbations of unstable waves lying near stability boundaries
of hyperbolic vs. diffusive type.

1.1 Equations and assumptions

Consider the generalized Kuramoto-Sivashinsky (gKS) equation given in
(1.1), written here in the form

(1.2) Opu 4 Ou 4 €03u + 50%u + 0, f (u) =0

with f € C?(R) and 6 > 0. The main goal of this paper is to establish that
spectrally stable (in a sense made precise in (D1)—(D3), Section 1.1.3) peri-
odic traveling wave solutions to (1.2) are nonlinearly stable with respect to
small localized perturbations. As (1.2) is conservative, the stability analysis
is an adaptation of that of [JZ1, JZN] in the second-order viscous conser-
vation law and hyperbolic-parabolic system cases, respectively. The main
new aspect here is to show that the principles contained in these previously
considered cases extend to equations with higher-order derivatives.

It should be noted that this analysis applies also, with slight modifica-
tions, to more general quasilinear equations (see [JZN]), to the Cahn-Hilliard
equation, and to other fourth-order models for thin film flow as discussed,
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for example, in [LP, BMS, Ho].! Indeed, the argument and results extend
to arbitrary 2r-order parabolic systems, so are essentially completely gen-
eral for the diffusive case. (As already seen in [JZ1], they can apply also to
mixed-order and relaxation type systems in some cases as well.)

We emphasize here as in the introduction above that if one considers
rather the generalized Swift-Hohenberg equation

(1.3) Opu + Opu + €03u + 60%u + f(u) =0,

considered here as a non-conservative counterpart of (1.2), the verification of
nonlinear stability of spectrally stable periodic traveling waves is consider-
ably less complicated. Indeed, this is reminiscent of the distinction between
general second-order parabolic conservation laws and systems of reaction
diffusion equations; see [JZ1] and [JZ2]. To aid in the understanding of
the forthcoming analysis of the conservative equation (1.2), therefore, we
present in Appendix B the proof of the analogous nonlinear stability result
for periodic traveling wave solutions of (1.3). Our approach there recovers
and slightly extends the results of Schneider [Sc|, yielding the same heat
kernel rate of decay with respect to localized perturbations while removing
the assumption that nearby periodic waves have constant speed.

1.1.1 Traveling-wave equation and structural assumptions

Throughout, we consider traveling wave solutions of (1.2) or, equivalently,
stationary solutions of the traveling gKS equation

(1.4) Opu — cOpu + O 4 ed3u + 60%u + 0, f(u) =0

for some wave speed ¢ € R. Such profiles are necessarily solutions of the
traveling wave ODE

(1.5) —cu' +u" +eu” 4+ 6u" + f(u) =0,
which, integrated once, reads
(1.6) —cu+u" +eu’ 4+ 5u' + f(u) = q,

where ¢ € R is a constant of integration. It follows that periodic solutions
of (1.2) correspond to values (X,c,q,b) € R® where X, ¢, and ¢ denote
period, speed, and constant of integration, and b = (b1, be, b3) denotes the

In these cases, which concerned scalar equations, periodic waves were shown to be
unstable in a wide variety of circumstances.
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values of (u,u’,u”) at © = 0, such that the values of (u,u’,u”) at z = X of
the solution of (1.5) are equal to the initial values (by, b2, b3).
Following [Se, JZ1], we make the following technical assumptions:

(H1) f € CE*+Y(R), K > 5.

(H2) The map H : RS — R? taking (X,b,¢c,q) — (u,v/,u")(X;b,c,q) — b
is full rank at (X,b,¢,q), where (u,u’,u")(-;b,c,q) is the solution of
(1.6) such that
(u, ', u")(0;b,¢,q) = b.

By the Implicit Function Theorem, conditions (H1)—(H2) imply that the set
of periodic solutions in the vicinity of the X-periodic function o = u(+; b, ¢, q)
forms a smooth 3-dimensional manifold

1.7) {(@t)=U@-—a—cB)tB) | (,B) eRxU }, withUd C R2

Remark 1.1. As noted in [JZN], the transversality assumption (H2) is
necessary for our notion of spectral stability; see (D3) in Section 1.1.3 below.
Hence, there is no loss of generality in making this assumption.

1.1.2 Linearized equations and the Bloch transform

To begin our stability analysis we consider the linearization of (1.4) about a
fixed periodic traveling wave solution @ = U(-; ), where we assume without
loss of generality X = 1. To this end, consider a nearby solution of (1.4) of
the form

u(z,t) = u(z) +v(x,t)

where v(-,t) € L?(R) is small in some topology (to be defined precisely later),
corresponding to a small localized perturbation of the underlying solution
u. Directly substituting this into (1.4) and neglecting quadratic order terms
in v leads us to the linearized equation

(1.8) Oy = Lw := 0, ((¢c — a)v) — dtv —d3v — 602w, a:= f'(u), c:=¢.

Seeking separated solutions of the form v(x,t) = eMv(x), v € L*(R) and
A € C yields the eigenvalue problem

(1.9) A= Lv

considered on the real Hilbert space L?(R).
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As the coefficients of L are 1-periodic functions of x, Floquet theory
implies that the spectrum of the operator L, considered here as a densely
defined operator on L?(R), is purely continuous and, in particular, A\ € o (L)
if and only if the spectral problem (1.9) has a bounded eigenfunction of the
form

(1.10) v(z; N €) = eiéxw(x;/\,f)

for some ¢ € [—m,m) and w € L2..([0,1]). Following [G1, S1, S2], we find
that substituting the ansatz (1.10) into (1.9) leads one to consider the one-
parameter family of Bloch operators {L¢}¢c[—r r) acting on Lger([o, 1]) via

(1.11) (Lew) (z) == e*i@L[eié'w(.)} ().

Since the Bloch operators have compactly embedded domains H},,([0,1])

in Lger([(), 1]), their spectrum consists entirely of discrete eigenvalues which,
furthermore, depend continuously on the Bloch parameter £. It follows then

by standard considerations that

o2y (L) = U orz_(01)) (Le);

p
ée [_Wvﬂ-)

see [G1] for details. More precisely, the spectrum of L can be characterized
by the union of countably many surfaces A(&) such that A(§) € o(L¢) for
each ¢ € [—m,m).

Given a function u € L?(R) we now recall its inverse Bloch-representation

(1.12) u(w) = [ eTale e
where @(¢, x) := >, 2™ 4 (¢ 4 2mk) are 1-periodic functions and 4(-) de-
notes the Fourier transform of u, defined here as

1 .
u(z) = 27r/}R(ewzu(w)alw.

Denote by B : u — @ the Bloch transform operator taking u € L(R) to its

Bloch transform @ € L?([—m,7); L2, ([0,1])).? For a given linear operator

L with 1-periodic coefficients, it can readily be verified that B (Lu) (§,z) =

2Here, and elsewhere, we are adopting the notation 1 fllLa(=m,my,Lr(01])) =

™ /
(7 1P Loy
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L¢ [u(, )] () hence the associated Bloch operators L¢ may be viewed as
operator-valued symbols under B acting on Lger([(), 1]). Furthermore, the

identity B (e"u) (¢, z) = e*¢' [u(¢, )] (z) naturally yields the inverse repre-
sentation formula

s
(113) Mg = [ et g€, ) ()

—T
relating behavior of the linearized equation (1.9) to that of the diagonal
Bloch operators L.

The representation formula (1.13) suggests that bounds on the linear
solution operator e!! acting on some function in L?(R) may be obtained
from bounds on the associated operators el¢! acting on Lger([O, 1]). To
facilitate these estimates, we notice by Parseval’s identity that the Bloch
transform u +— B(u) = 1 is an isometry in L2 i.e.

T 1
uM>uwam—%/lém@m&m&—%m@mmmmmp

More generally, we have for any one-parameter family of 1-periodic functions
f(&, ), & € [-m, ), the generalized Hausdorff-Young inequality

T 1
(1.15) H/ e f (&, ')dSHLp(R) < @m)? | f | a(—mm), 22 ((0,1])

valid for any ¢ < 2 < p and % + % = 1; this is readily obtained interpolating
Parseval’s identity with Triangle Inequality (case ¢ = 1, p = ), see [JZ1].
It is in the context of the above functional framework that we will obtain
our crucial linearized estimates; see Section 3.2 below.

1.1.3 Spectral stability assumptions

Taking variations in a neighborhood of @ along the 3-dimensional periodic
solution manifold (1.7) in directions for which the period does not change,
we find that the generalized kernel of the Bloch operator Ly is at least
two-dimensional by assumption (H2); see [NR2] for more details. Following
[JZ1] then, we assume along with (H1)—(H2) the following spectral diffusive
stability conditions:

(D1) o(L) c { A€ C | Re()\) <0 }uU{0}.
(D2) o(Le) € { A€ C | Re(X) < —0[¢f* }, for some § > 0 and any & €

[—7, ).
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(D3) A =0 is an eigenvalue of Ly of algebraic multiplicity two.

Assumptions (H1)-(H2) and (D3) imply that there exist two eigenvalues of
the form

(1.16) Aj(€) = —ia;§ + o([¢])

of L¢ bifurcating from A = 0 at { = 0; see Lemma 3.1 below. Following
[JZ1], we make the following non-degeneracy hypothesis:

(H3) The coefficients a; in (1.16) are distinct.

Hypothesis (H3) ensures the analyticity of the functions A;(-); again, see
Lemma 3.1 below for details.

Continuing, we notice that when f(u) = “72 the Galilean invariance of
(1.1), along with assumptions (H1)-(H2) and (D3), implies that the zero-
eigenspace of Ly admits a non-trivial Jordan chain of height two [NR2].
Indeed, in this case it is readily checked that the map

Geu(z,t) = u(x — ct,t) + ¢

sends solutions of (1.4) to solutions of (1.1) so that, in particular, variations
in wave speed are period-preserving. It follows that the periodic solution
manifold (1.7) can be parameterized as

(1.17) {(x,t)HU(m—a—ct;c,b)’(a,c,ﬁ)éﬂ@xI}, with Z C R.

that is, wave speed serves as a non-degenerate local coordinate on (1.7).
Noting that (0; — (L — ¢0;))G. = G.(0y — L), we remark that variations
along the periodic manifold (1.17) correspond to solutions of the (formal)
linearized equation (9; — (L —cd,))v = 0 and find, setting @ = U(-; ¢, b), that

(0 — (L= ¢02)) (9eGeU (5 ¢,B)]jos) = 0.

Since Oc[Gct(+; ¢, b)]jc=c = Ge(—tta) + GOU| (o p)=(cp) and OeUj (¢ p)=(55) 1S Pe-
riodic of period 1, this verifies the existence of a Jordan chain of height two
(recall, the height is at most by (D3)) ascending above the translation mode
Uy

For general nonlinearities f, however, the existence of such a Jordan
block does not immediately follow from assumptions (H1)-(H2) and (D3).
Indeed, setting 8 = (B1,32) € R? in (1.7), we find, taking variations along

(1.7) in B near u = U(-; 3), that

(1.18) L&BjU|B:B = —aﬁjC|B:Bﬂx.
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As the function dg, X (8)9s,U (+; ) — 05, X (B)9p, U (+; B) is periodic of period
X (B) = 13, we see that the existence of a non-trivial Jordan block requires
the additional non-degeneracy hypothesis*

e, X) 5
(1.19) det (W(ﬁ)> # 0.

For a much more thorough and precise discussion on this topic in the context
of general systems of conservation laws, please see the forthcoming work
[JNRZ1]; see also Remark 1.3 and Lemma 3.1 below. Throughout this work,
we assume that such a Jordan block exists by enforcing our final technical
assumption:

(H4) The eigenvalue 0 of Lg is nonsemisimple, i.e., dimker Ly = 1.°

Remark 1.2. The coefficients a; are the characteristics of an associated
Whitham averaged system formally governing slowly modulated solutions;
see [NR2]. Thus, as discussed in [0Z4, JZ1, JZN], (D1) implies weak hyper-
bolicity of the Whitham averaged system (reality of a;), sometimes used as a
formal definition of modulational stability; condition (H4) holds generically,
and corresponds to the assumption that speed c is non-stationary along the
manifold of nearby stationary solutions, see Lemma 3.1; and condition (D2)
corresponds to “diffusivity” of the large-time (~ small frequency) behavior
of the linearized system, and holds generically given (H1)-(H4), (D1), and
(D3), see also [S1, S2].

Remark 1.3. Asnoted in [NR2, JNRZ1], the conservative structure of (1.1)
implies that, assuming (H1) and (D3), one can take g = (X, M) in (1.7),
where M = X! fOX U(s; B)ds denotes the mean mass of the associated
wave. Indeed, following the computations of [OZ3] we find under these
assumptions that for |\| < 1

Do(A) = Tdet (%(6)) X2 4 O(AP).

3Here, we notice by (D3) that 3 can not be a critical point of the period X. Indeed, if
dX(B) = 0 then 9p,U(+; B) and 8g, U(+; B) would both be 1-periodic, hence A = 0 would
be an eigenvalue of Lo of algebraic multiplicity three by (1.18).

4For more general systems, this requirement would be replaced with the condition that
the gradients of the wave speed and period be linearly independent at 3.

®The degenerate case where (1.19), hence (H4), fails can be treated as in [JZ3].
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where T' # 0 is a constant, k = X! denotes wave number and Dy(-) repre-
sents the Evans function® for the Bloch operator Lg, from which our claim
follows by assumption (D3). Using this parameterization of the manifold
(1.7), condition (1.19) reduces to

e (B) #0
corresponding to linear phase coupling in the language of [JNRZ1]. In par-

. . . 2 . . :
ticular, notice that in the case f(u) = % one can use Galilean invariance to
show

8MC(/B) = 17

yielding another verification of (H4), assuming (H1)-(H2) and (D1)-(D3), in
this case.

1.2 Main result

With the spectral assumptions discussed in the previous section, we are now
prepared to state the main theorem of this paper.

Theorem 1.1. Let @ be any steady 1-periodic solution of (1.4) such that
(H1)-(H4) and (D1)-(D3) hold. Then there exist constants €9 > 0 and
C > 0 such that for any o with |t — @l 1 rynmx @) < €0, where K is as
in assumption (H1), there exist @ a solution of (1.4) satisfying u(-,0) = g
and a function ¥(-,t) € WE2(R) such that for allt >0 and 2 < p < co we
have the estimates

(1.20)

-+ 90, 1),8) — ll gy < € (1462070 Ja(,0) = a0l e -
(

Moreover, we have the L*(R)NH® (R) — L*(R) nonlinear stability estimate

(1.21) G, t) = llpeomys [P0 Do < Cllatt) =l pr@ynms @)

valid for all t > 0.

®Recall that the algebraic multiplicity of the root of the Evans function at A = 0 agrees
with the algebraic multiplicity of the eigenvalue A\ = 0 of the associated linear operator:
see [G1].
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Theorem 1.1 asserts asymptotic L'NH% — LP convergence of the modulated
solution @(- 41 (-, t), t) toward @, but only bounded L'NHX — L nonlinear
stability of the unmodulated solution @(-) about 4.

Remark 1.4. It may seem more natural to introduce ¢ via v(z,t) =
t(x,t) — u(x + 1 (z,t)) However, in doing so one introduces in the equation
for v terms involving only v and thus not decaying in time. For this reason
we work instead with v(z,t) = a(x + ¥(z,t),t) — u(x), that is, a(z,t) =
w(Y(z,t)) + v(Y(x,t),t), where Y is such that Y (z,t) + (Y (x,t),t) = =,
Y(y + ¢(y,t),t) = y. Notice that we insure the existence of such a map Y
by keeping, for any ¢, [|¢(-, )|/ ®) bounded and ||tz (+,t)|| oo (r). It should
be stressed, however, that

Y(a,t) =z —(@,t) + O (|¥( )l Loyt (1) [ 1o () )

so that we are not so far from the natural (but inappropriate) approach; see
[JNRZ1] for a detailed discussion. Notice, moreover, that introducing the
map Y above enables one to go back to the original unknown (z,t).

The proof of Theorem 1.1 is presented in Section 3. As noted earlier, the
proof of the corresponding theorem for periodic traveling wave solutions of
the (non-conservative) Swift-Hohenberg equation (1.3) is considerably less
complicated than that of Theorem 1.1; the reader unfamiliar with the meth-
ods of this paper may thus wish to consult Appendix B before proceeding
to the proof of Theorem 1.1.

While it is generally accepted that the structural hypotheses (H3)-(H4)
and (D3) should generically hold, it is unclear a priori whether there exist
periodic traveling wave solutions of (1.2) that satisfy the spectral diffusive
stability assumptions (D1)-(D2). While an analytical verification of these
conditions seems beyond the scope of our current machinery, due to the
complexity of the governing equations, we provide a numerical study of this
topic in Section 2 below giving convincing evidence of existence of stable
bands of periodic waves. We view the rigorous numerical or analytical proof
of spectral stability in some interesting regime as the primary remaining
open problem in this area of investigation. See in particular [BaN] and
[JNRZA4] for progress toward a numerical proof in the KdV limit |(~, §)| — 0.

2 A numerical study: spectral stability and time
evolution

In this section, we address numerically the issue of spectral stability of pe-
riodic traveling wave solutions of (1.1). Our numerical study is based on
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complementary tools, namely, Hill’s method and Evans function computa-
tions; see [BZ, BJNRZ1]. On the one hand, we use SpectrUW numerical
software [CDKK], based on Hill’s method, which is a Galerkin method of
approximation. More precisely, the coefficients of the linear operators L
(defined by (1.11)) together with periodic eigenvectors are expanded by us-
ing Fourier series and then a frequency cutoff is used to reduce the problem
to finding eigenvalues of a finite matrix. It is known that Hill’s method
converges “globally” very fast, but with rates not particularly guaranteed
in fixed areas; this method is used here to obtain a good localization of
the spectrum. In order to test rigorously the spectral stability, we use an
Evans function approach: after bounding the region where unstable spec-
tra might exist, we compute a winding number along various contours to
localize the spectrum. In some sense, Hill’s method helps to find suitable
contours to test the spectral stability. To analyze stability near the origin,
we also compute a Taylor expansion of the critical eigenvalues bifurcating
from the origin at the £ = 0 state. The method of moments (to be described
in section 2.1.5) then guarantees the stability of these critical eigenvalues
in the neighborhood of (A,&) = (0,0). While most of the results of this
section are numerical, we point out that the numerics are well-conditioned
with rigorous error estimates; see [BJZ, Z1, BHZ2] for more details.

Throughout this section, both for definiteness and in order to com-
pare with some previous numerical results (see e.g. [BaN, FST, CDK]),
we consider (1.1) unless otherwise specified with the specific nonlinearity
flu) = A“—;,A > 0, i.e. the equation

(2.1) Opu + 802u + £02u + yOtu + Audyu = 0

with various values of ¢, d,~, A. If one introduces the characteristic ampli-
tude U, length scale L and time scale T'= L/AU, equation (2.1) is alterna-
tively written as

(22) O+ adsi + A; 02+ Ag 7Rt 08
As a result, one can always assume A = 1 in (2.1). Depending on ap-
plications and numerical purposes, one can remove two of the three other
parameters in the study of (2.1). We have chosen here two reduced param-
eterizations of the problem. On the one hand, we first choose some & then,
setting £ = ¢/AUL? and v = AUL? into (2.2), one finds that it is equivalent
to choose v = 1 and ¢ is a fixed parameter and let § vary as a free parameter
n (2.1). On the other hand, letting L2 = v/§ and U? = (¢/AL?)?+(5/AL)?,
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one finds that it is equivalent to choose” v = § and 62 +¢2? = 1in (2.1). This
latter case is particularly of interest since it is found in thin film theory®
and since all equations (2.1) can be reduced to this particular form through
rescaling; that is we cover all the values of parameters ¢, d,y. However this
form of the equation may lead to a singularly perturbed problem as § — 0;
that is why we have also focused on the first form of (2.1) with v = 1 even
if, to cover all cases, we need then to introduce two families, one with ¢ fixed
to 0 and the other one with ¢ fixed to some arbitrary positive value.

The plan of the study is as follows. As a first (testing) step, we consider
the spectral stability case v = 1 and ¢ fixed. In this test case, we give all the
details of our numerical approach: we first compute a priori bounds on pos-
sible unstable eigenvalues and then describe our numerical Galerkin/Evans
functions based approach. In order to compare our results with the existing
literature, specifically the results in [FST], we first carry out a numerical
study in the case of the classical Kuramoto-Sivashinsky equation (¢ = 0,
~v =1). We follow this with a numerical study for the generalized KS equa-
tion when € = 0.2 and v = 1. Next, we switch to the “thin film scaling”
v = d, 62 + %2 = 1 and show numerically that there are (sometimes sev-
eral) bands of stable periodic traveling waves for all choices of the model
parameters, comparing to previous numerical studies of [BaN]| and [CDK]

We end this section with a discussion of time-evolution studies nearby
various periodic traveling wave profiles numerically computed and compare
with the dynamics predicted by the associated Whitham averaged system.

2.1 Spectral stability analysis: 7 =1, ¢ fixed
2.1.1 Continuation of periodic traveling waves

Let us consider periodic traveling wave solutions of (2.1) in the simple case
v = 1 and ¢ is fixed. After integrating once, traveling waves of the form
u(x,t) = u(x — ct) are seen to satisfy the first order nonlinear system of
ODE’s

/
u u’

(2.3) uo| = u”’
cu —eu — ou' — %Q—I—q

"Notice that, applying the transformation (z,u) — (—z,—u) if necessary, we may
always take € > 0 in (2.1). Thus, here we set ¢ = v/1 — 62 or 6 = 1 — &2

8Where the equation is designed to investigate formation of patterns of size 1 at a
threshold of instability and therefore is scaled as v = § so that, for constant states, the
most linearly-unstable perturbation has frequency 1.
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for some constant of integration ¢ € R. Noting that we can always take
¢ = 0 by Galilean invariance, we find two fixed points in the associated
three-dimensional phase space given by

—V2q V2q
U-(q) = 0 and Ui(q) = 0
0 0

Following the computations of Section A.1, we find that the fixed point
U, (q) undergoes a Hopf bifurcation when edmope(q) = v/2¢; see Figure 1(a)
when € = 0.2. Moreover, near this bifurcation point we find a two dimen-
sional manifold of small amplitude periodic orbits of (2.3) parameterized by
period and the integration constant q. Observe that due to the presence of
the destabilizing second order and stabilizing fourth order terms in (1.2), an
easy calculation shows that the equilibrium solution U, (q) = 1/2¢, and in
fact all constant solutions, are linearly unstable to perturbations of the form
v(x,t) = MFkT N € C, k € R, with |k| < 1, while linearly stable to such
perturbations when |k| > 1. As a result we find that all small amplitude
periodic orbits of (2.3) emerging from the Hopf bifurcation correspond to
spectrally unstable periodic traveling waves of (2.1).

Not surprisingly, we are able to numerically continue this two parameter
family of small amplitude periodic orbits to obtain periodic orbits of (2.1)
with large amplitude. Furthermore, in the natural three-dimensional phase
space of (2.3) and for ¢ fixed, we are able to find a one-parameter family
of periodic orbits of (2.3) with fixed period X by continuing the periodic
orbits emerging from the Hopf point U, (q) with respect to the integration
constant ¢; see Figure 1(b) for € = 0.2 and X = 6.3. Notice that in order to
keep the period X fixed, one naturally has to vary the modeling parameter
0 with respect to q.

What is perhaps surprising, however, even though by now well known
[FST, CDK], is that there appears numerically to be a small band of spec-
trally stable periodic traveling waves within this one-parameter family, out-
side of which all waves are spectrally unstable; see Figure 2 and Figure 3.
Our immediate goal is to substantiate this claim with careful numerical pro-
cedures completed with rigorous error bounds. Although, due to machine
error, the justifications we discuss do not constitute a proof, given the rig-
orous error bounds involved, our claims could in principle be translated into
a numerical proof with the help of interval arithmetic. This would be an
interesting direction for further investigation.
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Remark 2.1. As well explored in the literature (see for example [CDK]),
there occur a number of period doubling bifurcations as parameters are var-
ied, which might in principle be difficult to follow by continuation. However,
this difficulty is easily avoided by rescaling so as to fix the period, while let-
ting other parameters vary instead. This is our reason for computing with
fixed period as we do.

2.1.2 High-frequency analysis

We begin our study of the spectrum of the linear operator L, obtained by
linearizing (2.1) about a fixed periodic traveling wave solution, by eliminat-
ing the possibility that the associated Bloch operators L¢ admit arbitrarily
large unstable eigenvalues. As the resulting estimates are independent of the
Bloch frequency &, this allows us to reduce our search for unstable spectrum
of L into a fixed compact domain in A. For generality, here we consider
(1.1) with a general (smooth, say) nonlinearity f rather than the quadratic
nonlinearity leading to the formulation in (2.1) and v = 1.
Letting u be a fixed X-periodic solution of (1.2), for each ¢ € [-7/X,7/X)

we must study the eigenvalue problem

A+ (0 +i€) (f'(@)u) + € (9 + €)% u+ 5 (9 + €)% u+ (85 +i€) u=0

considered on L}%er([(), X]) We restrict ourselves to rational Bloch frequen-
cies, that is to cases where X /(27) € Q, (recall that the spectra of Lg¢
is continuous in £) and thus this is equivalent with studying the family of

eigenvalue problems
(24) Au + (f/(ﬁ)u)/ +ed”" +6u" +u" =0

considered on L2 ([0,nX]) for each n € N. In this latter formulation, we

have the following estimates on the modulus of possible unstable eigenvalues.

Lemma 2.2. {/et n € N be arbitrary, and suppose that there exists a function
u € Lger([O, nX]) which satisfies (2.4) for some A € C. Then X\ must satisfy
the estimates

Lo 62
(2.5) Re()) < §||f”(u)u/||Loo([0,X]) + 1
and
(2.6)

(1+ 252)2> '

1 - _
Re)\—|—|1m)\| < 5 <Hf//(u)u/HLoo([07X]) + ”f/(u)|’ioo([07)—q) + 52 + 9

In particular, the above estimates are independent of n.



2 A NUMERICAL STUDY: SPECTRAL STABILITY AND TIME EVOLUTION21

Figure 1: (a) Here, we plot a few of the trajectories in the phase portrait of
the (2.3) fore = 0.2, ¢ = 0.04, and ¢ ~ 1. The periodic trajectory bifurcating
from the nearby unstable equilibrium solution U (q) is plotted in bold, and
has period X = 6.3. (b) This figure depicts the one-parameter family (up
to translations) of periodic orbits of period X = 6.3 and wave speed ¢ = 0
emerging from the unstable equilibrium solution U, (g). Here, e = 0.2 and
g (and accordingly 6 = d(q)) varies from 1 (corresponding to the orbits near
the Hopf bifurcation) to 30 by unit steps. The bold periodic orbits near the
center correspond to the lower and upper stability boundaries: in particular,
all periodic traveling wave solutions of (2.1) corresponding to periodic orbits
of (2.3) between these bold orbits are spectrally stable with respect to small
localized perturbations.
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5 Im() o Im() 5 Im(x)
0 Re(V) 0 § Re(h) 0 E Re(h)
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(g) 4 =2 o 2 (h) = =2 0 2 (i)™ 0 1

Figure 2: A numerical sampling of the continuous spectrum of the lineariza-
tion of (2.1) when ¢ = 0.2, plotted here as Re(A) vs. Im(\), about the
periodic traveling wave profiles on the periodic manifold depicted in Fig-
ure 1(b) for (a) ¢ = 1, (b) ¢ =4, (¢) ¢ =5, (d) ¢ =6, (¢) ¢ =7, (f)
g =12, (g) ¢ = 13.8, and (h) ¢ = 30. Moreover in (i) we zoom in near
the origin in the spectral plot given in (c). All pictures here were generated
with the Galerkin based SpectrUW package developed at the University of
Washington [CDKK].
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0.03 Im() 0.03) Im)
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(a)-o.m —02  -0d 0 0.1 (b) 02  -01 0
Im(%)
0.02
of Re()
-0.02
(C) -02 -0 0

Figure 3: Here, we zoom in near the origin in the A-plane near, but just
below, the lower stability boundary when considering 6.3-periodic stationary
solutions of (2.1) in the case ¢ = 0.2. The three figures correspond to (a)
g =44, (b) ¢ = 4.5, and (c) ¢ = 4.6. We find that prior to stability, a
real anti-periodic eigenvalue (corresponding to £ = —m, and marked with
a large star) crosses through the origin and then the rest of the unstable
spectrum crosses the imaginary axis away from the origin. This crossing of
a real anti-periodic eigenvalue corresponds to a period doubling bifurcation;
see [KE] for more details on period-multiplying bifurcations for KS. The
spectral curves were generated by computing the roots of the Evans function
using the method of moments described in Section 2.1.5. In particular, the
transition to stability is not signaled by an eigenvalue crossing through the
origin.
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Proof. By taking the real part of the complex scalar product of (2.4) with
u, one obtains

(2.7)

1 nX ~
Re(A )HU||L2 L([0,nX]) = 2/0 (f’(u))'|u|2(:L‘)dx+5||u'||%%er([0’n)f(])—||u HL? L([0,nX])"

Then, use the Sobolev interpolation bound

c
1123, oz < 56 10"z, o) T 5 MellZs, qongys € >0,

with C' = 5 to deduce (2.5). Next, by taking the imaginary part of the
complex scalar product of (2.4) with u, one obtains

Im(A )||u||L2 (onxy =T, f@u) 2 (0nx)) + e, u") 1z (0nx));
then
| Tm( )’HUHB (0nX]) = <|f'(a HLoo ([0,X7) HUHLW [On)?])”u/“L%er([O,nX])
+ellu’ HLger o) e ”ng [0,nX])

By using Young’s inequality, one finds

_ 1+¢eD
‘Im()‘)|‘|u||iger([o,n)?]) < §||f (u)”Loo([o,)’q)||U||%Z2)er([0,nX})+THu HLQ@,([O”X]) HU HLZ (0,0 X])

valid for any D > 0. By using again the above Sobolev interpolation bound,
one finds

(2.8)
C(l+eD
()l lal, oy < (17O B+ Sy ) Bl o)

1+eD 5
=2 *ap ) Wz oz

where now C, D > 0 are arbitrary constants. From (2.7), one also deduces
that
(2.9)

Re(N)[ul2s o) < 3 (1@ | o5+l ooy —5 10 2 o
Choosing now D = 2¢, C' =1+ De and adding (2.8) and (2.9) yields

~ 1+ 2e2)2
Re(A)+[Im(M\)] < & (Hf”( )U’HLoo([o,xDJrHf’(U)Ilioo([o,X])”er(2))v

as claimed. ]
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Remark 2.3. Notice that by choosing different constants C' and D above,
along with a different choice of the Young’s scaling in (2.9), various other
bounds of the form (2.6) can be obtained which could be beneficial in certain
parameter regimes. Specifically, given any constants Cy,Cs, C3,a, 3, A > 0
such that

1) 02 /[~ S % i -
50, ~1tA <4a||f (@ poeqo.xy + =5~ + 25) -

we obtain the inequality

1 N 0Cy A B 1 55
ROV +AIm ()] < 317" @ oo+ 5+ (7 @i~y (04 506 ) + 505 )

The inequality (2.6) corresponds to the choices

1

Cy =4, C2=C3=1+72€2,

a=|f(@)leqxy, B=26 A=1,
while an example of an alternative bound, which may be useful for large
e > 0, is given by

(2.10)

1 1 1=\ _ 2 1 1 1(=\112 4
RO+ 513l < 5 (I @0 oy + 02+ 5 (1@ o5+
corresponding to the choices

32 .. 2
CGi=0, Gr=Cy=—, a=glff @l~px) #=2 A

1 92

By Lemma 2.2, for fixed modeling parameters £ and § and a periodic
profile w of (1.2), there exists a real number Ry = Ry(e,0,u) such that
the unstable (and marginally stable) spectrum of the associated linearized
operator L satisfies

(2.11) g(L)N{AeC|Re(N\) >0} C B(0,Ry).

This reduces to a compact set the region in the spectral plane where we need
to search for unstable spectra of L. In order to verify the spectral stability
hypotheses (D1)-(D3) and (H3) we use the periodic Evans function and
basic analytic function theory, the necessary details of which we review in
the next section.
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2.1.3 Low- and mid-frequency analysis: Evans function and nu-
merical methods

We now begin our search for unstable spectra of L in the ball B(0, Ry),
where Ry is given by the high-frequency bounds in the previous section. To
this end, we use a complex-analytic function, known as the periodic Evans
function [G1], that is well-suited to the task at hand. First, let @ be a fixed
X-periodic traveling wave solution of (2.1), X arbitrary, and notice that the
associated spectral problem (1.9) can be rewritten as a first order system of
the form

(2.12) Y'(2;0) = H(z, )Y (z;)\), Y eC?
and that A € o(L) if and only if (2.12) admits a non-trivial solution satisfying
Y(z+ X;\) = XY (2;1), VzeR

for some ¢ € [-7/X,7/X).? Letting ¥(z, \) be a matrix solution of (2.12)
with initial condition ¥(0,A) =1 for all A € C, we follow Gardner [G1] and
define the periodic Evans function for our problem to be

(2.13) D\, €) := det (\IJ(X, ) — ei5X1> . (M6 eC?

where for later convenience we allow for possibly complex Bloch frequencies
¢ in the above definition. By construction, then, A\ € o(L) if and only if there
exists a £ € [-m/X,7/X) C R such that D()\,¢) = 0. More precisely, for a
fixed ¢ € [-7/X,n/X) the roots of the function D(-, £) agree in location and
algebraic multiplicity with the eigenvalues of the Bloch operator L¢ [G1].

Since H(-, A) clearly depends analytically on A, it follows that the Evans
function is a complex-analytic function of both A and &, hence our search
for unstable spectra of L may by reformulated as a problem in analytic
function theory. Indeed, for a fixed { the number of eigenvalues of L¢ within
the bounded component of a closed contour I', along which D(-,§)|r is non-
vanishing, can be calculated via the winding number

1 a)xD()‘v f)

n(& ) = i b Dove) dA.

9Here, we have allowed the domain of £ to depend on the period X. This choice is to
ensure that, when linearizing about a constant state, the dispersion relation D(\,&) = 0
agrees with that obtained by the standard Fourier transform, where D denotes the periodic
Evans function defined below in (2.13). This differs from the convention of Gardner [G1]
and some others in which the Evans function is parametrized instead by the Floquet
number ¢ := "¢ € §1 a quantity with domain independent of X.
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Given a fixed contour I' then, notice as n(-;I") is a continuous function
with integer values, it is locally constant and hence can only change values
when a root of D(-, ) crosses through I'. With these preparations in mind,
we now outline the general scheme of our numerical procedure to verify
the spectral stability hypotheses (D1)-(D3) and (H3). As noted below,
for numerical efficiency, the following steps are sometime carried out in a
slightly different order. Of course then, there are several consistency checks
that follow to justify various assumptions made. For similar reasons, it is at
times advantageous to execute a particular step in a slightly different way
than suggested here; more will be said about this below. Nevertheless, the
general idea of the numerical procedure is contained in the following steps,
to be completed for fixed.

Step 0: First, numerically determine set D := {¢|03D(0,0) = 0} by looking
for sign changes'® of 93D(A,0) for A > 0, where here D(),0) denotes
the Evans function for £ = 0 obtained by linearizing about the periodic
profile  with parameter q.

Then away from this degenerate parameter set D, we may complete the
following steps.

Step 1: First, determine using the bounds of Lemma 2.2 an Ry > 0 satisfying
(2.11).

Step 2: Let 0 < rg < Ry, Qo := B(0,Ro) \ B(0,r0), and set

Ty := 0 (Q N {) € C|Re(N) >0}),

(2.14) I :=09(B(0,Ry) N{\ € C|Re(N) > 0});

see Figure 4. Now, verify that for some 0 < ky < 1 the following two
conditions hold:

(a) n(&,To) =0 for all € € [-7m/X,7/X).
(b) n(&,T1) =0 for ko < €] < 7/X;

see Figure 5 below.
Step 3: Verify that for some rg < r; < Rg, n(§,0B(0,71)) = 2 for |£| < ko.
Step 4: Finally, Taylor expand the two critical modes for || < 1 as

(2.15) Ni(€) = ay€ + 8,62+ O(€)*), j=1,2

10Since the map g — 93D(0,0) is real valued, this is sufficient to find the zeros.




2 A NUMERICAL STUDY: SPECTRAL STABILITY AND TIME EVOLUTION28

and numerically verify that «; € Ri, the a; are distinct, and Re(8;) <
0. Notice that such an expansion exists by Lemma 3.1.

If the criteria of each of the above steps are satisfied, then we conclude
(numerically) that the wave is stable. We emphasize here the simplicity
and generality of the above numerical protocol, hence being directly appli-
cable to many model problems. In particular, the above numerical method
does not require an often lengthy and problem specific spectral perturbation
expansion near the neutral stability mode (A, ) = (0,0).

(a) 05 0 05 1 15
15 Im(.)
1 Ro 1“1
\/
0.5
0 Re())
-1
1.5
(b) 05 0 05 1 15

Figure 4: Illustrations of the curves I'y (a) and I'y (b). These pictures are
not drawn to reflect the actual dimensions used in the study, but to be a
visual aid.

Remark 2.4. The set D introduced in Step 0 above is precisely the pa-
rameter set in which hypothesis (H2) is valid; see [NR2, JNRZ1] for details.
In particular, Step 0 is a useful test for co-periodic instability correspond-
ing to bifurcation of periodic solution to a new branch. From a numerical
standpoint, it should be noted that Step 3 of the above procedure will fail,
producing an infinite loop in the algorithm, on the set D. In general, given a
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2 e 2000 Im(D.)
1 1000
0 Re(}) 0| Re(D(»))
» -1000
-2 —-2000
(a) 0 1 2 (b) -2000 -1000 0 1000 2000

Figure 5: Sample Evans function output, demonstrating the calculation of
n(&,To) in Step 2 of the above numerical protocol. We view in (a) a domain
contour of form I'y defined in Step 2 above on which we evaluate the Evans
function, and in (b) the associated range for £ = 0. Here, ¢ = 0, ¢ = 5,
X = 6.3, and § = 1.4627. In particular, we see that n(0,Ig) = 0 in this
case.

numerical tolerance 0 < v < 1, the algorithm is only guaranteed to be well-
conditioned off of a y-neighborhood of D since this guarantees we are away
from a degenerate boundary case where 93D(0,0) is too small. This will
produce sharp stability boundaries in the region where 8)2\D(O,O) is small.
Such degenerate boundaries, while seemingly not occurring in the present
case, do occur in the non-conservative Swift-Hohenberg equation studied in
Appendix B.

Remark 2.5. It is clear that some care must be taken in choosing the
low-frequency cutoff kg in the above procedure, as it must be chosen small
enough to ensure that the conditions on «; and 3; in Step 4 are sufficient to
guarantee that Re(\;(£)) < 0 for [£] < ko; that is, the cubic order remainder
term must be small enough for |¢| < kg as to not dominate the O(|¢|?) terms
determined by Taylor expansions (2.15). To analyze how small ky must be,
assume [£| < kg and note that Taylor’s theorem implies

3

1
() = i+ B8+ 5 /0 (1 — 8)2\Y(s)ds.

Letting K > ko and setting'? M; = max|c|—x |Aj(¢)|, where ko is given in

"In our numerics, we utilized the method of moments to determine the number Mj;
see Section 2.1.5 below for details.
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Step 3 above, it follows by basic interior estimates that for all s € [0, 1]

3t 2(6) 6], K
2mi /GB(O,K) (¢ —s§)* C' = (K — ko)

X (56)| =

In particular, upon verifying that Re(a;) = 0 and Re(;) < 0 for j = 1,2,
we can guarantee Re(\;(§)) < 0 for [£] < ko provided that ko satisfies the
inequality

(K —ko)* . [Re(8;)|
2.16 k —_— —_ .
(2.16) N = 72
This serves as a consistency check in the above numerical procedure: if the
chosen kg does not satisfy the stated bound then one must choose a new kg
which does satisfy the bound and repeat Steps 1-4 with this new kg.

2.1.4 Numerical determination of Taylor coefficients

Concerning Step 4 in the above procedure, we now explain how the coeffi-
cients o; and 3 in (2.15) can be obtained from the Evans function. First,
assuming that Steps 1-3 have been verified, the analyticity of the Evans
function implies that D(-,-) can be Taylor expanded to third order as

D(\, €) = aoA? + a1 M€ + an? + az\® + as N2 + as A% + age® + O(A* +|¢|h)

where the coefficients ag, ..., ag € C can be calculated from the Evans func-
tion via the formula

1!
(2.17)  850:D(0,0) = 7{ 7{ D(p, k)" k™ dp dk
amr! Jop(o,n) JoB(o,h)

where h > 0 is sufficiently small. Substituting the expansions in (2.15) into
the equation D(A;(£),€) = 0 and equating second-order terms, we find that
the a; are roots of the polynomial apz? 4+ a1z + az = 0. In particular, we
can take

(2.18) —ay + (—1)7T1/a? — dapas

aj =
J 2a0

noting that (strong) hyperbolicity of the associated Whitham averaged sys-
tem is equivalent to the discriminant condition

(2.19) a? — 4agag < 0,
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which is easily checked. Furthermore, equating third-order terms in D(\;(€),§) =
0 implies that

agoz;? + a4a? + a5 + ag

2.20 =
( ) /8] 2ap05 + aq

where we note that the denominator is non-zero by the definition of the «;
and the discriminant condition (2.19).

2.1.5 Method of moments

Finally, we describe how to numerically obtain bounds on the numbers
Mj = maxjg—g |Aj(§)|. From the above discussion, the computation of
these quantities is important to determine the sign of eigenvalues in the
neighborhood of the origin. Here, the idea is to use the Evans function to
track the spectral curves \;(k) as functions of k by using what we refer to
as the method of moments. We need to locate two eigenvalues: to this end,
we define the first and second moments of the spectral curves \;(§) as

mi(§) == Y N(©) ma(§) =Y (9%

j=1,2 =12

Note that these moments can be directly computed through the Evans func-
tion via the formula
1 NoyD(\
my(€) = 5— AODNE) 4y

2mi Japo,ry D)
for R > 0 sufficiently large so as A;(§) € B(0,R) for all |{| = K. Once
the moments m;(§) are computed for a fixed £, by using a simple Stieltjes
trapezoid method, for example, the corresponding numbers \;(£) can be
easily recovered via the formula

mi(§) + (=1)7/2my(€)? — my(£)?
2

Aj(€) =

from which the numbers M; can easily be determined. This method of
moments readily extends to an arbitrary number of eigenvalues; see [BZ,
BJNRZ1]). In order to avoid the ambiguity for the choice of A\; and Ao
above, we substitute (2.16) by

(K —ko)* .
“ma R Re()l

, J=12

ko <

where M = max;—1 2 maxX|¢| =K |)‘j(§)\-
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2.1.6 Numerical results

The above numerical procedures provide a direct and well-conditioned way
to numerically verify the spectral stability hypotheses (H3) and (D1)-(D3).
We now apply this procedure to two cases.

First case: v =1,e =0

The case € = 0 corresponds to the “classic” Kuramoto-Sivashinsky equation,
which has received a great amount of numerical and analytical attention
over the years. In particular, stability boundaries are well known for this
equation. We state our results first in this special case for verification of
our method against these previously known results. Let us now carefully
describe the implementation of the numerical procedure for the special case
of (2.1) for the periodic traveling waves parameterized by ¢ = 5, and X =
6.3. For numerical efficiency, we proceed in our explicit example by slightly
modifying both the content and order of the steps of the above numerical
procedure. As a first step, we notice that when ¢ = 0 and ¢ = 5, a periodic
orbit of (2.3) with period X = 6.3 exists when § = 1.4627, and so we fix
0 at this value throughout this discussion. The corresponding solution «
of (2.1) then satisfies ||t/ ®) < 4.6509 and [|@'[| o ®) < 6.4856 so that,
appealing to Lemma 2.2, we find that any unstable spectra of the associated
linearization L about @ lies in the ball B(0, R) with

22
R 5 (15 @iy + 17 @y + 02+ )
Next, we set Ry = 15.478 > R and ry = 1 and define I'y and I'; as in (2.14).
Using 153 evenly spaced points in A, thereby assuring relative error between
successive points varies by less than 0.2, we compute that n(&;Ty) = 0 for
1000 evenly spaced points in £ in the interval £ € [—7 /6.3, 7/6.3], where here
we use the scaled lifted polar coordinate method (described in Appendix D)
to compute the Evans function D(-,€); see [BJNRZ1].

Now, for numerical efficiency we deviate slightly from the basic numeri-
cal method described above and proceed to compute the Taylor expansions
(2.15) of the critical modes near the origin. Notice that as there are gener-
ically two such branches of spectra bifurcating from the origin at £ = 0,
there is in general no problem with making this assumption at this point: at
the end of our numerical test, we will do a consistency check to verify that
there were indeed only two branches to start with. Using the unscaled lifted
polar method (described in Appendix D) to compute the Evans function, we
obtain the values of a; and ; which are recorded in the ¢ = 5 row of Table
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1. Here, we have used (2.17) with 300 points on the A-contour, yielding
relative error between successive values of a; and f; less than 0.1 and 0.01,
respectively, and 1000 points on the k-contour, yielding relative error less
than 0.2 in successive steps. From the above Taylor coefficients 3;, we can
use Remark 2.5 to determine an appropriate low-frequency cutoff kqg. Here,
we choose K = 0.5, R = 2 and choose kg such that the inequality in (2.16)
holds; a brief calculation shows that kg = 0.018365 suffices. With these
choices, we use 427 points in the A-contour, assuring relative error between
successive points varies less than 0.2 and verify that n(£;T'1) = 0 for 1000
evenly spaced values of ¢ satisfying kg < |£] < 7/6.3.

Finally we must verify that there are indeed only two spectral branches
bifurcating at & = 0 from the origin. Following Step 3 of the above proce-
dure, we must simply find an m € (g, Ro) such that n(&;0B(0,r1)) = 2 for
all |¢] < ko. We note, however, that computing the Evans function D(),€)
for a given ¢ becomes increasingly more difficult and less accurate as Re(\)
becomes increasingly more negative; see [BJNRZ1] for more details. As a
result, we find it more useful to compute the winding number corresponding
to the contour!?

r:=0 {A e€C ‘ Re()) > —2 max IRe(B;)|ks and |\ — 2 max ]Re(ﬁj)|k§‘ < 27’0} :
‘7: K j: b

from which we find, as expected, n(¢;T) = 2 for 1000 evenly spaced values
of ¢ satisfying |£| < ko where again we use 427 points along the A-contour
to evaluate the Evans function, ensuring relative error less than 0.2 between
successive points. This observation, together with the (now justified) Taylor
expansions computed above, implies that no unstable spectra can exist for
any Bloch-frequency £.

From the above arguments, we conclude with great numerical certainty
that the underlying periodic traveling wave associated with ¢ = 5, ¢ = 0
and period X = 6.3 is spectrally stable to small localized perturbations,
in the sense of (D1)-(D3) and (H3). This procedure can then be repeated
for different values of ¢, holding ¢ = 0, the period (X=6.3) and the wave
speed (¢ = 0) fixed, and the results of these computations are tabulated in
Table 1. In particular, our numerics indicate that, as expected, there is a
band of spectrally stable periodic traveling wave solutions, corresponding to
different values of ¢, of (2.1) with £ = 0 and fixed period X = 6.3.

2Notice that by the previously computed Taylor expansions, we expect
min ¢ <k, Re(A;(€)) > —2max; |Re(B;)|ks = —0.0031727.
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Comparison with previous results. As there is a well known ap-
proximate stability boundary in the case € = 0 provided in [FST], it seems
worthwhile to compare the results of Table 1 to theirs. In [FST], the authors
consider 2m-periodic solutions of the equation

(2.21) Opu 4+ udpu + O*u + vdiu =0, v >0.

Going to Fourier space, it is clear that when v > 1 all Fourier modes of the
solution are linearly damped and hence the solution converges to a spatially
homogeneous state as t — co. However, when v < 1 there will be a finite
number of excited modes leading to a non-uniform solutions. Setting v =
1—mn then, a stability analysis is conducted for 27-periodic solutions of (2.21)
with 0 < n < 0.69. In particular, the authors find that such solutions are
spectrally stable for n € (n1,72) with 71 € (0.25,0.3) and 7, € (0.4,0.45) In
order to compare these results to those provided in Table 1, we notice that

by setting o = 6'32”;/7 and introducing the new variables @ = a3v~1/Tu,
z=av 2"z, and { = a*v~Y/7 the 2r-periodic solutions of (2.21) correspond

to 6.3-periodic solutions of the equation
Ot + udzt + pd2u + 03t = 0

2
where p = (%) v~1. Letting v = 1—7 then, the results of [FST] suggest we

should have stability for p € (d1,2) where 6; € (1.32623,1.42096) and d5 €
(1.65778,1.80849) in our p-parametrization: these predictions are consistent
with the data in Table 1 where we find §; ~ 1.411 and d, ~ 1.701.

Remark 2.6. It is worth mentioning that the numerical method of [FST] is
completely different from ours, so that the close agreement between results
gives a useful check on both sets of numerics. Specifically, for frequencies
(&, A) bounded away from the origin, they use a Galerkin method similar to
that used by us to generate figures using SPECTRUW; that is, they compute
the spectra of a truncated infinite-dimensional matrix. In the numerically
delicate small-frequency regime, they approximate the spectra by perturba-
tion expansion around critical modes, as we do. However, they accomplish
this in a different way, by direct spectral perturbation expansion of the un-
derlying linearized operator about the wave. They point out also the relation
between this spectral expansion and the formal modulation (i.e., Whitham)
equations expected to govern asymptotic behavior. Though the numerics
of [FST] are well-conditioned, and based on sound functional-analytic prin-
ciples, there is no attempt made there to estimate numerical computation
error. Indeed, for this type of method, this seems to us a complicated task.
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By contrast, Evans-function/winding number methods come effectively with
built-in error bounds, given by the ODE tolerance and the requirements of
Rouchés Theorem to guarantee validity of the winding number.

Second case: v =1,e = 0.2

This choice corresponds to a generalized Kuramoto-Sivshinsky equation: the
purpose here was to see whether we have the same qualitative picture of a
band of spectrally stable periodic traveling waves. Here X = 6.3 is fixed.
Employing our above numerical procedure, in an analogous fashion as for
the € = 0 case considered above, we summarize our findings in Table 2. As
before, we find a range of values of the integration constant ¢ associated
with periodic traveling wave solutions of (2.1) which are spectrally stable to
small localized perturbations, in the sense that (D1)—(D3) and (H3) hold;
see also Figure 1 (b).

2.2 A full parameter study: vy =4,e2+462=1

Finally, we conclude our spectral stability analysis by considering stability of
periodic traveling wave solutions of the generalized Kuramoto-Sivashinsky
equation, under the particular scaling

(2.22) O 4 9y (u?/2) 4+ ed3u + 6(9%u + dtu) = 0,

and €2 4+ 62 = 1. It should be emphasized that the singular limit 6 — 0
of (2.22) arises naturally in the study of small amplitude roll-waves on the
surface of a viscous liquid thin film running down an inclined plane. Indeed,
one can derive (2.22) either from shallow water equations with friction at
the bottom or free surface Navier-Stokes equations, both at the transition to
instability of constant steady states (fluid height and velocity are constant in
the shallow water description) for small amplitude disturbances and in the
small wave number regime; see [W, YY] for more details on this derivation.
In this case, periodic traveling waves solutions of (2.22) correspond to well-
known hydrodynamical instabilities, known as roll-waves; see [NR1] and
[JZN] for the spectral and nonlinear stability analysis of these roll-waves
and for the analysis of their corresponding Whitham equations.

In the limit § — 0, the governing equation (2.22) reduces to the inte-
grable KdV equation

(2.23) ou + udzu + agu =0
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where it is known that all periodic traveling wave solutions are spectrally sta-
ble to perturbations in L?(R) and nonlinearly (orbitally) stable in Lger([(), nX])
where X denotes the period of the underlying elliptic function solution; see
[BD]. As discussed in detail in Appendix A.3, the elliptic function solutions
given in (A.10) which satisfy the selection principle (A.12) may be contin-
ued for 0 < § < 1 to a three-parameter family of periodic traveling wave
solutions of (2.1) parameterized by translation, period, and spatial mean
over a period.

Concerning the stability of these “near KAV profiles”, we numerically
observe that for § > 0 sufficiently small there exist numbers X, (6) and
Xy (6) such that the associated X-periodic traveling wave solution of (2.22)
is spectrally stable to perturbations in L?(IR) provided X,(§) < X < Xy (d),
with X7 =~ 8.49 and Xy =~ 26.17; see Table 3 for details. This numerical
observation complements the well known result that the “near KdV solitary
wave” profiles of (2.22) are spectrally unstable to localized perturbations;
see [PSU, BJNRZ2]. Analytical verification of these numerical observations,
though outside the scope of the present work, would be a very interesting
direction for future investigation. See [JNRZ4| for substantial progress in
this direction.

gKS stability boundaries

30r

251

20f

WWM

0 0.2 0.4 0.6 0.8
€

Figure 6: Plot of the stability boundaries (in the period X) versus the
parameter €. Here, § = v/1 — 2 is fixed by the choice of € and the shaded
regions correspond to spectrally stable periodic traveling waves. In the limits
e = 0 and ¢ — 1, we see the existence of only a single band of spectrally

stable periodic traveling waves. For intermediate values, however, several
bands emerge and the stability picture becomes much more complicated.
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At first sight, one may attempt to deduce from the previous computa-
tions v = 1,6 = 0,0.2 or v = § — 0,e = 1 that, generically, for a fixed
set of parameters, there exists a band of spectrally stable periodic traveling
waves. In fact, the situation is slightly more complicated and we carry out
a spectral stability analysis for the full set of parameters €2 + §2 = 1 and
v = 4. Up to a time and space rescaling, this analysis includes all the par-
ticular cases treated previously: see Figure 6. This picture confirms that
both for € =~ 0 or § = 0 there is a single band of spectrally stable periodic
waves. However for intermediate values of € and J, we clearly see that there
a several bands of spectrally stable periodic waves and bounded bands of
unstable periodic waves: this may be, among other things, connected to the
various bifurcations of periodic waves occurring in this intermediate regime.
Moreover, throughout this intermediate regime the nature of the transition
to instability can be more complicated than previously seen. For example,
it may happen that one diffusion coefficient 5; becomes positive while the
other stays strictly negative; see Figure 7. This stands in contrast to the
numerics in Tables 1 and 2.

Comparison with previous results. The results of our numerics
agree very well with previous results of [BaN, CDK] obtained by completely
different means. In particular, our estimates for the limiting stability bound-
aries X7, and Xy in the KAV limit are quite close to predictions obtained in
[BaN] by formal singular perturbation analysis. Likewise, the global stabil-
ity boundaries displayed in Figure 6 agree quite well with numerical results
displayed in Figure 12 p. 316 of [CDK]. The methods used in [CDK] are
again Galerkin-type as described in Remark 2.6, quite different from the
Evans function methods used here, so give a useful independent check.

To connect our results to those of [CDK], we give a brief lexicon between
our paper and that of Chang et al. The figure 12 in [CDK] involves «, §,
whereas our Figure is in terms of parameters X and e¢. One has period
X = 2% 7m/a and coefficient ¢ = §/+/(1 + §2). On the right hand side of
Figure 12 [CDK] (6 = 8/¢ = 0.99), corresponding to the KdV limit, one finds
stability region « € (0.24,0.74) which (after translation to our coordinates)
agrees with the bounds found in this paper and in [BaN]. The first island
of instability (starting from e = 1) is found at 6 = 1.1 which corresponds
to € = 0.74. We note that § = 1.1 in [CDK] is found to represent also
the transition where new branches of periodic wave trains are found as ¢
decreases below 1.1. There is also a nice discussion on the nature of the
instabilities at this and other singularities of the stability boundary curves
(p.316 [CDK] as well), which we recommend to the interested reader.
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Figure 7: Plot of the real part of a;; and 8 from the spectral curves against

the period X for gKS when ¢ = 0.8 and § = 0.6. Figure (b) is a zoom of
figure (a).
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2.3 The Whitham system and time evolution studies

In the previous section, we demonstrated numerically the existence of spec-
trally stable periodic traveling wave solutions of (2.1) in various circum-
stances, both in the classically studied case ¢ = 0 (Kuramoto-Sivashinsky
equation) and in the case € # 0 arising from general thin film flows. In
each scenario considered, we found that all constant solutions are spectrally
unstable and that, for a fixed period, an interval of the integration constant
q (alternatively, of §) corresponding to spectral stability; see Figure 1.

The goal of this final subsection is to shed light on the dynamics of
the underlying periodic traveling wave when subject to a small integrable
perturbation: in particular, we wish to connect the observed (numerical)
behavior of solutions to the theoretical predictions given by Theorem 1.1.
As we will see, the long-time behavior of such solutions to low-frequency
perturbations can be well-approximated by a formal second-order Whitham
modulation equation, with the dynamics intimately related to the properties
of these derived amplitude equations.

We consider the behavior of a fixed periodic traveling wave solution @
of (2.1), corresponding, say, to & = 0 and 3 = 3 in (1.7), when subject to
perturbations with characteristic wavenumber |v| < 1, on space and time
scales (X,T) = (z/v,t/v). Using a nonlinear optics (WKB) approximation

(2.24)  u(z,t) =u° <X, T, M) + vu! (X, T, M) + 0P

where y +— u’(X,T,y) are unknown 1-periodic functions, to find approxi-
mate solutions of (1.1), it follows by substitution of the ansatz (2.24) into
(1.1) in the re-scaled (X, T')-coordinates and collecting terms of leading order
that we can take

u(X,T,y) =U (y — a(X,T) — c(B(X,T))t; (X, T)),

where a(X,0) = 0 and 5(X,0) = 3. For simplicity, we specialize now the
discussion to the case where 8 = (k,¢), with k the wave number and ¢ the
wave speed.

As described in a more general setting in [Se|, continuing the above
calculation to higher orders, integrating over one period with respect to the
fast variable y and noting by periodicity that integrals of perfect derivatives
vanish, we find at first order in v the modulation system

M(k,c) + F(k,c)r =0,

(2.25) kit (ck)y =0
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where k = 1¢x is the local frequency, ¢(X,T) = —¢p(X,T)/Ux(X,T) de-
notes the wave speed, M (k,c) denotes the mean of u° over one period, and
F(k,c) is the mean of f(u’). Here, the second equation represents simply
equality of mixed partial derivatives of 1.

In the more specific setting of (2.1), F(k,c) is the mean of (u°)?/2, and
using the Galilean invariance x — = — ct, u — u + ¢, we may reduce (2.25)
to

(m(k) + c)r + (H (k) —m(k)e)x =0

(2.26) kr + (ck)x =0,

where H(k) = F(k,0) and m(k) denotes the mean over one period for a
zero-speed wave of frequency k. In the classical situation, considered in
[FST], where moreover ¢ = 0, symmetry of the governing equation ensures
m(k) = 0 and (2.25) reduces to

ct+ (H(k)), =0,
(2.27) e+ (H k)
ke + (Ck)z =0.

Linearizing the latter about the constant (k,0), corresponding to a back-
ground wave @ = U(+; (k,0)), yields the linear scalar wave equation

(2.28) krr — kH'(k) kxx =0

in the local wave number k. In particular, the critical spectral curves A;(§)
bifurcating from the origin at the & = 0 state agree to first-order with
the dispersion relation of (2.28). Clearly then, hyperbolicity of (2.28) is a
necessary requirement for the spectral stability of the underlying periodic
traveling wave .

Continuing to consider the classic case € = 0 and a zero-speed wave, we
may introduce similarly as in [NR2], higher order corrections to the WKB
approximation (2.24) to find that the critical spectral curves A;(§) actually
agree to second order with the dispersion relation of the viscoelastic wave
equation'3

(2.29) krr — kH'(k) kxx = d(k) krxx

for some d(k) depending only on the underlying wave U (.; 3). As a result, we
find that the diffusive spectral stability conditions (D1)—(D3) are equivalent

13The absence of terms like kx x x originates in the symmetry of the governing equation
under (z,c)— > (—z, —c).
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to kH'(k) > 0, corresponding to hyperbolicity of the linearized first-order
Whitham averaged system (2.28), and Re(d(k)) < 0, corresponding to diffu-
sivity of the second-order linearized Whitham averaged system (2.29). Thus,
the periodic traveling waves below the lower stability boundary (6 ~ 1.411)
in Table 1 correspond to a loss of hyperbolicity in the first-order Whitham
system, while those above the upper stability boundary (6 ~ 1.701) corre-
spond to a “backward damping” effect corresponding to the amplification
of the local wave-number k(X,T") on time-scales of order T' = t/v. These
observations are discussed in more detail in [FST] and generalizations to
cases € # 0 (and ¢ arbitrary) may be found in [NR2].

Equation (2.29) recovers the formal prediction of “viscoelastic behav-
ior” of modulated waves carried out in [FST] and elsewhere, or “bouncing”
behavior of individual periodic cells. Put more concretely, (2.29) predicts
that the maximum of a perturbed periodic solution should behave approx-
imately like point masses connected by viscoelastic springs. However, we
emphasize that such qualitative behavior- in particular, the fact that the
modulation equation is of second order- does not derive only from Galilean
or other invariance of the underlying equations, as might be suggested by
early literature on the subject, but rather from the more general structure
of conservative (i.e., divergence) form [Se, JZ1].'* Indeed, for any choice of
[, Aj(€) may be seen to agree to second order with the dispersion relation
for an appropriate diffusive correction of (2.25), a generalized viscoelastic
wave equation. See [NR1, NR2] for further discussion of Whitham averaged
equations and their derivation.

We now wish to connect the formal predictions of the above WKB anal-
ysis to the numerically observed time-evolution of a perturbed periodic trav-
eling wave solution of (2.1). Keeping with the above theme, we fix ¢ = 0
throughout and consider waves with period X = 6.3 which, after an ap-
propriate change of coordinates, have been taken to be initially station-
ary. In Figure 8 we have fixed three periodic traveling wave solutions of
(2.1). The wave in Figure 8(a) corresponds to a periodic traveling wave be-
low the lower stability boundary so that the associated linearized Whitham
averaged system formally describing long-time behavior fails to be locally
well-posed (hyperbolic). The resulting instability seems considerably more
drastic than that observed for the wave in Figure 8(c), corresponding to a
periodic traveling wave above the upper stability boundary. In this latter
case, the first-order linearized Whitham system is locally well-posed but

1 As discussed further in [Z3], conservation of mass lies outside the usual Noetherian
formulation.
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Figure 8: Here, we present the results of four time-evolution studies for
the case when ¢ = 0. In Figures (a)-(c), we start with a small “Gaussian”
type perturbation of the underlying 6.3-periodic wave (taken to be station-
ary by change of coordinates) and evolve the perturbation over time, with
the vertical lines corresponding to the “peaks” and “troughs” between the
waves. The wave-train in (a) corresponds to a wave below the lower stability
boundary (¢ = 3), while the wave-train in (c) corresponds to a wave above
the upper stability boundary (¢ = 10). The wave-train in (b) is spectrally
stable and corresponds to ¢ = 5.5. The “peaks” are plotted with thick green
lines and the “troughs” are plotted with thin blue lines. In (a)-(d), the
solid and dotted red lines indicate respectively the first order and second
order approximations of bounds on the characteristics. They originate from
a region enclosing three standard deviations from the mean of the pertur-
bation. Finally, Figure (d) is the same as Figure (b) except for the initial
perturbation is multiplied by a factor of 10. It is interesting to note that
even when we subject the ¢ = 5.5 wave to a large perturbation, lying well
outside our stability theory, we observe a similar time asymptotic stability
with analogous phase description as we developed for weak perturbations.



2 A NUMERICAL STUDY: SPECTRAL STABILITY AND TIME EVOLUTION43

second-order diffusion coeflicient, i.e. the coefficients 3; in (2.15), have real
part with positive sign. This results in a type of “backward diffusion” where
the amplitude of the local-wavenumber v grows with time, resulting in the
forced visco-elastic behavior between the individual peaks and valleys in
Figure 8(c). For more details on the instabilities in Figure 8(c), see Figure
9.

Finally, the wave in Figure 8(b) is spectrally stable and the resulting
time-evolution of the perturbed wave at first sight appears to be of the form

u(x,t) = u(x + (x,t))

where 1(-,t) resembles the sum of well-separated Gaussian waves prop-
agating in opposite directions. More precisely, it appears at first sight
that our small initial perturbation simply divides its mass into two trav-
eling Gaussian packets which convect in opposite directions and satisfies
lim¢ o0 u(x,t) = u(x) for each = € R. In particular, this description would
suggest that

1
(-, t) = all oy ~ 100, ) ey S A+ 7202 p>2

However, while this intuition seems reasonable from our numerical experi-
ments it is not correct: rather, the above “convecting Gaussian” description
applies to the wave number 1, and not the phase 1. As a result, 1 should
roughly be described by the integral of Gaussian packets convecting in oppo-
site directions, i.e. a small amplitude compactly supported (for each t > 0)
sum of error functions of algebraically growing mass with limy_, o (2, t) # 0.
In particular, we expect then that

lul- 1) —a(- - w('vt))HLP(R) ~ H¢m<'at)HLP(R) <1+ t)_%(l_l/p)

for all p > 2, and that

(s t) — tllprw) = 100 Ol ze@) S 1-

It is this observation that small localized perturbations of an underlying
periodic traveling wave solution of (2.1) behave time-asymptotically as lo-
calized shifts of the original wave that drives our stability analysis in the next
section, even in the general case when ¢ # 0; see Proposition 3.2, Corollary
1, and Lemma 3.3 below.

Finally, we remark that if one considers the more general case when
e # 0 it follows by similar considerations that the critical spectral curves
A (&) agree to second-order with the dispersion relation of a second-order
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Figure 9: Here, we continue the time evolution study from Figure 8(c) (cor-
responding to ¢ = 0, X = 6.3, and ¢ = 10). In particular, we highlight
various aspects of the instability by zooming in on the evolution over differ-
ent time intervals. Furthermore, due to the hyperbolicity of the first order
Whitham equation (2.28) in this case the time scale on which the modula-
tional instability (corresponding to Bloch frequencies || < 1) is observed is
expected to be ~ =2, where 7 is the difference between X and the stability
boundary X,; see Appendix E.
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Whitham modulation equation: see [NR2] for details of this derivation.
However, the associated second order Whitham averaged system consists
of a coupled system which, while sharing many of the properties of that
of (2.26), is considerably more complicated to analyze directly. Neverthe-
less, when considering for definiteness again the case ¢ = 0.2, it is found
that 6.3-periodic traveling wave solutions below the lower stability boundary
(0 = 1.43) in Table 2 correspond to a loss of hyperbolicity of the first-order
Whitham system (2.26) while those corresponding to waves above the upper
stability boundary (§ ~ 1.719) correspond to a “backward damping” effect
as described above.

Remark 2.7. Asnoted previously, the modulation 1 in the above discussion
is not the same modulation presented in Theorem 1.1, although the two are
very closely related; see Remark 1.4.

Remark 2.8. For rigorous justification of the Whitham equations at the
nonlinear level, see [JNRZ1].

3 Proof of Theorem 1.1

In this section, we prove Theorem 1.1, showing that spectral stability of a
given periodic traveling wave solution of (1.2) implies both linearized and
nonlinear stability to small localized perturbations. The proof closely follows
the analysis of [JZ1], concerning the analogous problem in the context of
strictly parabolic second-order conservation laws. The main difference lies
in the fact that the linear operator L defined in (1.8) is a fourth-order
differential operator rather than second order. Nevertheless, the principles of
[JZ1] readily extend to the present higher-order case with little modification.

3.1 Spectral preparation

Recall that in the statement of Theorem 1.1, we normalize X to 1. Our
assumptions (H1)-(H2) and (D3) imply that the generalized kernel of the
operator Lo, defined on L2_([0,1]), is of dimension 2. A crucial part of
our analysis of the linearized solution operator e’ relies on understanding
how this zero-eigenspace bifurcates from this neutral state. As expected,
the existence of a Jordan block at A = 0 for the operator Ly, guaranteed by
hypothesis (H4), greatly complicates matters as compared to the degener-
ate case when (H4) fails; see [JZ3]. We thus begin our linearized stability
analysis with a careful study of the Bloch perturbation expansion of these
critical eigenvalues and associated eigen-projections near & = 0.
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Lemma 3.1. Assuming (H1), (H2), and (D3), there exist constants & €
(0,7), €0 > 0 and two continuous curves, j = 1,2, A\j : [—&o,&0] — B(0,¢ep)
such that, when |£| < &,

(3.1) o(Le) N B(0,e0) = {Ai(£), Xa(E)}-

Moreover these two critical curves are differentiable at 0 and can be expanded
as

(3.2) Aj(€) = —ia§ +o(), j=1,2

as & = 0. Assuming also (H3), the curves \j are analytic in a neighborhood
of € = 0. Thus, up to a possible change of &y, there exist, for 0 < [£] <

&o, dual right and left eigenfunctions {q;(§,-)}j=1,2 and {q;(&,-)}j=1,2 of L¢
associated with X;(§), of form

qj(&,) = (1) B vi(&, ) + Bj2(€) va(€, )

(&) = i&B1 () Tr(&, ) + Bja(€) Ba(&, )
for j =1,2, where

e forj =1,2, the functions vj : [—&o, &) — Lger([O, 1]) and v; : [=&o, &) —

L%er([(), 1]) are analytic functions such that, when |§| < &, {v;(§,-)}j=1,2
and {0;(§,-)}j=1,2 are dual bases of the total eigenspace of L¢ associ-

ated with spectrum o(L¢) N B(0,e0), chosen to satisfy

v1(0,-) = uy, and 02(0,-) =1;

o for j = 1,2 and k = 1,2, the functions Bjr : [~6o,%] — C and
Bik: [0 &) — C are analytic.

Finally, assuming in addition that (D2) holds, the spectral curves \; can be
expanded as

(3.3) Nj(€) = —iai€ — b;E + O(€P), j=1,2
for some a; € R and b; > 0.

Proof. (following [JZ1, JZN, NR2]) First, as already mentioned in Remark
1.3, assumptions (H1), (H2) and (D3) ensures the possibility of a parametriza-
tion 8 = (k, M) by wave number and mean We adopt such a parametriza-

tion. This provides Loti, = 0 and Lod.U(-; ) = —Onrc(B)t, with (D, ﬂx>L§er([o,1]) =
0 and (0, U (+; B)) 12

per

([0,1]) = 1, where v = 1.
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Since L¢ has dense domain H}., ([0, 1]) compactly embedded in L2 ([0, 1]),
its spectrum consists of isolated eigenvalues of finite multiplicity [He]. As
0 is separated from the rest of the spectrum of Ly, assumption (D3) and
standard spectral theory for perturbations by relatively compact operators
(see [K]) yields constants & € (0,7), g > 0 and continuous functions i, A2
such that, for £ < &, 0(Le)NB(0,60) = {A1(§), A2(§)}. Moreover this also
yields analytic dual right and left spectral projectors associated to spectrum
in B(0,e0). Analytic dual bases of the right and left eigenspaces may then
be obtained by projecting dual bases for spectral spaces of the spectrum of
Ly in B(0,e0). By the first paragraph of the proof and the conservation law
structure of the governing equation, we may choose such bases in the form
{ty, 00U (-; )} and {,9} and obtain in this way the functions {v;} and
{v;} of the lemma.

We have now reduced the infinite dimensional spectral perturbation
problem for the operators L¢ to the spectral analysis of

M = [(9;(¢,), Levi (€, ')>L2([o,1])]j,l,

0 —0mc(B)

a 2x2 matrix perturbation problem. By direct calculation My = 0 0

Below, however, we will scale M to blow up at the double eigenvalue. To
do so, we expand the operator L¢ as

(3.4) Le = Lo + i€ LY + (i€)2L®) + (ie)*L®) + (ig)* L@
and note, specifically, that
(3.5) LW = —(a@ — &) — 3¢0? — 260, — 46°.

By either a direct calculation or by first scaling the parameterization then
differentiating the profile equation with respect to k (see [NR1, NR2]), we
find that (2(0, -), LMy, (0, -)) = 0. Therefore, M can be expanded as § — 0
as

me= (3 7 i (3 7)ot

so that, in particular, the scaling
3 M= S@Ms©O " 50§ 1),

preserves smoothness in £ at £ = 0. Since the eigenvalues m;(§) of Mg
are (i€)~1\;(€), their continuity implies the differentiability of the functions

)
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Aj(€) at € = 0. Assuming, in addition to above, that assumption (H3)
holds, it follows from the fact that m;(0) = —a; that the eigenmodes of
Mg are analytic in £ in a neighborhood of £ = 0. Undoing the scaling
finishes the proof, up to the observation that (3.3) follows from (D2) and

Aj(€) = Aj(=6). O

3.2 Linearized bounds

We begin our stability analysis by deriving decay rates for the linearized
solution operator e/ of the linearized equation (1.8). Recalling the inverse
Bloch transform representation (1.13) of the linearized solution operator,
we first introduce, as in the proof of Lemma 3.1, for each £ € (=&, &) the
spectral projection P(£), analytic in £, onto the total eigenspace associated
with spectrum o(L¢) N B(0,e0) = {A1(£), A2(§)} of the Bloch operator Le.
We also choose a smooth cutoff function ¢ : [—m, 7) — [0, 1] such that

e IRy
W‘{o, i €] > &

and split the solution operator S(t) := elt into its low Floquet-number
critical part

™

(3.7) ST (t)g(z) = / ¢ () [P(€)ebel g €, ) () de

—T

and exponentially-stable part

™
38) ST = [ - 6@ PE) (e e,
—m

As the analysis of the critical part is considerably more delicate, we being
by deriving LP bounds on S¥/(t). By standard sectorial bounds [Pa, He],
the fact that L? and H" spectra coincide and the spectral separation of the
A (&) from the remaining spectrum of L¢ we have bounds

(3.9) HL?eLEt (1 =06 P()) gllaz,. 0.1, < Ct_me_etHQHngr([o,l}),g

per

for some constants 6, C' > 0, with ”gH%Scr([O,lD,é =30 ||(8m+i§)j9||%ger([07”).

Using the fact that L¢ is a relatively compact perturbation of the fourth or-
der differential operator (—1 — (9, + i€)%), in conjunction with (1.14), we
immediately have the H" bounds of the following Proposition.
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Proposition 3.1. Under assumptions (H1)-(H4) and (D1)-(D3), there ex-
ist constants C,60 > 0 such that for all2 < p < oo, 0 <41+l =13 < K+1,
0<4my+mo+mg <K, K asin (Hl),r=0,1andt >0

|ohaksmbakg|| <o TR e g

‘ 4l +lg+lg

Hamlamzsff( 8m39HLp <Ct i(é_%)_%

| (t) gHLp < Ce gl i wy-

e 91l 22 (m)

Proof. By the above discussion, all that is left is to explain how to verify the
stated LP bounds. These follow from L2 and H' bounds and the Sobolev
embedding inequality [|g||z»®) < C’HgHL2 (1/2=1/p) ||6ggg||1/2 l/p. O

Next, we analyze the critical part of the solution operator S(t). For this
purpose, it is convenient to introduce the (critical) Green kernel

Gl (x,t;y) == ST(t)5, ()
associated with S! and
[GECt59)] (@) := B(E)P(§)e™< [6,] (x)

the corresponding integral kernel appearing within the Bloch-Fourier rep-
resentation of G!, where [] denotes the 1-periodic extension of the given
function onto the whole real line. We first prove the following lemma yield-
ing a spectral representation of G! incorporating the results of Lemma 3.1.

Lemma 3.2. Under the hypothesis (H1)-(H4) and (D1)-(D3), we have
2
[GEC )] () = 0(6) Y M Og5(6,2) (6, )",
j=1
(3.10) Gl t;y) = / " i) [GE(, ty)] (x)dg

- / g Z 5O, (&, )i (€, y)"de,

[\

where * denotes the matrix adjoint, or complex conjugate transpose, and

q;(&,-) and g;(&,-) are right and left eigenfunctions of L¢ associated with the

eigenvalues \;(§) defined in (3.1), normalized so that {G;(&,-),q;(§, ")) 12 (01]) =
per )

1.
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Proof. The first equality follows by the spectral decomposition of e’¢t, and

the spectral description of Lemma 3.1. The second equality follows by the
inverse Bloch transform formula (3.7) and Fourier transform manipulations
using the fact that both discrete and continuous transforms of the centered
S-function are constant equal to (27)~! to get

56 0) = e Y e it (),

2T
LEZ

The third quality now follows by substitution; see [OZ4] for further details.
O

Continuing, we point out that it seems unlikely that the low-frequency
Green function G! will satisfy L? — LP bounds which are suitable for our
purposes. To see this, notice from Lemma 3.2 and Lemma 3.1 that we have
the representation

Glwtin) = [

—T

™

2
() 30 MO ((6) 7 8 (6)Bia()vi (€, )€, ) +O(1) ) de
J

of the critical Green kernel. From assumption (D2) we expect, for example,

[ e 3]

9

L ([=m,m))

where the right hand side is interpreted in the principal value sense, which is
merely bounded and hence does not decay in time. In order to compensate
for this lack of decay arising from the Jordan block associated with the
translation mode at £ = 0, we separate out the bounded translation mode
from the faster-decaying “good” part of the Green kernel. To this end, notice
that by defining the function

T 2

(3.11) &z tyy) = / etV p(£) Y " M) T35 1(£)d; (&, ) dE
. Pt

we have

(3.12)

Gj(xa 4 y) - ij(.%')é(l', t; y)

- 2
= [ o) 30 MO B (e il ) de
. 2

™ 2 —
s [ eseige 3o s, (o MED 0D g e yyrag
. 2
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Now since all quantities involved in (3.12) are C* in &, from (D2) we deduce
(3.13)

16 (1 t:0) = ()2 1) | gy < O € e 40(6)| < C(1+t) 72

L ([=m,m))

yielding algebraic decay of G! — ,€ in time. The more general effect of this
regularization is the content of the following proposition.

Proposition 3.2. Under the assumptions (H1)-(H4) and (D1)-(D3), the
critical Green kernel G (x,t;y) of (1.8) may be decomposed as

Gl (z,tyy) = Gp(2)é(z, t;y) + G (2, 1;y)

uihereforallt >0,1<q¢g<2<p<oo, andl <r <4 the residual
Gl (xz,t;y) satisfies

A —1(3-1)-4
9,G" (- t;y)g(y)dy SC@+t) 2\ 2 2 gl Law),
R LP(R)

~I ,1(1,1),1
/&G0¢wﬂw® SC@A+t) 2\ 2 2 gl Law)-
R LP(R)

~ 1 1
[ @ty <c+07 G gl
R Lo (B)

(3.14)

Furthermore, for allt >0, 1 < ¢<2<p<o0,0< 4, j+1< K, and
1 <r <4 we have

_;<1_1)_(j+z>
<C@+t) 2\ v/ 2 g paw)
Lr(R)

@w)’

A&%d%anumg@wy

and, if in addition j+1>1, or (j=1=0,p=00 and ¢g=1),

l_l(l_l)_(jJrl)
<C(+t)2 2\ 27 2 |g| ).
Lr(R)

@m)’

lé%damwmm@

Proof. To begin, let G (z,t;y) := G (z, t;y) — iz (z)é(x, t; y) where the func-
tion € is defined in (3.11). By interpolation, it is sufficient to consider only
the cases ¢ =1 and g = 2.

(i) Case ¢ = 1. To prove bounds for ¢ = 1 we rely on Triangle Inequality

L/ﬂﬁwww@
R

< lgllzrwysup 1F (6 9) || o w)-
L?(R) SIS
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Now, to generalize (3.13) and prove the first part of (3.14) in the case ¢ = 1,
we use (1.15) to get for any (¢,y)

Hél("“ y)’ < O(1+t)"20-1/p)

< Ol g (g)|

LP(R) LY ([-m,m))

with p’ the Holder conjugate of p, 1/p+1/p’ = 1. The second part of (3.14)
comes in a similar way by observing that for j = 1,2 and r > 1, the fact
that ¢;(0,y) = B;,2(0) implies

(3.17) 9,q;(&y) = 0,4;(&,y) — 0,q;(0,y) = O(E),
and thus

rod ooy, < —0|€]2t < _1(1_1/p)_l.
|osércen], < Cllem 16|, < cepamn

Likewise the last part of (3.14) stems from the fact that the time derivative
brings down factors A;(&§) = O(§).
Using again (3.17), we obtain for r > 1

™

i§

2
(&) > MO i) X (&) By 1(€) dé

J'=1

DO e(x try) = /

—7
and another use of (1.15) provides

< C(144)"30-1/P 3G+,

dijoye(,ty)|| < e igte g )

Lr(R) LY ([~m,m))

This proves (3.15) in the case ¢ = 1. Inequality (3.16) follows similarly when
J+I>1.
Finally, we must obtain (3.16) in the critical case j =1 =0, p = co and
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q = 1. Recalling (3.3) we introduce \(§) := —ia;& — b;¢? and expand
(3.18)
2

Eatiy) = /7r eig(m—y)d)(g)Zexj(é)tﬁjJ(f)(ij(f,y)* i—fﬁjJ(O)C]j(O,y)*dg

—r i=1

T 2 N EO-XENt _ 1 -
— . (&
s [ e 1oE) Y M 00

s 2 )
/ e Z A = (0)Fa0)de

—T

_ et (z—y) X&)t
Lo Z (0)312(0)de

2

1PV, / i€(a=) § Ml BJ, (0)3;2(0)de.

J=1

All but the last term in (3.18) may be bounded using Haussdorff-Young
estimates, either using the classical one or (1.15). To complete the proof
then, we must derive an appropriate L bound on the last integral in (3.18).
Since oyt bt
1 eié'(r*y)ej\j(i)tdg: eV ’
2T R 47Tbjt

) j:1)27

the final principal value integral in (3.18) is recognized to be

T —y—ajt
2 fo [ LYt
WZB], /8]2 errn( \/@ )

hence is bounded in L*° as claimed.
(ii) Case ¢ = 2. To prove bounds with ¢ = 2 we directly apply (1.15) to
Bloch formulations. For instance expand

/ G (z,t5 )9 (y)dy = / e 5(¢ ZeA OB, 5 (€)va (€ 2) (@ (€ )+ 96, D) 12, 10,14

O S
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The generalized Haussdorff-Young estimate (1.15) thus yields

/ G (- t:9)9(y)dy
R

<C H§ — e*0|§l2tH§(§7 ')HL%er([O,l})’

LP(R) L' ([=m,7))

<cew e

D () 191l 22 ((—m,m), 22, (10,1]))

1

_1
<o+ D) gl

where p’ is such that 1/p+1/p’ = 1, and p” such that 1/p’ = 1/241/p". The
other bounds on G' follows in the same way, observing that space derivatives
0y allow the use of (3.17) and thus provide an extra O(§) factor in the
appropriate integrals. The bounds on € can be obtained in an analogous
way, completing the proof. O

Finally, we combine the above various exponentially-stable and critical
bounds to obtain decay estimates on the Green function

Gz, t;y) = S(t)dy(z)

associated with the full solution operator S(t) = e**. Prior to that, we let
X : [0,00) — [0,1] be a smooth real valued cutoff function such that

h_f0, ifo<ti<i
XO =11 ire>0

and define

(3.19) ez, t;y) = x(t)e(x, t;y);

the purpose of the time cutoff function y will be made clear in Remark
3.4 below. The following result immediately follows from Lemma 3.2 and
Proposition 3.2.

Corollary 1. Under assumptions (H1)-(H4) and (D1)-(D3), the Green
function G(x,t;y) of (1.8) decomposes as

G(z,tyy) = g (x)e(z, t;y) + G(z, t;y)
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where, for some C,0 >0 and allt >0,2<p< o0 andl <r <4,
(3.20)

. e targlmm + 01+ g
/ayG('at;y)g(y)dy < min 7;( 1) - ,l(é,l),l
R LP(R) Ot 4\2 » (1—|—t) 2\27p 2t

(3.21)

HgHLl(R NL2(R)

_1(1_1)
St y)g <CQA+t) 2V P gllp)nm (r)
LP(R)

Furthermore, e(x,t;y) =0 for 0 <t <1 and there exists a constant C' > 0
such that for allt > 0, 1 < ¢ <2<p<o0, 04l j+1 <K, and
1 <r <4 we have

(3.22)

(%-%)-U;M

N|=

<C(+1t)
LP(R)

91l La(r)-

. Blotdye (-, t:y)g(y)dy

and, if in addition j+1>1, or (j=1=0,p=00 and ¢ =1),

l_l<l_l>_(j+k-)
SC(l-l—t)Q 2\gq¢ »p 2 ”g”Lq(R)

LP(R)

(3.23)

Rf)ﬁ;@ie(',t; y)g(y)dy

Remark 3.3. As may be clear from the proofs of various linear estimates
discussed above, except for the critical bounds on e or € in the case j = = 0,
p = oo and ¢ = 1, the introduction of the critical Green kernel was a pure
presentation device. Indeed, we adopted here it to mark proximity with
[JZ1]. Yet, since almost all the above linear bounds were proved using
Haussdorff-Young type estimates, there may be some gain in clarity and
efficiency in presentation in keeping all descriptions at the level of semigroups
and Bloch symbols. This latter approach was recently adopted in [JNRZ1,
JNRZ2, JNRZ3|, where further decompositions of the critical part of the
solution operator are needed.

3.3 Nonlinear preparations

Given the linearized bounds on the linear solution operator S(t) = e de-
rived in the previous section, we are now in position to consider the effect
of the small nonlinear terms that were omitted in obtaining the linearized
equation (1.8). Our first task is to explain how to implement at the nonlin-
ear level the separation of critical phase-shift contribution. To this end, let
u(z,t) be a solution of

(3.24) dpu — cOpu + Otu 4 02u + 60%u + O, f (u) =
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and define the spatially modulated function u(x,t) := a(x+v(z,t),t), where
1 : RxR; — R is a function to be determined later. Moreover, let @(z) be a
stationary periodic solution of (3.24) and define the nonlinear perturbation
function

(3.25) v(x,t) == u(z,t) — u(z).
Lemma 3.3. For v as above, we have
(3.26) (O — L)(v—2u,) =N, N=0,9+ 0, R+ &S

where

Q=—(f(a+v)— f(a)—df(a)v)
R = —36 —Ya Vg — € s ax< ) < )
1+, 1+, 1+¢x 1+
et (e () = (3 )
T+ "\ Tty “\1huy ® 1+wx +¢x
({2 ) i on () e
14y T, T4, “\I+ 0, 1+w$ .

_Ea(%u)—%a< Vo g ( >> ( Yo )

T\, T 1+, "\1+, © 1+¢x 1+¢x 1+¢:c

_ ¢2 — _ —% —%_ - — _2( 77/}2 _>

S = —v,.

Proof. From the definition of u above, it follows that

(1 4+ vg) 0w — (Y1 + €)0pu + Op f (u) + 50, <1+1w$8xu>

1 1
+eam<1+%ax<l+%axu>)

1 1 1
o <1+wxa”ﬁ <1+wxa”” <1+wx8“’“>>> =0

Hence, subtracting the profile equation —ct; + Ugppr + Elger + OUgr +
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(f(@))e = 0 implies

(at - L)'U - (wﬂw)t - axQ - %:Ut + wtvx - 56z <1_—|-w”(zx (ﬁ + U);U)

_wm 1 2 ¢$ _
_561(14_%:81(1_1_7%( + )z >>—56 <1+ (u —I—v)m>

_wx 1
_aﬂ”<1+wxax<1+wxax<1+%“” >)>

~o (11&@8&; <1+1wx(“+“) )) (wax( Ve )

or, equivalently,

(8t - L)U - (Wsz)t = aa:Q + 8zR + 815'5 - 5ax(_7/}waw) - Ea:c(_wzazz) - 635(—%&%)
- az(_wa:am:cm) - 33(—1%%35) - 3;(—1%%)
Using the fact that ¥ Lu, = 0 completes the proof. O

Using Lemma 3.3 and applying Duhamel’s principle, recalling that é(z, ¢; y) =
0 for 0 <t <1, we obtain the implicit integral representation

t

o) = w0+ [ Gt Oyt [ [ Glatosi)N (. )dy ds
R 0 JR

for the nonlinear perturbation variable v and some function ¢ still to be

determined. Recalling Corollary 1, it follows that by defining v implicitly
via the integral formula

(3.27) Y(x,t) = —/Re(:n,t; y)v(y,0)dy —/0 /Re(m,t— s;y)N (y, s)dyds

the perturbation variable v must satisfy the integral equation

(3.28) v(x,t):/Ré(x,t;y)v(y,())dy+/o /Ré(x,t—s;y)J\/’(y,s)dy ds.

Furthermore, recalling that e(x, s;y) = 0 for 0 < s < 1, we find by differen-
tiating (3.27) that
(3.29)

. t .
8?851#(3:,75) = —/ 858];6(:1},15; y)v(y,O)dy—/ /8§8§e(x,t—s;y)/\/'(y,s)dy ds.
R 0 JR

for0<j<land 0<k<K+1.
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Remark 3.4. The purpose of the time cutoff function x introduced in
(3.19) is precisely to ensure that (-,0) = 0, corresponding to the fact
that we are dealing with perturbations that are initially localized in space.
Yet, in this periodic context it is reasonable to consider also perturbations
which affect the phase or wave number of the underlying periodic profile,
which corresponds to perturbations which are not initially localized in space.
Stability of periodic wave trains to such non-localized perturbations have
been the focus of much recent study; see [SSSU, JNRZ2, JNRZ3] for analysis
in the context of reaction diffusion systems, and [JNRZ1]| for analysis in
systems with a conservative structure.

Remark 3.5. As discussed in Remark 1.4, the implicit 1-dependent change
of variables performed above has the effect of introducing at the linear level
the critical non-decaying translational mode %)t,, while at the same time
ensuring that only derivatives of 1, which decay in LP(R), appear in the
nonlinear terms A in Lemma 3.3, as opposed to non-decaying terms involv-
ing 1 itself.

Equations (3.28) and (3.29) together form a complete system in the
variables (v, 1y, 1, ) and from the solution of this system, if it exists, we may
recover the phase modulation ¢ through (3.27). Furthermore, the short-
time existence and continuity with respect to t of solutions (v,vy,1,) €
HER) x HE(R) x HE+L(R) follows from (3.26) together with (3.29) and
a standard contraction-mapping argument based on (3.27), (3.22), (3.23),
and the following nonlinear damping estimate.

Proposition 3.4. Assuming (H1), there exist positive constants 6, C' and
go such that if v and ¥ solve (3.26) on [0,T] for some T > 0 and

sup |[(v, %) Ol gx@) + sup [[Ye(t) | gr-1@) < €0
te[0,T] te[0,T]

then, for all 0 <t < T,
(3.30)
() 2y < Ce10(0)Zx

t
e /0 e ) (o() 22 + (e () 2gmor gy + 166() -2y ) s
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Proof. First rewrite (3.26) as

v+ 0 = —£d3v — 6020 + cOpv — 0u(f (0 +v) — f(@)) — 1:}{2 Oz(f(u+v))
Y — Py, —y 1 _ —tr
+ W(ux +vg) — 51 n wx(% <1 s (U + Ux)) — 60y <1+wx(ux + vm))

_gljrw;mam (1 jwmaz <1 j%(a;p +vm)>> — 0, <1_+¢12w8w (1 jwm(ar +uw)>>
— 0P <11¢2x (il +vx)> - 1;%296896 (1 Jrl%ax (1 Jrl%ax <1 j% (il +vx)>>)
—ed, (fﬁ’zxax (1 ijax (1 ij(uﬁvx))))
— 02 <1_f;$ R (1 j% (e + m)) —~ 0} (ff;ﬂc (@i + Um)> .

By taking scalar product against Y ' ((—1)/0%v and using integration by

parts and Sobolev embedding |[|g|[z®r) < Cllg[lg1(®), we obtain under a
smallness assumption as in the statement of the proposition

1d 1
5 (10 ) O+ 5 10O sy < CUREI s gy Hl () s gy 18 2y

Using now the Sobolev inequality

92y < 01050l + Collglam

with a sufficiently small 7 reduces the result to a simple integration. O

3.4 Nonlinear iteration

With the above preparations in hand, we are now prepared to state the main
technical lemma leading to the proof of Theorem 1.1. For this purpose,
associated with the solution (v,,1;) of the integral system (3.28) and
(3.29) considered in the previous section, define

(3.31) n(t) == sup (v, %1, e, Yau) (8)|| ey (14 8)%
0<s<t

By standard short-time H*(R) existence theory, 7 is continuous so long as
it remains sufficiently small. Using the linearized estimates of Section 3.2
we now prove that if 1(0) is small then 7(¢) remains small for all ¢ > 0.
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Lemma 3.6. Under assumptions (H1)-(H4) and (D1)-(D3), there exist
positive constants C' and o such that if v(0) is such that

Eo = [[vO)l o mynmx@ <eo and n(T) <eo
for some T > 0, then for all 0 <t < T we have
(3.32) n(t) < C(Eo +n(t)*).

Proof. First, note that by Lemma 3.3, we have under the smallness assump-
tion on 7 that

(3.33) QR S) Dl sy < Cn(t)*(1+1) 712

for some constant C' > 0. The contribution of 0;S needs some special care.
For this purpose, note that, integrating by parts in critical contribution, we
obtain from previous linear bounds and S(0) =0

Y)95S(y, s)dy ds

< ClIS@) Iz )+C/ Y08 (5) 1y s
LP(R)

_1(1_,)_1
+C/(1+t—s) AN 2|]S(s)||L1(R)ds.
0

Now, observe that, using (3.26) to bound v, we have under the same small-
ness assumption the estimate
(3.34) ISl g1y < Cn(t)*(1+)" 12,

Using then the second part of (3.20) and (3.21) to bound other terms, we
obtain from (3.28) the estimate
(3.35)

[l < C 1+ 62075 (B +n(1)?)

TE (14 s)"2ds

3

~—~

S—
O\
&+

—~

~

|

V2)

SN—

|
N
—~
rol—

|
3 =
\_/
»B\»—‘

—

—_

~

|

V2l

\_/
»M»—
—~

[\

=
\_/
,M,_.

< Gy (Bo+n?) 1+ 2075

and similarly, using (3.22) and (3.23) with ¢ = 1, we obtain from (3.29) the
estimate

(3.36)
_ 11
||(¢ta wI)‘|WK+1,p(R) < C(l —+ t) 2(1 p)EO

t
+ cn(t)2/ (14 — ) 30-YP=F (1 4 )12,
0

< Cp (Bo +n(t)?) (1 + nH0-3),



3 PROOF OF THEOREM 1.1 61

valid for all'® 2 < p < co. The assumed smallness guarantees that we may
apply Proposition 3.4 and get

t
”U(t)”?{K(R) < Ce "E2 +C(Fy + ?7(75)2)2/ e00=5) (1 4 5)-1/245
0
< C (Eo+n(t)?)” (1 +1)712
Together with (3.36), this completes the proof. =

Proof of Theorem 1.1. We are free to assume the constant C' in (3.32) is
larger than 1. Since 7 is continuous and 7(0) = [[v(0)|| zx ®) < Eb, it follows
by continuous induction that if 4C?Ey < 1 then n(t) < 2CE for all t > 0.
We may then use (3.35) and (3.36) to get uniform bounds for p € [2, 4]

Fo(ll oy + 1 ) Ollwronney < CEo(1+6)2075).
Next, we rewrite R in form
R =Ri + 0 Ra + 2R3 + 0>Ry,
Rj(w,t) = R@ (@, %0 (1), Y (2, 1), Vi (2, 1), Yo (2, 1))
O (a0, (2, 6) i (2 1), B (2,6 o (1))

so that

_3
1(Q,R1, R R, Ry S) (1) gy < CUIOE) gy (W) (O By sesnagmy) < CEo(14)7

and

[

(029, 0, R1, 02R2, 02R3, 03R4, O4S)( < CEp(1+1)"2.

t\‘)

Ol 1wy

Using now the estimate

Y)0sS(y, s)dy ds

< OISz ) +C/ Y108 (5) s
LP(R)

,1(1,1),;
+C/(1+t—8) 2Nz ) 2 IS (s) | 2y ds,
0

5Notice the above integral estimates fail in the case p = co due to a term of size
log(1 + t) arising from integrating on [%7 t].
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together with the first part of (3.20) and (3.21), we obtain for all p € [2, o0]

1

t
Iy < Cwl'+t)_2(1_;>fb‘+(7fbu/‘(1%—t——s)_;(§_;)_§(1—+s)_ids
0

< CEy(1 4+ 2 (177)

and, similarly, using (3.22) with ¢ = 2 and (3.23) both with ¢ =1 and ¢ = 2
we obtain the estimate

_%>_

[SIE
=

1 1 t 1 3
(e ) ()l 1) gc<1+t)‘2(1—p)Eo+CEo/o (14— 53 (1+5) 1 ds

<B4+ (3),

This completes the proof of (1.20).
To establish (1.21), note that (3.22) and (3.23) imply

t 1(1_1
[P oo (ry < CEo + CEg/ +t—s 205 (14 5)bds < CBy.
0

Finally, notice that by definition we have that
ie,t) — aw) = (1) + (e, £) — alx +(r,1).1))
hence

1%(t) — @l oo my < 0(E)] Loo®) + 1t || oo (j0,1) 19 (8) | oo (m) < CEp.

We thus obtain the final L' N H® — L> bound (1.21) of Theorem 1.1. This
completes the proof of the main theorem, hence establishing the nonlinear
L' N HE — L™ stability of the underlying periodic traveling wave @ under
the structural and spectral assumptions (H1)-(H4) and (D1)—(D3).

Acknowledgement: The numerical stability computations in this pa-
per were carried out using the STABLAB package developed by Jeffrey
Humpherys and the first and last authors and the SpectrUW package de-
veloped by Bernard Deconinck and collaborators; see [BHZ2, CDKK] for
documentation. We gratefully acknowledge their contribution. We thank
also Indiana University Information Technology Service for the use of the
Quarry computer with which some of our computations were carried out.
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A Appendix: Survey of existence theory for gen-
eralized KS

In this appendix we give a brief survey of the existence theory for periodic
traveling wave solutions of the generalized Kuramoto-Sivashinsky equation
(1.1) with nonlinearity f(u) = 3u?. For the forthcoming discussion we will
also consider the particular scaling where v = 9, i.e. the equation

(A1) up + 6uuy + e02u + 5(9%u + dpu) = 0.

Under this scaling, there are three situations to consider: the rather generic
case where ¢ = 1 and 6 = O(1); the classic Kuramoto-Sivashinsky limit
d =1 and |¢| < 1 and the (integrable) Korteweg-de Vries (KdV) limit e = 1
and 0 < 0 < 1. In the first two cases, we obtain only existence of small
amplitude periodic wave trains through a normal form approach whereas
we obtain existence of large amplitude periodic traveling waves in the KdV
limit, by using Fenichel theory.

A.1 The generic case: Hopf bifurcation analysis

Traveling waves u(x,t) = U(x — ct) of (A.1) are then readily seen to be
solutions of the ODE

(A.2) S(U" + U+ eU" +3U% — cU = q,

where ¢ € R is a constant of integration. We begin by considering the generic
situation where € > 0 and § # 0 are fixed and arbitrary. In this case, so long
as ¢2 +12¢ > 0, (A.2) possess two stationary solutions U_(c,q) < Uy (c,q)
such that 3U% — cU+ = q. Linearizing (A.2) about a constant state U = Uy
thus yields

(A.3) (6Ux — )U +cU" +6(U' +U") =0,

which is seen to undergo a Hopf bifurcation (necessarily) at Uy when chops(q) =
6U; —e. Denoting V =U — U, and 6U; — ¢ = e+ p with |u| < 1, equation
(A.2) then reads

(A.4) BV +e+u)V+eV'+6(V +V") =0,

from which we find, for sufficiently small g on one side of zero, a family
V(u) of periodic orbits with amplitude O(|u|'/?) and frequency k(u), with
k(0) = 1 and k'(0) # 0. As a result, in the neighborhood of the Hopf
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bifurcation we find a three dimensional manifold of small amplitude periodic
traveling waves parameterized by translation, the wavenumber k, and the
integration constant q.

Remark A.1. Note that when ¢>+12¢ = 0, the equilibrium states coincide.
The nature of the bifurcation occurring at this degenerate point requires a
more delicate normal form analysis, which we postpone to the next section.

Finally, notice that for || < 1 the solution U of (A.2) satisfies
U= {U)+O(|ul'?),

where (U) denotes the spatial mean of U over a period, so that, by the
definition of ¢, we find

3(U)? = c(U) = q+O(ul"?).

Setting M (k,q) = (U) it follows that 0, M is non-zero by the definition of p.
Here, we are using that € > 0 is fixed. In particular, in a neighborhood of
the Hopf bifurcation, we can switch from the (k,q) parametrization of the
local manifold of periodic traveling waves (here identified up to translation)
to the (k, M) parametrization; see Remark 1.3. This provides the following
proposition.

Proposition A.2. Let M € R be fixed and k < 1 be such that 1 — k is
small. Then there exist a unique c(k, M) and a unique q(k, M) such that
there exists a 1-periodic U( -3k, M) solution of

(A5)  k(BU*—cU)+ek®U" +6 (KU +K'U") = q, (U)=M .

Moreover this solution is unique up to translation.

A.2 The classic KS limit: a normal form analysis

Here, we complement the above bifurcation analysis in the previous section
with a normal form analysis near the degenerate case |¢| < 1. In order
to find periodic solutions, we necessarily work in the neighborhood of 0 <
c? +12g < 1. Setting V = U — U, then we see that V must satisfy (A.4)
which we can rewrite here as the first order differential system

(A.6)
x’ 0 10 T 1 1
v |= -1 00 y |+p(+2) | 0 |+ez| 0 | +6(z+2)?
2! 0 0 O z -1 -1
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where x =2V + V", y=V', 2=V + V", and € > 0 and p are small.
Next we compute the normal form of (A.6). By finding an appropriate
change of variables of the form

(z,y,2) = (Id + uTy + €Ty + Q) (%, 7, 2)

where the T; are linear operators and @) a quadratic vector field, we obtain
after a lengthy but straightforward computation

=g+ pz/2+T722+ O(3)
(A7) § = -7+ pug/2 + gz + O(3)
P =—(e+pi-T(F+ @ +75)/2) +03).
where O(3) denotes terms cubic order or higher terms. Finally, using polar

coordinates 2 = 7242 and 6 = cos™! (%), and dropping all resulting O(3)
terms we obtain the normal form

r = ,u,% +I'rz
2
(A8 =tz -T2+ D)
0 =—-1

valid in a neighborhood of (e, 1) = (0,0).

The dynamics of the normal form equation (A.8) is quite easy to de-
scribe. In the corresponding three dimensional phase plane we find two
fixed points in the r-z plane with » = 0: namely, (r,z) = (0,0) and
(r,z) = (0,—(e + p)/T"). By definition, these correspond to the steady
solutions Uy of the original system (A.2). The Jacobian matrix J at these
points are, respectively,

J(o,o):<”(/)2 —(e(ii—,u)) andJ<o,_(€Fm><_5_0’“‘/2 EEﬂ).

Furthermore, nontrivial stationary solutions of (A.8) in the r-z plane exist
only if u?+2pue is positive, in which case there is only one possible stationary

point P given by
(r,2) = P42 p
' 12 7 oor )’

which is a non-trivial stationary solution of (A.8) corresponding to a periodic
solution to the original system (A.2). We readily find that the trace and
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determinant of the Jacobian matrix Jp are

WP 2ep
2
so that the periodic point P undergoes a Hopf bifurcation (in the r-z plane)
at ¢ = 0, which corresponds precisely to the Kuramoto-Sivashinsky equation.
To determine whether it is a sub or supercritical bifurcation, one would need
to compute higher order terms in the normal form, which is beyond the
scope of this paper. These periodic orbits emerging from P in the r-z plane
correspond to quasiperiodic solutions of the original system (A.2).

Finally, note that in [CD] a similar normal form was derived in the case
when € = 0, corresponding to the “classic” KS equation of the form

P = —pr/24+ 273, F=pz-22% -4 0 =1

tr(Jp) = —e, det(Jp)

from which we can recover (A.8) in this case by a simple rescaling. In both
cases, if det(Jp) = “QJ“% # 0, a straightforward application of the implicit
function theorem shows that the point P, corresponding to a periodic wave
train of (A.1), persists under higher order perturbations.

We further note that in [CD] a full family of periodic solutions to (A.8)
for the Poincaré return map around the point P and ending with a solitary
wave was found. However, it was not proved that such a family of quasi
periodic solutions persists under higher order perturbations. This is not
surprising since we are precisely at the Hopf bifurcation point and ¢ is the
additional parameter needed in KS to carry out a codimension 2 bifurcation
analysis. In contrast when 0 < |¢| < 1, there is a selection of the periodic
orbit of the Poincaré return map and this structure persists for higher order
perturbations.

Let us mention that the full bifurcation analysis for KS is far more com-
plicated: indeed Kent and Elgin [KE] proved the occurrence of a Shi’lnikov
bifurcation which leads to cascades of period doubling, period multiplying
k-bifurcations and oscillatory homoclinic as period is increased. The com-
putation of the bifurcation diagram was also investigated numerically for
KS [BKJ] and work is still in progress to carry out a similar program for
gKS by using AUTO continuation software.

A.3 The KdV limit: singular perturbation analysis

We finally conclude our survey of relevant existence results for periodic trav-
eling wave solutions of (A.1) by considering a particular singular limit arising
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in applications to pattern formation analysis. In this context, it is usually
assumed that e = 1 and 0 < 6 < 1 in which case (A.1) can be treated as a
singular perturbation of the integrable KdV equation

(A.9) Up + Uy + Uggy = 0.

As is well known, (A.9) admits a four parameter family of periodic traveling
wave solutions of the form

(A.10)

Uxav(z—c(uo, &, p)t; 20, uo, K, p) = uo+12p*k* en? (k(x — x0 — c(uo, &, p)t), p)

with wave speed c(ug, &, p) := 8k2p? — 4k? + ug, where cn(-,p) denotes the
standard Jacobi elliptic cosine function with elliptic modulus p € [0, 1), and
To, ug, and k are arbitrary real numbers corresponding, respectively, to the
translation, Galilean, and scaling symmetries of the KdV equation (A.9).

Here, we are interested in the continuation of these explicit solutions
to the KdV equation in the singular limit § — 0" in (A.1). In this limit,
it was shown in [EMR], by using Fenichel theory, that periodic solutions
to (A.1) remain close to the above elliptic function solutions of the KdV
and, in particular, an expansion of these solutions with respect to § was
obtained. Furthermore, we point out that in [BaN] a formal spectral analysis
of these perturbed KdV waves was conducted. We now briefly describe the
associated expansions of the periodic traveling waves in the limit § — 07;
see [EMR, BaN, NR2, JNRZ4] for more details.

Without loss of generality, we can restrict to zero-mean solutions of
(A.1). We seek an expansion of the associated periodic traveling wave solu-
tion of the form

US(z,t) = Ukav(x, t; zo, ul, &, p) + 6U (z, t) + O(|6]?)

where u* is chosen so that the mean of Ukqy over one spatial period vanishes.
Notice at order 6° the parameters p and & are completely arbitrary, yielding
a three parameter family of periodic traveling wave solutions of (A.9) with
zero mean. When 0 < § < 1 however, we expect only a two parameter
family to persist, hence we expect a selection principle to manifest itself at
the next order between the parameters p and k.

At the next order one finds that the first-order correction U must satisfy
the equation

(A.11) 20" + (GUKdVU —c(ug, /@,p)U)’ — &1 Ufqy + kUgay + /<;3Ufé’év =0,
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where ¢ denotes the first order d-correction to the wave speed of U®. As
the linear operator
d? d
e 2 *
L=k A3 + dz ((6Ukav — c(ug, &,p)).)

has Fredholm index 0 and the kernel of its adjoint operator is spanned by
constant functions and Ugqv (+; o, u, &, p) }, it follows that (A.11) will have
a solution precisely when the solvability condition

(A.12) <(Uf<dv)2> = “2<( ﬁdV)2>

is satisfied. Condition (A.12) yields an explicit selection principle between
the elliptic modulus p and the scaling parameter x and, as a result, we
find for 0 < § < 1 a two-parameter family of periodic traveling wave solu-
tions of (A.1) parameterized by translation and the elliptic modulus p or,
equivalently, by translation and period.

Coming back to the more general case where we allow Ukqy to have non-
zero mean, we have obtained for 0 < § < 1 a three dimensional manifold
of periodic traveling wave solutions of (A.1) parameterized by translation,
period, and spatial mean over a period.

The numerical tests carried out here and in [CDK] suggests that there are
finite limit for lower and upper bounds of stability as 6 — 0, in agreement
with results predicted by formal singular perturbation analysis in [BaN].
The purpose of the recent work [JNRZ4], although still finally relying on
elliptic integrals numerical computations of [BaN], is precisely to go a step
further towards a complete analytic proof of these observations.

B Appendix: The Swift-Hohenberg equation

In this appendix, we demonstrate a streamlined proof that spectrally mod-
ulationally stable periodic traveling wave solutions of the Swift-Hohenberg
equation (1.3) are nonlinearly stable to small localized perturbations. While
this problem has been previously solved by Schneider in [Sc| by using a com-
bination of weighted energy estimates, renormalization theory, and spectac-
ular nonlinear cancellation technique, all carried out in the Bloch frequency
domain, our nonlinear analysis rather relies on spatial domain techniques de-
veloped in [OZ4, JZ1, JZ3] in the context of systems of viscous conservation
laws. We also carry out a numerical spectral stability analysis, demonstrat-
ing generality of our techniques. In particular, in a specific parameter regime
we obtain nice agreement with stability curves found by Mielke [M1].
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B.1 Setup and main result

The traveling wave solutions of (1.3) are stationary solutions of the PDE
(B.1) Opu — Oy + (14 02)%u — ru+ f(u) =0

for some wave speed ¢ € R, i.e. they are solutions of the traveling wave
ODE

(B.2) —cu' +u"" + 20" + (1 —r)u+ f(u) = 0.

Due to the presence of the non-conservative terms, this equation can not
be further integrated, hence the orbits of (B.2) lie in the phase space R*.
In particular, it follows that periodic orbits u of (B.2) correspond to values
(b,c, X) € RS, where X,c € R denote the period and speed, respectively,
and the vector b = (b1, ba, b3, by) denotes the values of (u,w’, v, u") at z =0
such that

(u, v/, u” 4" ) (X0, ¢) = b,

where (u, u',u”,u")(; b, ¢) is the unique solution of (B.2) so that (u,u,u”, ") (0;b,c) =
b. As usual then, we make the following technical assumptions:

(H1") fe CK K >5.

(H2’) The map H : R® — R* taking (b, ¢, X) +— (u,u’,u”,u")(X;b,c) — b is
full rank at (b, ¢, X).

By the Implicit Function Theorem, conditions (H1’)-(H2’) imply that the set
of periodic solutions of (1.3) in the vicinity of @, with parameters (b, ¢, X),
forms a smooth 2-dimensional manifold

{(@,t)mU@x—a—cP)t:P) | (a,) e RxT}, withZ CR.

In particular, in contrast to the Kuramoto-Sivashinsky equation (1.2), the
lack of conservative structure implies a loss in dimension of the periodic
solution manifold. As we will see, this has the effect that there are no
longer “enough” periodic orbits around to make variations in wave speed
an admissible perturbation, hence the corresponding linearization does not
have a (co-periodic) Jordan block at the origin.

Remark B.1. As noted in [JZN], transversality, (H2’), is necessary for our
notion of spectral stability hence there is no loss of generality in making this
assumption.
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To begin our stability analysis we consider the linearization of (B.1)
about a fixed X-periodic traveling wave solution % = wu(-;b,¢). Here we
assume without loss of generality X = 1. To this end, consider a nearby
solution of (B.1) of the form u(x)+v(x,t) with v small. Directly substituting
this into (B.1) and neglecting quadratic order terms in v leads us to the
linearized equation (0; — L)v = 0 with

(B.3) Lv := cvp — Vgzgr — 2022 + (1 — Vv — f/(0)v.
Introducing the one-parameter family of Bloch operators

L = e_igmLei&”, Ee[—m,m)

2

cer([0, 1]) parameterizes the spectrum of L as

operating on L
@) = U o (L)
£e[=mm)
Thus, we assume the following spectral stability conditions:
(DY) o(L) € {\ € C|Re(N) < 0} U {0}.
(D2)) o(Le¢) C {\ € C|Re(A) < —0|¢|?}, for some 6 > 0 and any & € [—m, ).
(D3’) A =0 is a simple eigenvalue of L.

By standard spectral perturbation theory [K], (D3’) implies that the critical
eigenvalue \(€) bifurcating from A\ = 0 at £ = 0 is analytic in . In particular,
under assumption (D2’) and the symmetry A\(§) = A(=¢), the A(§) admits
an expansion as & — 0 of the form

(B.4) A& = —iat — b2+ O(|¢)?), a€R, b>0.

Remark B.2. More generally, assume that a real valued, periodic coef-
ficient differential operator £ whose essential spectrum near the origin ad-
mits a Bloch representation as a single analytic curve of the form \(§) =
> jeN a;€&l. Then the symmetry A(§) = A(—¢) implies that as; € R and
agjt+1 € iR for each j € N. Finally, we note that this observation is related
to properties of the associated Whitham modulation equations as well; see
[JNRZ1] for details.

With these preparations in hand, we now state the main theorem of this
appendix.
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Theorem B.1. Let u be any steady 1-periodic solution of (B.1) such that
(H1’)-(H2’) and (D1°)-(D3’) hold. Then there exist constants €9 > 0 and
C > 0 such that for any o with ||t — @l 1 rynmx @) < €0, where K is as
in assumption (H1’), there exist . a solution of (B.1) satisfying u(-,0) = g
and a function ¥(-,t) € WE2(R) such that for allt >0 and 2 < p < co we
have the estimates

(B.5)

[a( + (1), 8) = u( ) oy <C (A +1) 2 )7 g 0) - EOLATEIN R

(
10 8) (D)L < € (L) 207875 a0) = a0l s gy -
0+ 61, 2) — ) gy < O (184 [80-0) — T0l g1 gyareey -
16 ) ) ey < € 407 180-0) — A0 1 gy oy -

Moreover, we have the L*(R) N HEX(R) — LP(R), 2 < p < oo, nonlinear
stability estimate
(B.6)

N —1(1-1) _
136 8) = 80 oy » 190D < € 1+ 02078 Ja(,0) = a0l @i
valid for all t > 0.

The outline of the proof is as follows. Given a fixed periodic solution
u(z) of the traveling wave ODE (B.2), nearby solutions of the traveling
SH equation (B.1) @ are investigated by defining a nonlinear perturbation
variable

(B.7) v(z,t) == a(x + Y(z,t),t) — u(x),

where ¥ : R x Ry — R is a spatial-temporal phase modulation ¥ to be
chosen later such that v (-,0) = 0, corresponding to perturbations which are
initially spatially localized. By a direct calculation, we find that (B.1) is
then written

(0r = L) (v = tath) = N v, /]

where L is the linearized operator defined in (B.3) and A denotes a nonlinear
remainder term depending on derivatives of v and : see (B.15) below. By
an application of Duhamel’s principle, it follows that (B.1) reads

(B.8) V(1) — Tgtb (- £) = P, 0) +/0 L5 ATy (- 5)ds
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Of course, we need then a detailed study of the linearized solution oper-
ator e’t. In the present periodic context, this is complicated by the fact
that the spectrum of L agrees with the essential spectrum and contains a
spectral curve touching the imaginary axis. We are thus led to separate the
exponentially-stable spectrum from this low-Floquet critical curve for which,
at best, one should only expect polynomial decay of small perturbations. A
full separation at the linear level would lead to a separation of the nonlinear
equation into a decay-critical equation and an exponentially-slaved equa-
tion. Although we perform the linear separation only in an approximate
way, the purpose of the introduction of ¢ is to ensure that ¥ u, contains at
the linear level the main contribution of the algebraically decaying part of
the semigroup, decay of v being essentially slaved.

B.2 Linearized estimates

We begin our analysis deriving decay rates for the semigroup e’! of the
linearized operator L defined in (B.3). With the inverse Bloch transform
representation (1.13) of the solution operator in mind, we begin by making
more precise the statements about the critical curve. Since 0 is separated
from the rest of the spectrum of Ly, we first note that by standard spectral
perturbation theory [K], assumption (D3’) implies that there exist & €
10, [, 0 > 0, an analytic curve A : [=&o,&0] — B(0,e0) such that, when
€] < &, 0(Le) N B(0,e0) = {A(€)}. and, when [£] < &, dual right and left
eigenfunctions ¢(&, -) and ¢(§, ) of L¢ associated with A(§), analytic in £ and
such that ¢(0,-) = @,. We may thus define the critical spectral projection
P(&) through

P(&)g = a(§){a(€) 9)rz.,.(0.1))-

Symmetry of the spectrum and (D2’) imply that \ satisfies (B.4).
Now, we choose a smooth cutoff function ¢ : [—m, 7) — [0, 1] such that

L <&/
W‘{o, it €] > &

and decompose the linearized solution operator S(t) = el* as S(t) = SI(t)+
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ST (1), with

s

S (t)g(x) = / £ (6) [P(€)ebelg €, )] (x)de

—T

= / " () MOl (€, 1) (G(E ), 5(E )1 210,14

—T

SM(t)g(z) == /7r e[(1— (&) P(€)) e"<'g (&, )] (x)dE.

—T

Note by the way that the Green kernel
Gl (x,t;y) == ST(1)5, ()

is given by

™

Gl(atiy) = [ o€l )6 1)
—Tr

see the proof of Lemma 3.2 for some details. General considerations about

semigroups leads for S™! to the following bounds, whose proof is essentially

the same as Proposition 3.1.

Proposition B.2. Under assumptions (H1’)-(H2’) and (D1’)-(D3’), there
exist constants C,0 > 0 such that for all 2 < p < o0, 0 < 4ly + 1y =13 <
K+1,0<4m;+mo+m3< K, K asin (H1’), s=0,1 andt >0

411 +lg+13

|ohaestimatg|| <ot TR e g,

’HS (R)
1 4'm1 +mg+mg
4

Ham18m2511 amggHLp <Ct 4(2 p
157 gl omy < Ce™"llglanay

e_etHgHB(R),

Aiming at identifying up to remainders terms in form S’(t)g with terms
in form 1,h, we decompose further by expanding ¢(,) = @, + O(§) and
thus write G!(z, t;y) = 1, (v)é(z, t;y) + G (x,t;y) with

éa tiy) = / @) (€)M €, ) de

—T

Gl (. tiy) = / " @) MO (g(€,7) — q(0,2)) G(E, )" dE.

—T
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Since then

/]R é(w, t;y)g(y)dy = / e H()eMONG(E, ), (8 ) L, (o dé

—T

/géﬂoaﬁyyﬁlzﬁ/ﬂe%x¢@y¥“”<q@;x>—q«Lx»<a@,oﬁx5f»L2(mﬂpda

per
—Tr

a direct application of Hausdorfl-Young inequality (1.15) yields the following
bounds.

Proposition B.3. Under the assumptions (H1’)-(H2’) and (D1)-(D3), the
low-frequency Green function G (z,t;y) of (B.3) may be decomposed as

Gz, ty) = @ (@)e(z, tiy) + G (2, t;y)

where for allt >0 and 1 < q<2<p<oo,0<yls,5+1<K+1, the
residual G!(z,t;y) satisfies
(B.9)
_1(;_;)_;_1

<C(+1) 2\ v/ 2 2 gllLew)-
LP(R)
Furthermore, for allt > 0,1 <q¢<2<p<oo0,0<4,1l,5,7+1 <K+ 1,we
have

/R 10405 G (-, 1) g()dy

(%_%>_(j;l)

NI

<C(+1t)

/ I (,t:y) gly)dy
R Lr(®)

(B.10) \ 19l e,

Finally, we combine the various exponential and algebraic bounds to
obtain decay estimates on the Green function

(B.11) Gz, tyy) = S(t)dy()
associated with the full solution operator S(t) = e**. To this end, we let x be
a smooth real valued cutoff function defined on [0, 00) such that 0 < xy <1
and
0, ifo<t<l1
X(®) _{ 1, ift>2

and define

e(z,t;y) = x(t)é(z, t;y).
Using the Hausdorff-Young inequality (1.15) and the triangle inequality

we obtain the following estimates.

/ F('a t, y)g(y)dy
R

< Clgll 1y sup I F 1,9 ey
Lr(R) yeER
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Corollary B.4. Under assumptions (H1’)-(H2’) and (D1’)-(D3’), the Green
function G(x,t;y) of (B.11) decomposes as

G(x,try) = @ (2)e(x, t:y) + Gz, 1Y)

where, for some C;0 >0 and allt > 0,2 <p<oo, and 0 < j,l,5,5+1 <
K + 1 we have

(B.12)
o R L A
RayG('7t; Y)g(y)dy ) <Ct v/ A (1+1) g 91l 21 ®)nz2(R)
P
(B.13)
~ _ 1 1,l _1
\ /R Gt <oty 1) P PRp—
LP(R
(B.14)
. _1(1_1)_ Gtk
] [ ortaget tmyoto)ay LS00+ 00 gl e
LP(R

and e(z,t;y) =0 for 0 <t <1.

B.3 Nonlinear analysis

Given the linearized bounds on the linearized solution operator S(t) = e

derived in the previous section, we are now in position to consider the effect
of the small nonlinear terms that were omitted in obtaining the linearized
equation. For this purpose, we introduce v(z,t) = a(z + ¢(z,t),t) — u(x) as
in (B.7). Direct calculations similar to those detailed in the proof of Lemma
3.3 provide the following lemma.

Lemma B.5. For v as above, the equation is

(B.15) O —L)(v—tix) =N, N=0Q+0R+0S+T
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where

Q=—(f(u+v)— f(u) —df(a)v)

_ _ —% o _wx 1 1 o _wm 1

R=t =2y, 1+%ax<1+%am<l+%vx>> a‘”(lwxaw(lwx””))
Lol e\ o ¥R e [ = 1N e o
a"”<1+wﬁ> Ty, 1+wxam<1+wxa””<1+wx“z>> 1+¢xaz<1+wx”‘c>

B e e N I _2<wi_>

S= _vwax
T ==Yz (1 =r)v+ fa+v)— fv)).
By Duhamel’s principle, we obtain the announced implicit representation

(B.8), so that we may express the phase ¢ and the nonlinear perturbation
variable v implicitly as

B16) D) = = [ elotin)oln 0y = [ [ eat = s, )dyds
and
(B.17) v(:z:,t):/Ré(ﬂ:,t;y)v(y,())der/O /Ré(x,ts;y)/\/(y,s)dy ds.

Furthermore, recalling that e(x, s;y) = 0 for 0 < s < 1, we find by differen-
tiating (B.16) that
(B.18)

. . t .
8?851/}(3:,@ = —/ 8g8§e(x,t; y)v(y,O)dy—/ /8§8’;e(az,t—s;y)N(y,s)dy ds.
R o Jr

for 0 < j <land 0 < k < K+ 1. To apply a standard contraction-
mapping argument and solve locally in time our Cauchy problem (B.17)-
(B.18) with (v, ¢, ¥,) € HE(R) x HX(R) x HEXTY(R), we only need besides
our linear bounds the following nonlinear damping energy estimate whose
proof is entirely similar to the one of Proposition 3.4.

Proposition B.6. Assuming (H1’), there exist positive constants 6, C and
go such that if v and ¢ solve (B.15) on [0,T] for some T > 0 and

sup ||(v, ¥o) ()|l gr ) + sup [[Ue()|| gr-1@) < €0
t€[0,7] t€[0,7)
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then, for all 0 <t < T,
(B.19)
[o(®) sy < Celo(0 >H%ﬂ< -

e / 0 3aqay + 1) 2 ey + 105) sy ) s

With the above preparations in hand, we are now prepared to state the
main technical lemma leading to the proof of Theorem B.1. To this end,
associated with the solution (u,t,1,) of the integral system (B.17) and
(B.18) considered in the previous section, define

(B.20) 0(t) == sup [|(v, Vr, Y, ) (5) | e gy (1 + )32,
0<s<t

By standard short-time H* (R) existence theory, the function 7 is continuous
so long as it remains sufficiently small. Using the linearized estimates of
Section B.2 we now prove that if 1(0) is sufficiently small then 7(¢) remains
small for all ¢ > 0.

Lemma B.3. Under assumptions (H1’)-(H2’) and (D1°)-(D3’), there exist
positive constants C' and g such that if v(0) is such that for some T > 0

Eo == [[v(0)|| o @ynmx @) < €0 and 1(T) < &g
then, for all 0 <t < T,
(B.21) n(t) < C(Eo +n(t)*).
Proof. First, note that under the above smallness assumption
IV @)l e < Cn*(1+ )72,

Applying now the bounds of Corollary B.4 to representations (B.17)—(B.18),
we obtain for any 2 < p < oo the bounds
(B.22)

[ < C (146 2073) 75 B,
0

<C(By+n®)?) 1+ t)_%<1_%)_2
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and
(B.23)
1

11y 1
||(1/}ta/¢)x)HWK+1,P(]R)SC(]-—'_t) 2(1 p) QEQ
t
+ Cn(t)Q/ (141 — 5) B0=YP=5 (1 4 )32
0

<€ (Bo+n?) (40 2075) %

Finally, since the smallness assumption guarantees that we can apply Propo-
sition (B.6) it follows that

0@y < Ce™"EG +C (Bo+n(t)”)’ /0 e (1 1 5)~5/2s
<Ce "B} +C (Ey+n(t)?)° (1+1)73/2
< C(By+n(t)?)° 1+,
which, together with (B.23) , completes the proof. ]

Assuming without loss of generality that the constant C in (B.21) is
larger than 1, we obtain, since 7 is continuous and 7(0) = [[v(0)|| & &) < Eo,
by continuous induction that if 4C2Ey < 1 then n(t) < 2CE for all t > 0.
Recalling (B.22), (B.23) and the definition of 7 yields (B.5).

Using Corollary B.4 again gives for 2 < p < oo

_1(1_1 t _1(q_1
6Ol < CE(1 40208 womg [asi-97 078 @y Has
0
1 1

< CEo(1+ t)_5<1_5>.
Now by definition we have that

i, 1) — (@) = v, t) + (@, 1) — o+ (a, £), 1),
hence

i : 4(-3)

[a(t) =l o) < [0 Lo @)+t oo (0,1) Y ()| Lo () < CEO(14) 7/
This completes the proof of Theorem B.1, establishing the nonlinear L' N

HE — LP asymptotic stability of the underlying periodic traveling wave @
under the structural and spectral assumptions (H1")-(H2’) and (D1’)-(D3’).
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B.4 Numerical stability analysis

We demonstrate the numerical stability verification method described in
Section 2.1.3 in the context of the Swift-Hohenberg equation. To match
with [Sc], we choose f(u) = u?, set ¢ = v/ and rewrite (1.3) as

(B.24) o = (€2 — V)u — 20%u — Ipu — u?.
Stationary traveling wave solutions of (B.24) satisfy,
(B.25) (e = Du—2u" —u" —u® =0.

When ¢ is small there is a three parameter family of stationary periodic
solutions approximated by

(B.26) ug(w, 6, €)[z] = 2Re(e(V/1 — 4w?/\/3)e! (1 Hew)z i)

and with period X = 27 /(1 + ew); see [Sc]. About @, a periodic stationary
wave solution of (B.24), the linearized evolution is described by (0; — L) =0
where

(B.27) Lu = (62 — Du — 2upy — Ugpgr — 3ulu,

Note that the fact we deal with stationary solutions make L and Lg
self-adjoint. In particular, assumption (D1’) of the previous section is a
consequence of (D2’) and the spectrum of L lies in R so that any transition
to stability /instability must be marked by an eigenvalue passing through
the origin for some possibly non-zero Bloch frequency. Furthermore, in
[Eck, M1, MS] it was analytically verified that for € > 0 small in (B.24) the
solutions approximated by ug(w, ¢, €) are spectrally stable, i.e. o LQ(R)(L) C
(—00, 0], provided that

(B.28) ‘4w2} < é + O(e).

Below, we apply an appropriate modification of the numerical protocol intro-
duced in Section 2.1.3 above to analyze the stability of such small amplitude
periodic wave trains of (B.24).

Modifying adequately the proof of Lemma 2.2, we find that o2 (L) C
(—00,€2]. We first check that there is only one spectral branch of the as-
sociated Bloch operators L¢ bifurcating from the origin at § = 0, and then
track its location. In this case, the Evans function D(\,€) can be expanded
to second order as

DX, &) = ap + ar€ + aoX\? + azA€ + as€? + O (AP + [¢]*) .
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Assuming that indeed only one critical spectral branch bifurcates from the
(A, &) = (0,0) state, expanding the critical spectral branch as A(§) = o€ +
BE2+O(|€]3) it follows that the coefficients o and 3 are related to the above
Evans function expansion via the formulas

a1 a2a2 + aza + ay
a=—— and f[f=-— .

ao ao

Recalling Remark B.2 together with the fact that here the spectrum is real,

we note that o = 0 so that g = —g—;‘, and thus there are only two coefficients
of the Taylor expansion of the Evans function that need to be computed in
order to check stability for |(A,€)| < 1 with stability in this small-Floquet
regime corresponding to the condition that 5 < 0.

For ¢ = 0.187, w = 0.1, and X = 6.1678 we compute the Evans func-
tion on a contour 9(B(0, R)/B(0,79) N {\|Re()\) > 0}) where R = 2 and
ro = 1073 using 1001 Floquet parameters, &, evenly spaced in the interval
[-7/X,m/X], and an adaptive mesh in the A contour requiring relative er-
ror be less than 0.2 between consecutive contour points. We then use the
Taylor coefficients method to find § = —3.874 4+ 0.000¢ via a convergence
study requiring convergence in relative error between successive iterations
of B be less than 0.01. As a check on the accuracy of our computation, we
note that a = 5.2664e — 11 4+ 1.9970e — 07¢ =~ 0. Next we determine the
maximum modulus root of the Evans function for [£| = 0.2, £ € C using a A
contour of radius 2, yielding the bound, max(A(§)) = 1.1099.

We find that kg = 1.7420e—4 suffices for breaking the Floquet parameter
interval into small and large modulus values. For || > ko we compute
the Evans function on a semicircle of radius 0.1 passing through the origin
requiring that the relative error between consecutive contour points not
exceed 0.2. Then we compute the Evans function on the same semicircle
shifted left by le — 4, this time taking |£| < ko. In all computations, we find
the winding number is consistent with spectral stability.

We also find the stability boundary, though this time we do not use
Taylor coefficients because the algorithm for o and § becomes numerically
poor conditioned since a becomes small near much of the stability bound-
ary; see Remark 2.4 above. To circumvent this difficulty, we find the sta-
bility boundary as given by computing the Evans function on a contour
d(B(0,e%)/B(0,7m0) N {\|Re(\) > 0}), ro < €2, to determine the presence
of spectra as w varies, and then take the limit of the location of the stabil-
ity boundary found in this way as rg — 0. We take care to choose via a
convergence study a sufficiently tight tolerance setting in the RKF integra-
tion routine to obtain accurate results. We plot the stability boundary and
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a comparison with the analytical bound given by Eckhaus, Schneider, and
Mielke [Eck, M1, Sc| in Figure 10.

Finally, we verify numerically the eigenvalue picture given in Figure 1 of
[Sc] by computing the Evans function on a circle and then solving for the
roots using the method of moments as described in Section 2.1.5; see Figure
11.

C Appendix: Computational statistics

In this short appendix we detail computational statistics for some typical
values in the numerical studies reported in previous sections. All numer-
ical computations were performed on either a Mac Pro with 2 Quad-Core
Intel Xeon processors with speed 2.26 GHz, the super computer Quarry'6
at Indiana University, an Intel(R) Pentium(R) 4 CPU with speed 2.80 GHz
running Windows XP, or a MacBook with an Intel Core 2 Duo processor
with speed 2.0 GHz.

Carrying out the stability study for the classical Kuramoto-Sivashinsky
equation with ¢ = 6 and X = 6.3, corresponding to the ¢ = 6 row of
Table 1, with the MacPro using 8-cores via MATLAB’s parallel computing
toolbox, it took 11.46 seconds to perform the High Frequency Evans function
computation, 159.0 seconds to compute the Taylor coefficients {c;}j—1 2 and
{Bj}j=1,2, 26.85 seconds to compute max¢ [A;(§)|, 169.5 seconds to compute
the Evans function when!” ky < [¢] < /X, and 40.89 sec to compute
the Evans function for |£| < kg. For these same parameters computing
SpectrUW on the Windows machine using the Maple kernel took 26 seconds
using 5 Fourier modes and 30 Floquet parameters. It took 55 seconds using
10 Fourier modes and 30 Floquet parameters.

The stability study computation times for the Swifth-Hohenberg equa-
tion, those discussed in Appendix B.4 using the MacPro with 8-cores are
as follows. The High Frequency Evans function computation took 5.638
seconds, the Taylor coefficients took 81.73 seconds to compute, finding
max |A;(§)| took 1.110 seconds, computing the Evans function for kg < [£] <
/X took 11.30 seconds, and computing the Evans function for [£| < ko took
8.589 seconds.

The stability diagram in Figure 6 for the full parameter study of the

'“This is a cluster composed of IBM HS21 Bladeservers and IBM iDataPlex dx340
rack-mounted servers.

"Here, we are following Section 2.1.3. In particular, ko is the low-frequency cutoff in
Step 2(b) of the numerical procedure outlined in Section 2.1.3.
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Figure 10: In (a) we plot the stability boundary for the Swift-Hohenberg
equation, and in (b) we compare the numerical stability boundary with the
analytic one in (B.28), plotted here using dashed lines, found by Eckhaus,
Schneider, and Mielke [M1, MS]. This provides a check on our numerics
against a well known result. The analytic curve is found by rigorous per-
turbation analysis in [Eck, M1, MS|. Our numerics give a nice extension
to large amplitudes in the non-perturbative regime. We find the stability
boundary with relative error tolerance of 0.01. In (a) we do a convergence
study as ro — 0 as described previously. In (b) we compute the Evans func-
tion on the contour A(B(0,£2)/B(0,79) N{\|Re(A\) > 0}), 79 = le — 8, with
tolerance set at le-12 in the RKF routine.
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Figure 11: Plot of two smallest eigenvalues of the Swift-Hohenberg system
against the Floquet parameter £ for ¢ = 0.05, w = 0.28858; cf. Figure 1 in
[Sc].

generalized Kuramoto-Sivashinsky equation took roughly 6 days on 6 nodes
with 8 cores each on Quarry using MATLAB’S parallel computing capa-
bilities. We took steps sizes of 0.25 in ¢ and 0.1 in period X to check
for stability. Furthermore, the stability picture in Figure 10 for the Swift-
Hohenberg equation took roughly 3 days running on the MacPro. Finally,
concerning the time evolution studies in Section 2.3, those over time inter-
vals of less than 50 took between 5-30 minutes each to run while those on
larger time intervals took approximately 5 hours each to complete on the
Macbook described at the beginning of this section.

D Appendix: Numerical Evans algorithm

Here, we briefly describe the numerical algorithm on which our Evans func-
tion computations are based, and explain the terminology (scaled lifted polar
coordinate method; unscaled lifted polar coordinate method) used elsewhere
in the paper. Recall the standard definition (2.13) of the periodic Evans
function as D(&, \) := det(¥(X) — eX1), where ¥(z, \) is the monodromy
matrix of eigenvalue ODE (2.12), that is, a matrix-valued solution with
initial condition ¥(0,\) =1I.

As pointed out in [OZ2], this is deceptively simple to code as compared
to the homoclinic or front-type Evans function defined on the whole line
[AGJ, PW, GZ], in the sense that there are no issues with infinite domains
and imposition of asymptotic boundary conditions at x = 400, so that one
may in a matter of moments develop a naive algorithm that is serviceable for
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moderate values of A and X, using any standard ODE evolution algorithm.

However, as described in [BJNRZI1], for the type of global parameter
exploration carried out here, inherently involving large A and X wvalues,
such a naive algorithm is essentially useless. This is most easily seen by the
asymptotic relation [G2, SS, Z4] between the periodic and homoclinic Evans
functions as period X — oo, as we now describe.

D.1 Balanced and rescaled Evans functions

Start with the eigenvalue equation Y'(x;\) = H(z,\)Y (z; ), z € [0, X],
Away from a finite set of curves (;(k) determined by the dispersion relation
ik € o(H(0, \)), k € R, where o denotes spectrum, the eigenvalues of H(0, \)
have non-vanishing real part. For each j € N, set

C;j :={A e C | A= (j(k) for some k € R}

and let C denotes the compliment in C of the set U;C;. On C, we can define
the real-valued function n such that n(\) equals the number of eigenvalues
of H(0,\) with negative real part noting, in particular, that n is locally
constant on each connected component of C. Similarly, we define the real
valued functions «g such that a4 (\), respectively a_()\), equals the sum
of the positive, respectively negative, real part eigenvalues of H(0, \): as
above, the functions a4 are locally constant on each connected component
of C. Following [G2], we note that, by Abel’s formula, D(\,§) may be
written alternatively as

(D.1) D(,€) = DA, §)e b " BNy,
where
(D.2) D\, €) == det(T(0)¥(—X/2)"! — X W(0)W(X/2)71)

is a “balanced” periodic Evans function defined symmetrically about x = 0.

Definition D.1. For A € C and §{ € [-7/X,n/X), we define the rescaled
balanced periodic Evans function as

(D.3) D(,€) i= el Nmar)X2emnNEX () ¢).

The rescaling in (D.3) is designed to cancel the exponential growth
in (D.2) with respect to the period X of the pieces W(0)¥(—X/2)~! and
U(0)¥(X/2)~! in the constant-coefficient case H = constant. Indeed, sup-
pose that 4% are a sequence of periodic waves with period X, converging
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as X — oo to a solitary wave, or homoclinic, solution ¢°°, and index the
associated sequence of periodic Evans functions by DX(),¢). Then, under
mild assumptions, we have [Z4]:

(D.4) Xlgnoo DX()HO = Dhom(N),

where Dyom () denotes the associated homoclinic Evans function defined in
[PW, GZ].

Comparing with (D.1) and (D.3), we see that if DX is uniformly bounded
then DX and DX exhibit exponential growth with respect to X. Thus, by
(D.4), together with the well-known fact (see, e.g., [GZ]) that the homoclinic
Evans function Dyom, hence also DX is uniformly bounded on compact A-
domains, that both the usual and balanced Evans functions DX and DX
exhibit exponential growth with respect to X as X — oo, hence become
numerically impractical for large X or for moderate periods X and large A
(leading to large at) in the sense that even small variations in A will lead to
excessive winding in the image D(), ) that requires fine resolution to track
for purposes of winding number computations.

For our high-frequency winding number estimates, therefore, it is crucial
to use the rescaled Evans function D in place of D or D. Near A = 0 on the
other hand there are several curves on which the spectra of H(0) becomes
imaginary, across which n, a_, and a4 undergo discontinuities. This does
not occur on {\ | ReX > 0}\{0}, so does not come into play in high-frequency
estimates; however, for our tracking of spectral curves (;(§) near zero using
analyticity /the method of moments, it is evidently a problem. Thus, for
our low-frequency computations, we use the unrescaled Evans function, to
avoid loss of analyticity that would otherwise occur near A = 0, a subtle but
important point.

D.2 The lifted Evans function

Up to this point we have only discussed winding with respect to A, ignoring
questions of numerical conditioning. However, these are quite relevant also
for large X, given the exponential growth already described. Indeed, one
faces all of the issues described for homoclinic or front-type Evans functions
in [Z1], arising from variations in growth rate of various scalar modes in the
solution operator W(\, z), in which faster-growing modes dominate slower-
growing modes through cancellation/loss of significant digits.

Similarly as in the homoclinic case [Br, BrZ, HuZ], these can be avoided
by the device introduced in [BJNRZ1] of working with “lifted equations”
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for which the periodic Evans function appears as a Wronskian of certain
bases of solutions. Namely, we may recall Gardner [G1], and his simple but
important observation

(D.5) D(£,\) = det(¥(X) — X1d) = det <\If ;gf ) eiﬁl); Id)

expressing D as an exterior product of evolving solutions for equations

D.6) (D’ _ <H(>\(,). )Y> |

. Id e X1d
with data <Id> at x = 0 and < Id

Working with (D.5) allows us to apply any of the efficient algorithms
that have been developed in the homoclinic Evans function setting for eval-
uation of Wronskians, in particular the exterior product method of [Br, BrZ]
in which minors of columns in (D.5) are computed as evolving exterior prod-
ucts, or the polar coordinate method of [HuZ], in which they are computed
instead as evolving orthonormal subspace/scalar “radius” pairs; see [HuZ]
for further details. Both of these methods are by now standard and have
been implemented in STABLAB, a Matlab-based platform for numerical
Evans function computations; see [BHZ2]. These methods can thus readily
be implemented once we have made the reformulation (D.5), and the result-
ing algorithm is numerically well-conditioned by the same analysis sed in
[Z1] to study the homoclinic case.

The results of this apparently simple change are dramatic, extending the
range of |A| values that can be computed by up to three orders of magnitude;
see [BINRZ1]. Indeed, the efficiency of the lifted balanced periodic method
appears to be quite comparable with that of the well-established algorithms
used to evaluate the homoclinic Evans function, making the numerical Evans
function approach a practical alternative to the Galerkin methods that have
been used in past literature [FST, CKTR, CDK].

>at:p:X.

D.3 Optimization across ¢

Finally, we mention for the reader who may wish to perform such computa-
tions independently a final detail that greatly speeds up computations with
varying Bloch frequency £. Namely, rather than computing a new solution of
(D.6) for each value of £, we may, by the decoupled nature of the flow in first
and second coordinates, compute the result for a single solution initialized
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Id
e®X to obtain the desired suite of solutions for varying £&. This means that
we need in practice only compute solutions of the eigenvalue ODE once for
each value of A, with variation in ¢ introduced by computationally negligible
linear algebraic manipulations, for a considerable savings.

See [BJNRZ1] for further discussion/comparison of results.

as <Id> at x = X, then multiply the first entry of the resulting solution by

E Appendix: Behavior near stability boundaries

Finally, we consider the difference in behavior expected as we cross a stability
boundary across which hyperbolicity of the first-order Whitham system is
lost vs. behavior expected as we cross a stability boundary where strict
hyperbolicity is maintained but the second-order diffusion coefficient changes
sign.

Introduce a bifurcation parameter n, with the stability boundary as-
sumed to correspond to n = 0. In the second case, by standard spectral
perturbation theory/separation to first order of modes, we have \;({,7n) =
iaj(n)€—b;(n)&2+ici(n)E3 —d;(n)E*+O(€%), where aj, bj, cj, dj (by complex
symmetry of eigenvalues of real-valued operators) are real and

bj = =bn+o(n), dj=d.+o(1),
so that ReAj(€,n) ~ nb.£2 — d.&* and (after a brief calculation)
(E.1) m?XRe)\j(f,n) ~
In the first case, we note, rather, that, by the connection to the second-
order Whitham approximation, \;(§,n) = £,/Ma.{ + b2 + 0(£2), whence
(E.2) max Re);(&,n) ~ 7.

We may conclude that the transition involving loss of hyperbolicity is more
drastic, featuring exponential growth at rate roughly the square root of the
rate expected for a comparable transition across a boundary involving loss
of diffusivity.
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q J aq a2 B B2
4.5 | 1.41 | 0.69541.34e-05i | -0.695+1.33e-05i -6.32-0.000214i -6.324-0.000209i
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5.3 | 1.49 -1.81e-0742i 1.89e-07-2i -3.9+1.95e-056i -3.9+2.13e-05i1
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6.5 | 1.63 | -3.76e-08-3.33i 3.67e-08+3.33i -1.094-6.92e-07i -1.09-1.71e-071
6.6 | 1.64 | -4.03e-08-3.42i 3.99e-08-+3.42i -0.885+4-6.99e-07i -0.885-2.95e-07i
6.7 | 1.65 | -4.33e-08-3.51i 4.33e-08+3.51i -0.6814-7.4e-07i -0.681-2.83e-07i
6.8 | 1.66 | -2.36e-09+3.61 1.73e-08-3.61 -0.476-8.45e-051 -0.476-8.36e-05i
6.9 | 1.68 | -2.66e-06+3.68i 2.66e-06-3.68i -0.2814-0.000738i | -0.2814-0.000671i
7 | 1.69 | -1.41e-08-3.77i 1.36e-08+4-3.77i | -0.084941.26e-07i | -0.0843-2.38e-07i
7.1 1.7 -1.5e-08-3.851 1.39e-08+-3.851 0.10941.6e-07i 0.11-1.23e-071

Table 1: This table collects the coefficients of the Taylor expansions (2.15) of
the critical modes bifurcating from the origin at £ = 0 in the case ¢ = 0 and
X = 6.3. Here, we vary the integration constant ¢ in (2.3) and note then that
0 = 6(q) is determined from ¢ via the periodic boundary conditions. This
table demonstrates a range of values of ¢ corresponding to spectrally stable
6.3-periodic traveling wave solutions of (2.1). In these computations, the
evaluation of the integrals (2.17) was performed using an absolute tolerance
of 1e — 10 and relative tolerance of 1e — 8 for the integration in the Floquet
parameter, and an absolute tolerance of le — 8 with relative tolerance of
le — 6 in the integration in A. Furthermore, the value of the Evans function
along the contour was found with absolute tolerance of le — 8 with relative
tolerance of le — 10.




REFERENCES 96
q J aq Qo b1 B2
4.6 | 1.41 0.694+4-0.272i -0.694-+0.272i -6.46-1.051 -6.46+41.051
4.7 | 1.42 | 5.44e-08+0.518i | -6.31e-0940.0311i | -9.16+4+1.37e-06i -3.11-1.56e-07i
4.8 | 1.43 | -2.91e-09-0.499i -4.35e-09+1.051 -4.8649.51e-101 -6.774+2.62e-071
4.9 | 1.44 | 3.51e-09+1.35i1 2.21e-09-0.791i -6.24-3.6e-07i -4.82-1.93e-07i
5 | 1.45 | -2.02e-07+1.58i 7.16e-08-1.02i -5.78-1.52e-05i1 -4.64-4.23e-061
5.1 ] 1.46 | 9.62e-10-1.21i 9.17e-10+1.78i -4.43-6.08e-08i -5.42+41.06e-071
5.2 | 1.47 1.55e-10-1.38i1 -4.18e-10+1.96i -4.2+1.05e-07i -5.08-1.52e-07i
5.3 | 1.49 | 2.81e-09-1.54i 2.59e-09+2.12i -3.97-1.89e-07i -4.774+2.67e-071
54| 1.5 1.43e-09-1.681 1.16e-094-2.27i -3.74-1.73e-08i -4.47-1.77e-08i
5.5 | 1.51 6.84e-10-1.81i 3.05e-10+2.41i -3.51-3.51e-08i -4.19+2.86e-08i
5.6 | 1.52 | -9.72e-11-1.94i -8.41e-10+2.54i -3.284-2.7e-08i -3.92-5.11e-08i
5.7 | 1.53 | -1.05e-07+2.67i 5.65e-08-2.06i1 -3.65+45.4e-06i -3.064-2.24e-06i
5.8 | 1.54 | 2.55e-09-2.17i 2.12e-09+2.79i -2.84-9.26e-08i -3.3946.11e-08i
5.9 | 1.55 | -2.51e-09+42.9i 5.99e-09-2.28i -3.14-2.14e-06i1 -2.63-1.01e-06i1
6 | 1.56 -4.8e-10-2.381 -1.25e-09+3.01i -2.42+6.1e-08i -2.9-5.96e-08i
6.1 | 1.57 | -4.61e-07-2.48i 6.86e-07+3.12i -2.21-5.33e-05i1 -2.66-0.000108i
6.2 | 1.58 | -1.66e-09-2.58i 1.4e-09+3.22i -2.014-2.63e-071 -2.43+1.72e-071
6.3 | 1.59 | -8.86e-10-2.67i -1.57e-09-+3.32i -1.8141.27e-071 -2.2-1.13e-07i
6.4 1.6 -4e-09+4-3.42i 5.31e-10-2.76i -1.98+4.16e-06i -1.614-2.22e-061
6.5 | 1.62 | -5.27e-10-2.85i -7.42e-10+3.52i -1.42+1.32e-07i -1.76+3.66e-07i
6.6 | 1.63 1.34e-09-2.94i 3.55e-10+3.61i -1.234-2.29e-07i -1.55-2.84e-07i
6.7 | 1.64 | -1.61e-09+3.71 1.98e-09-3.02i -1.344-5.22e-08i -1.054-7.35e-09i
6.8 | 1.65 | -6.87e-08+3.8i 4.71e-08-3.1i -1.134+4.11e-06i -0.865+41.19e-06i
6.9 | 1.66 | -8.73e-07-3.18i 1.39e-06+-3.88i -0.688-3.38e-051 -0.925-6.86e-051
7 | 1.67 | -9.68e-09+3.97i 8.81e-09-3.261 -0.72-6.88e-06i -0.51-4.02e-06i1
7.1 | 1.68 | -5.29e-09+4.06i 4.25e-09-3.33i1 -0.52141.23e-051 | -0.337+46.76e-06i
7.2 1.7 -2.46e-08-3.41i 3.62e-08+4.14i -0.167+43.29e-07i -0.324-2.02e-07i
7.3 | 1.71 | -5.07e-07-3.48i 6.83e-07+4.23i 0.0037+0.000203i | -0.124+0.0003591
7.4 | 1.72 | -2.72e-08-3.551 4.14e-08+4.31i 0.1674+1.17e-061 | 0.0642+41.07e-06i

Table 2: Similar to Table 1, this table collects the Taylor coefficients of
the critical modes in (2.15) in the case ¢ = 0.2 and X = 6.3. This table
indicates the existence of a range of values of ¢ corresponding to spectrally
stable 6.3-periodic traveling wave solutions of (2.1). These computations
were preformed with the same absolute and relative tolerances used for the
computations discussed in Table 1.
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L6 [ X [ X [ ] 6 [ X [ X

0.1 |9.03125 | 25.7188 0.045 | 8.98047 | 25.9219
0.095 | 9.03125 | 25.7188 0.04 | 8.98047 | 26.1406
0.09 | 9.03125 | 25.7188 0.035 | 8.98047 | 26.1406
0.085 | 9.03125 | 25.9062 0.03 | 8.98047 | 26.1406
0.08 | 9.03125 | 25.9062 0.025 | 8.98047 | 26.1406
0.075 | 9.03125 | 25.9062 0.02 | 8.98047 | 26.1406
0.06 | 8.98047 | 25.9219 0.015 | 8.98047 | 26.1406
0.055 | 8.98047 | 25.9219 0.01 | 8.98047 | 26.1406
0.05 | 8.98047 | 25.9219 0.005 | 8.98047 | 26.1406

Table 3: Table of the periods X and Xy corresponding respectively to the
lower and upper stability boundary of the generalized KS system, dyu +
Oz (u?/2) + 3u + 6(0%u + O2u) =0 as § — 0.



