BEHAVIOR OF PERIODIC SOLUTIONS OF VISCOUS CONSERVATION
LAWS UNDER LOCALIZED AND NONLOCALIZED PERTURBATIONS
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ABSTRACT. We establish nonlinear stability and asymptotic behavior of traveling periodic waves of
viscous conservation laws under localized perturbations or nonlocalized perturbations asymptotic
to constant shifts in phase, showing that long-time behavior is governed by an associated second-
order formal Whitham modulation system. A key point is to identify the way in which initial
perturbations translate to initial data for this formal system, a task accomplished by detailed esti-
mates on the linearized solution operator about the background wave. Notably, our approach gives
both a common theoretical treatment and a complete classification in terms of “phase-coupling”
or “-decoupling” of general systems of conservation or balance laws, encompassing cases that had
previously been studied separately or not at all. At the same time, our refined description of solu-
tions gives the new result of nonlinear asymptotic stability with respect to localized perturbations
in the phase-decoupled case, further distinguishing behavior in the different cases. An interesting
technical aspect of our analysis is that for systems of conservation laws the Whitham modulation
description is of system rather than scalar form, as a consequence of which renormalization methods
such as have been used to treat the reaction-diffusion case in general do not seem to apply.
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1. INTRODUCTION

One of the triumphs in recent years in the dynamical study of partial differential equations (PDE)
has been the development of a rigorous theory of modulation of periodic traveling waves in optics,
pattern-formation, and other equations, both illuminating and expanding on formal predictions
made by WKB-type expansion much earlier on, as for example in [68, 18]. Among many other
results, we mention in particular the resolution in [59, 60, 61] using Bloch transform /renormalization
techniques of the then 30-year open problem of stability of periodic reaction-diffusion waves with
respect to localized perturbations' and, under nonlocalized perturbations, the rigorous verification
in [15] using related techniques of the associated second order (“diffusive”) formal WKB expansion
in various settings, in particular in the small-wavelength limit. Most recently, the WKB expansion
has been verified for solutions of reaction-diffusion equations in the long-time limit, in [57] by
methods related to those of [59, 60, 61, 15] and in [25, 26] by rather different techniques originating
from the study of conservation laws [29, 30, 74, 75].

From these analyses emerges the clear picture of asymptotic behavior as dominated by a single
critical mode of the linearized equations, corresponding to translational invariance of the underlying
equations, that is governed approximately by the phase equation of the formal WKB approxima-
tion: (the integral of) a scalar convected Burgers equation. However, there are many physically
interesting applications to which this well-developed theory does not apply. Specifically, when there
exist conserved quantities, whether deriving from Hamiltonian structure/symmetries of the equa-
tions,? or, as in the case of parabolic conservation laws considered here, simply from divergence form
of the equations/conservation of mass, then there exist additional critical modes, and the formal

Werifying formal predictions and rigorous spectral descriptions of [17].
2As for example for the Korteweg—de Vries (KdV) equation [68, 62, 31, 32] or Euler-Korteweg system [9].
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WKB prediction becomes that of a more complicated hyperbolic—parabolic system of conservation
laws rather than the scalar convected Burgers equation of the reaction-diffusion case.

Perhaps the best-known example of such a model is the Kuramoto—Sivashinsky equation, for
which the formal asymptotic description of behavior via a hyperbolic—parabolic system of con-
servation laws was pointed out already in [18] under the alternative form of a damped scalar
wave equation (the “viscoelastic behavior” of the title). Further examples arise in the modeling
of viscoelasticity with strain-gradient effects, inclined thin-film flow, and Bénard—Marangoni or
surfactant-driven Marangoni flow; see Section 1.4 and Appendix D.

Despite the physical motivation coming from such examples, until very recently there was no
rigorous analysis of nonlinear stability or behavior in this (system) case. Indeed, as discussed in
Remark 2.2, the renormalization techniques of the asymptotically scalar reaction-diffusion case in
the presence of multiple characteristic speeds (linear group velocities) appear to break down. Using
a technically rather different set of techniques, nonlinear stability under localized perturbations has
now been shown for such systems in [53]* [29, 30, 33, 3, 4] in great generality, in particular resolving
the longstanding open problem of nonlinear stability of spectrally stable Kuramoto—Sivashinsky
waves, dating back to the numerical confirmation in [18] of existence of bands in parameter space
of spectrally stable waves. However, up to now, asymptotic behavior has not been determined in
this more complicated, system, case even for localized perturbations.

More, as discussed in [29, 30], there was some question in this case precisely what behavior one
might expect. Specifically, one-dimensional nonlinear modulational stability under localized per-
turbations of spectrally stable periodic traveling wave solutions of viscous conservation laws was
shown in [29] and [30] in two different cases, depending roughly on whether or not the wave speed
is stationary to first order along the manifold of nearby periodic solutions. These two analyses
were motivated by a common connection observed by Serre [62] to an associated formal Whitham
averaged system obtained by WKB approximation. However, despite this shared heuristic descrip-
tion, the authors observed some puzzling asymmetries in the results obtained; see, for example,
the discussion in [30, Section 1.3] on the varying linearized and nonlinear decay rates obtained in
these different cases under localized perturbations. In particular, the nonlinear decay rate obtained
for localized perturbations in the stationary case was slower than what might be guessed from the
formal Whitham approximation with zero initial phase modulation; however, it was left as an open
problem whether this intuitive initialization was correct, or whether localized initial perturbations
could excite the phase mode through nonlinear interaction in some way.

Here, we sharpen and extend these previous results ([29, 30]) in several ways, in particular allow-
ing more general, nonlocalized, perturbations and rigorously identifying time-asymptotic behavior
as agreeing to leading order with the solution of the formal Whitham system with appropriately
prescribed initial data. Our analysis loosely follows, and also greatly extends, the approach of
[25, 26] in the reaction-diffusion case; as noted earlier, we do not see a way to apply here the more
familiar techniques of [59, 60, 61, 15, 57]. In the process, we explain the asymmetries observed in
[29, 30] as connected with the different ways that initial data align with characteristic modes for
the common Whitham system governing large-time asymptotics.

A striking consequence of our results is that spectrally stable waves about which wave speed
depends to first order on wave number alone are not only boundedly nonlinearly stable, but asymp-
totically stable with respect to localized perturbations. This resolves a question brought up early
on in [50, 51, 62] that was left open in the analysis of [29, 30]. On the other hand, with respect to
nonlocalized perturbations, waves in the two different cases behave essentially alike.

To put things another way, we show that the case that the part of the Whitham system corre-
sponding to phase perturbations decouples from the rest of the Whitham equations yields decay

3Concerning the more tractable (since faster-decaying) three and higher dimensional case.
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rates exactly corresponding to those of the (scalar®* Whitham equation) reaction-diffusion case, both
for localized and nonlocalized perturbations. Indeed, we find that reaction-diffusion and conserva-
tion laws can be put in a common framework

ur + f(u)g + g(u) = (B(u)ug)z, ueR™,

consisting of a continuum of models, with f = 0 corresponding to the reaction-diffusion case and
= 0 to the conservative case, for which a complete classification of behavior can be obtained.
This analysis puts the conservative theory now on a par with that of the reaction-diffusion case,
at least as far as time-asymptotic stability and asymptotic behavior. It is an interesting open
problem to reproduce in the conservative case a small-wavelength description as obtained in [15]
for the reaction-diffusions case. See [48, 49] for some preliminary results in this direction.

1.1. Slow modulation behavior. We begin by emphasizing some insights gained from the WKB
approximation process, which requires, first, a description of nearby periodic traveling waves. For
definiteness/clarity of exposition, we restrict to the simplest case of a semilinear second-order
parabolic system of conservation laws. However, our analysis extends with little change to the
quasilinear 2r-parabolic or (under appropriate structural conditions as in [35, 72, 74]) the sym-
metrizable hyperbolic-parabolic case; see [3, 4, 5, 33] for related analyses in these and more general
situations. Examples include periodic solutions of the equations of one-dimensional viscoelasticity
with strain-gradient effects [50, 7, 69] and of the Kuramoto—Sivashinsky equations [34, 63, 18] and
Saint-Venant equations [16, 1, 46, 47] modeling inclined thin film flow. We discuss in Appendix D
the changes needed to handle these interesting physical applications.

Consider a periodic traveling-wave solution of a parabolic or “viscous” system of conservation
laws

Ut + f(u);r = Ugg,

u, f valued in R™, x,t € R, or, equivalently, a standing-wave solution u(x,t) = U(z) of

(1'1) Ut + I%(f(u)w - Eux) = EZU:L’%
where ¢ is the speed of the original traveling wave, and the wave number k is chosen so that
(1.2) U(x+1) =U(z).

_ Integrating the traveling-wave equation kU" = f(U)" — €U’ obtained by substituting u(z,t) =
U(z) in (1.1), we obtain
(1.3) kU = f(U) —cU +q,
where ¢ € R" is a constant of motion. Setting Up := U(0), we have evidently (2n + 2) parameters
(k,¢,Up, q) determining candidates for periodic solutions, and n constraints U (1) = Uy, suggesting,
in the absence of additional special structure® that the set of nearby periodic solutions form a
manifold of dimension n + 2. Denoting by M := fol U(x)dx the mean of U, we make the genericity
assumptions:

(H1) f € CK(R") for some K > 4.

(H2) Up to translation, the set of 1-periodic solutions of (1.1) (with M, k replacing M, k) in the
vicinity of U, M = M, k = k, forms a smooth (n + 1)-dimensional manifold

(L) { (UM, ), e(MR)) | (M. k) € Q } = { (UMF(), (M R) | (M. k) € @ }
4See Remark 1.2 below.

5For example, Hamiltonian structure or existence of additional conserved quantities other than g [62, 30, 9].
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where (2 is some open subspace of R"*! containing (M, k) and the role of M is defined
implicitly by

(1.5) M = /01 UMk (2)da.

Then, the formal approximate solution of u; +k( f(u), — €z ) — k?uz, = 0 obtained by a nonlinear
WKB expansion, as derived to varying orders of accuracy in [62, 52, 48, 49], is

(L6) u(z, t) m UMD (W (2, 1)),
where the mean M and wave number & := kW, satisfy the Whitham equations
M+ k(F —eM)y = k*(di1 My + di2kiz),

(1.7) = _ 79
Kt + k(—w — k), = k*(doa My + dogks )z,

an enlarged, (n + 1) x (n + 1) system of viscous conservation laws, where w(M, k) = —kc(M, k)
denotes time frequency, F'(M, k) := fol f(UMR(z))dz mean flux, and d;;(M, k) are determined
by higher-order corrections as described in [48, 49]. For convenience of the reader, we recall these
derivations in Appendix B. The phase ¥ may be recovered through the solution of

(1.8) Uy = w(M, k) + ¢k + kdar (M, k) My + kdaa (M, k) k.

Equations (1.7) may be recognized® as a hyperbolic-parabolic system of conservation laws of
general form w; + g(w); = (B(w)wy)sz, of which the scalar Burgers equation seen for reaction
diffusion equations is a special case. For localized perturbations of a constant state (M, k), that is
(M, k) = (M, k) + (M, k) with (M, k) localized, of the type we consider here (corresponding to the
kind of perturbation we allow for the original wave UM *) the dynamics of such systems consists to
lowest order of a superposition of Burgers “diffusion waves,” or distorted Gaussians, directed along
the characteristic directions associated with the first-order part w; + dg(w)w, = 0 and traveling
with associated characteristic speeds, plus their nonlinear interactions. In the generic case that
characteristic speeds are distinct, these nonlinear coupling terms are smaller than the component
diffusion waves; see Appendix B.2 for further description. In the case that characteristic speeds are
complex, that is, hyperbolicity fails, constant solutions are time-exponentially unstable, and the
above description breaks down; however, as noted below, this corresponds to the situation of an
unstable background periodic wave, so is still in some sense consistent with behavior.

Thus, we expect the picture of (M, k) as approximately a superposition of signals with a roughly
Gaussian distribution propagating at different speeds in the different characteristic directions of
the first-order part of the Whitham equation. The phase ¥ = Idr + %, as anti-derivative of
k/k = 14 k/k, thus appears roughly as Idg plus a superposition v of distorted error-functions
traveling with different speeds. Together, this gives a description via (1.6) of the expected behavior
about a perturbed periodic wave.

Remark 1.1. Assumption (H2), corresponding to evolutionarity of (1.7) considered as an equation
on the manifold of periodic solutions, is necessary for spectral stability in the sense usually defined;
specifically, as described in Lemma 1.6, it is implied by condition (D3) below. Thus, there is no
loss of generality, and considerable gain in clarity, in assuming (H2) from the outset as we do here.

Remark 1.2. Since our analyis is built to deal with nondegenerate cases, when we treat systems
where bulk forces are incorporated in all the equations as in reaction-diffusion or convection-
reaction-diffusion systems in nondivergence form, a similar count of dimensions leads us to assume

6The needed structural conditions may indeed be deduced from assumptions (H1)-(H3) and (D1)-(D3) below.
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that, up to translation, the set of 1-periodic solutions forms a smooth 1-dimensional manifold

[ (Uk),e0) [keQ}={ W) elh) | ke }

where €2 is some open interval, with no constant of integration, hence no additional parameters M
involved. The analog of (1.7) is then a scalar equation for the evolution of local wavenumber k.

Three kinds of modulation are involved in (1.6): modulation in phase, wave number and mean.
However, a prominent role is played by modulation in phase. Indeed, it is a familiar scenario that
stability of patterns involve description of the evolution of various modulation parameters, and that
among them the major role is devoted to parameters determining spatial positions. Note however
that whereas for patterns whose variation is essentially localized in space, such as fronts, solitons
or multi-solitons, kinks, shocks, etc., there are a finite number of parameters to follow, with their
evolution described by a system of ordinary differential equations, here, in the periodic setting,
there is a continuous description involving function-valued modulation parameters whose evolution
obeys a partial differential system (here (1.7)), the reduction being not from continuous to discrete
dynamics but from dynamics about periodic solutions to dynamics about constants: an averaging
process. Note also that the special role of phase is already encoded in the formal description (1.6)-
(1.7) since the parabolic nature of (1.7) hints at (M —M,k—k) = (M —M, k0,(¥—1d)) << ¥—1d.

This explains why, for the purposes of the stability analyses of [29, 30], it was sufficient to retain
from (1.6)-(1.7) only the coarser approximation

(1.9) w(z,t) ~ UMHF) (W (z,1))

neglecting all but phase modulations. Yet in doing so one gives up any hope to describe the
precise behavior of the phase ¥ appearing in (1.9) since this would require a full modulation
approximation and in particular knowledge of M. Without this precise description of the phase,
decay rates obtained for ¥ — Id and its derivatives may indeed seem mysterious.

In contrast, let us explain what may be guessed from (1.6)-(1.7) about behavior under localized
perturbations, that is when initially xo—k is mean-free. To which extent this simplification will lead
to higher order decay rates for ¥ —Id or 0,(¥ — Id) (directly needed to analyze (1.9)) is of course
related to whether at some order the hyperbolic part of the equation for x; uncouples from the full
system (1.7). In particular, if to second order w is independent of M then one recovers for the
phase higher decay rates corresponding to simpler systems for which there is no extra parameter M
and (1.7) is reduced to a scalar conservation law, typical examples being reaction-diffusion systems
treated in [25, 26, 57]; in other words decay rates for wave number perturbation are those of a
solution of a viscous Burgers equation with mean-free initial datum. If, on the other hand, w is
independent of M only up to linear order, then intermediate decay rates are obtained,” slower
than those for reaction-diffusion systems but faster than those for the general situation when no
uncoupling is present or when the wave undergoes a nonlocalized perturbation.

The latter observations, to be established rigorously in the following, were not only inaccessible
to proof but, as discussed in [29, “Discussion and open problems”], actually undecidable from the
point of view of the lower-order description (1.9) of [29, 30]. Indeed, translated into the present
terminology, the question posed in [29] which of W, W, is the primary variable (with respect to
true behavior) is essentially the question whether a localized initial perturbation induces nontrivial
data for k in (1.7), the answer to which is a key step in our analysis, and a rather technical one.

With this is mind, our strategy will be first to validate the scenario (1.6)-(1.7), then to derive
some consequences from the analysis of (1.7). But we first need to give precise definitions of terms
such as “spectrally stable” ((D1)-(D3) below), “localized perturbation,” and “linearly uncoupled.”

"These intermediate decay rates require some assumptions about characteristics speeds provided by assumption
(H3) below; see Remark 1.21.
6



1.2. Setting and preliminary observations. Linearizing (1.1) about U yields the periodic co-
efficient equation

(1.10) (O —Lyv=0,  Lv:=(k?0?+ kéd, — k0, A)v,  A(zx):=df(U(z)),

where here L is considered as a closed operator acting on L?(R;R") with densely defined domain
H?(R;R™).® Introducing the family of operator-valued symbols

L¢ == e Le = k20, + i) + k(0, +i&)(e— A), €€ [-m, 7],
operating on periodic functions on [0, 1], determined by the defining relation
(1.11) L(e* f) = e (Lef) for f e Hp.([0,1]),
we define following [59, 60, 29, 30, 33, 4] the diffusive spectral stability conditions:

(D1) o(L) C {\ | RA < 0} U{0}.

(D2) There exists a 6 > 0 such that for all £ € [—, 7] we have o(L¢) C {A | RA < 0|2}
(D3) A =0 is an eigenvalue of Ly with generalized eigenspace ¥ of dimension n + 1.

Remark 1.3. As the coefficients of L are 1-periodic, Floquet theory implies that the spectrum of
L considered as an operator on L?(R) is purely continuous, and that A € o(L) if and only if the
spectral problem Lv = Av has an L>®(R) eigenfunction of the form v(z; X, &) = e%®w(z; A, €) for
some ¢ € [—m, 7] and w(+; A, &) € L2,.([0, 1]); that is, that

o) (L) = U orz, (o.1]) (Le) -

per
Se[_ﬂ-vﬂ-]

See [19] for more details. In particular, since the spectrum of a given operator L is purely discrete,
consisting of isolated eigenvalues of finite multiplicity which, furthermore, depend continuously on
&, this provides a discrete parameterization of the essential spectrum of L.

Applying standard spectral perturbation theory [34] to the operators L¢, we obtain from (D3)
that there exists for ¢ sufficiently small an invariant (n + 1)-dimensional subspace ¢ of L¢ and
associated total eigenprojection II(¢) bifurcating analytically from ¥ and its associated eigenpro-
jection Ilp, with all other eigenvalues of L¢ having real part uniformly bounded above by some
negative constant’.

Remark 1.4. Variations 8MU‘( MR U’ along the manifold of nearby periodic solutions lie always
in ¥y (see proof of Lemma 1.5), accounting for n 4+ 1 dimensions, whereas 0xU, \(41,F) usually does
not. Thus, (D3) is an assumption of minimal dimension, corresponding also to the assumption
that there are no neutral modes of Ly other than those accounted for by modulation along the
“slow manifold” UM*)(. + 3) as in (1.6). Assumption (D2) may be recognized as an “asymptotic
parabolicity” assumption encoding time-asymptotic diffusion comparable to that of a second-order
heat equation; it is directly related to the parabolicity of system (1.7). Assumption (D1) encodes
that the spectrum corresponding to marginal stability is minimal, thus confined to {0}.

The following observation hints what may be gained at the linear level from “linear uncoupling”
OMc](M ,k) # 0, at the same time relating ¥ explicitly to variations along the manifold of periodic
traveling waves nearby U. Note [62], that this condition corresponds with decoupling of the &
equation in the first-order part of the linearization about (M, k) of the Whitham system (1.7).

8Hencef01rth7 in our notation for Lebesgue and Sobolev spaces we will suppress the definition of the range; in
particular, we will write LP(R) for the equivalence class of p-integrable R"-valued functions L”(R;R").
9Mark that the important property we have used through these arguments and obtained from the introduction of
Bloch symbols L¢ is compactness, which plays for this periodic setting the role of the finite dimensionality that one
obtains with Fourier symbols associated to constant-coefficient operators.
7



Lemma 1.5. Assuming (H1)-(H2) and (D3), Lo has a nontrivial Jordan block at A = 0 if and
only if e # 0 at (M, k), or equivalently Oyw(M, k) # 0 in (1.7), in which case there is a single
Jordan chain of height two ascending from the genuine right eigenfunction U'. In either case,

Yo = Span{dy U, U'}.
Proof. Variations 0);U comprise an n-dimensional subspace of solutions of
L08MI7 = —E(&Mc\(M,,;))[_J’,

i.e., either the eigenvalue or generalized eigenvalue equation at A = 0, complementary to genuine
eigenfunction U’ (mean zero, hence independent of 9yU by fol OymU(x)dr = Id, a consequence
of (1.5)). Comparing dimensions, we thus have ¥y = Span{dyU,U'}. If Opc|yzp) = 0, then
Span{dy/U}, hence also ¥, consists entirely of genuine eigenfunctions. If, on the other hand,
there is a direction v in which 9| (Nf) "V = 0, then there is a single generalized eigendirection

Span{dy U - v} over U’. O
The following lemma justifies the apparently special assumption (H2).
Lemma 1.6. Assuming (H1), (D3) implies (H2).

Proof. Observe that variations with respect to (Up,q) in (1.3) satisfy the eigenvalue ODE for L
while variations in c satisfy the generalized eigenvalue equation associated with genuine eigenfunc-
tion U’, hence the subspace of all elements of their linear span satisfying the constraint of periodicity
is contained in . Condition (D3) implies that this subspace is dimension < n + 1, from which
we may deduce that the n-dimensional periodicity condition U(1) = Uy is full rank at the values
(k, ¢, Uy, q) corresponding to U, as the kernel with respect to the 2n + 1 parameters (c, Uy, q) is
dimension < n + 1. This guarantees existence of a smooth parametrization U(a, ;) = U%(- + B),
with (a, 8) lying in some open set of R"” x R, of the manifold of nearby periodic solutions, where-
upon we may conclude using (D3) again that det 9o (M, k)(5,5 # 0 by [52, Theorem 1.3).19 Thus
(a, B) = (M, k, B) is locally invertible, yielding a smooth parametrization by (M, k, 3). O

We complete our set of assumptions with a final nondegeneracy condition corresponding to strict
hyperbolicity at (M, k) of the first-order part of (1.7), namely, the assumption:

(H3) the eigenvalues a; of WRMQ are distinct.

The role of this assumption is made clearer by the following connections established at the linear

spectral level in [62, 52] between the Whitham system (1.7) and long-time (~ low-frequency for
parameters, ~ low-Floquet exponent £ for original functions) behavior.

Proposition 1.7 ([50, 62]). Assuming (H1)-(H2), the (n + 1)-multiplicity eigenvalue A =0 of Lg¢
at & = 0 bifurcates in a differentiable way for & # 0 sufficiently small into n + 1 eigenvalues

(1.12) Aj(€) = —ik€aj+0(E), j=1,...,n+1,
where a; are the eigenvalues of Oy ) (F — ¢M, —w — Ek:)|(M’,;), that is, ka; are the characteristic

velocities of the first-order part of the Whitham modulation equations (1.7) at the values (M, k)
associated with U. Moreover, assuming (H1)-(H3), this bifurcation is analytic.

Proposition 1.7 was established in [62, 52] using direct Evans function calculations. In Section 3.1,
we provide an alternative proof based on direct spectral perturbation expansion (as in [48, 49])
which is better suited to the techniques utilized in our analysis, and yields also information about
eigenprojections. In the meantime, we observe the following interesting corollary.

10A periodic Evans function computation showing that the (n 4 1)st derivative of the Evans function at A = 0
is proportional to det Ja (M, k), hence det 0o (M, k)|(5,5) # 0 is necessary for (D3) (implicit also in the earlier work
[62]).

8



Corollary 1.8. Assuming (H1)-(H2), o(L) C {\|RA < 0} implies that characteristics a; are real.
That is, weak hyperbolicity (a; real)'t of the first-order Whitham equations at (M, k) is necessary
for spectral stability; in particular both (D1) and (D2) imply this notion of weak hyperbolicity.

Corollary 1.8 gives rigorous validation of the Whitham equations as formal predictors of stability.
Indeed, their hyperbolicity is often used as a definition of “modulational stability.”

Remark 1.9. Assumption (H3) provides two kinds of regularity in a simple unified way: on one
hand it gives the analyticity of critical spectral modes of L, and on the other hand, when combined
with weak hyperbolicity (here following from (D1) or (D2)), it yields strict hyperbolicity of the
Whitham’s system. We expect that, by usual considerations, it could be replaced with symmetriz-
ability of the Whitham’s system and a direct smoothness assumption on spectral expansions.

We still need to say some words about what we mean by a nonlocalized perturbation. First,
a localized perturbation of U is something that may be written as U + v with v localized (and
smooth), say v € L'(R) N HX(R). Note that in order for the process of gluing together a left
portion of the original wave, some function on a finite interval, and a right portion of the original
wave to yield a localized perturbation (according to our definition), the left-hand and right-hand
copies of the original wave should be in phase. It is this stringent condition (corresponding to
a mean-free condition for the local wave number) that we want to relax in going to nonlocalized
perturbations.

Thus, rather than localized perturbations, we consider perturbations of the type (U +v)o ¥ with
v and 0,(V — Id) localized, allowing for changes in phases between limiting left and right waves
(U —Id is not localized) but not a change in the waves themselves, for instance in its wave number
or its mean. In other words, our nonlocalized perturbations will still yield localized data for the
Whitham system (1.7).

1.3. Results and implications. With these preparations, we are ready to state our two main
theorems. The first one is an extension of [29, 30] to stability under nonlocalized perturbations.
The second one provides asymptotic behavior by validating the scenario (1.6)-(1.7).

Here, and throughout the paper, given two real valued functions A and B, we say that A < B
or that for every € dom(A) Ndom(B), A(x) < B(z) if there exists a constant C' > 0 such that
A(z) < CB(z) for each x € dom(A) N dom(B). Even in a chain of inequalities, we will also feel
free to denote by C harmless constants with different values.

Theorem 1.10 (Stability). Let K > 3. Assuming (H1)-(H3) and (D1)-(D3), let
Eo = [[ao(- = ho(-)) = U pr@ynmx @) + 10zholl 1wy (v)

be sufficiently small, for some choice of phase shift hy. Then, there exists a global solution u(x,t)
of (1.1) with initial data Gy and a phase function ¢(x,t) such that ¥(-,0) = hg and, introducing a
global phase shift oo = (ho(—00) + ho(0))/2, fort >0 and 2 < p < oo,

la(- = 9(1),8) = U o) S Eo(1+1)72071/7)

(1.13) 1
va,t ¢(t)“LP(R) S Eo(l —+ t)_i(l_l/P)’
and
a(t) = U( - = thoo)lloomys  10(t) = Yool Loom) S Fo,
(1.14)

[a(t) = Ull Loy S Eo + [$eo mod 1];

Uy hyperbolicity requiring of course also semisimplicity of a; as eigenvalues of Wk R -
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i particular

(1.15) (- t) = U(+ 9 (1) | oy S Bo(l +1) 720710,

Remark 1.11. The above result suggests the introduction of “space-modulated distances”!?
Ox(uv) = it Juo¥ —vlx + [[0:(¥ —Id)||x.

In these terms, it states 6;1qyx — 072nz0 asymptotic stability,!3 and §,1yx — || - ||z= bounded

(orbital) stability. In the following, among other things, we discuss situations, involving appropriate
uncoupling conditions, under which one may go from this “space-modulated” asymptotic stability to
the usual || - || z1ngx — || * | L2ALe asymptotic stability. Note that this notion of “space-modulated”
stability is a natural generalization of the more common one of orbital stability for patterns with
localized variations (e.g. fronts, shocks, kinks, solitons, etc.), where the above infimum is taken
over uniform translations only.

Theorem 1.12 (Asymptotic behavior). Let n > 0, arbitrary, and K > 4. Under the assumptions
of Theorem 1.10, and suitable parametrization there exist M(x,t), and ¢¥(z,t) such that ¢ (-,0) = ho
and, with global phase shift Voo = (ho(—00) + ho(00))/2, fort >0, 2 < p < oo,

la(- = % 1), 8) = UMEMCOR A=V )y gy S By In(2+1) (141)75,

(1.16) oo MYB) oy S Eo(1+ ) 20717,
[%(t) = YoollLoo®) S Eo-
Moreover, setting (-, t) = (Id— (-, 1))~ !, k = k0, ¥, M( t) = (M+M(-,t))oV(-,t), and defining

(M, kw) and Uy to be solutions of equatzons (1.7), 1.8) wzth initial data

d (
1
U

W0 = Mo = U060+ (g —1) (To w0 - M),
(L17) w(.0) = k(0. o

w(20) = (0,

2<p

we have, fort >0, < 00,

1M £)(6) — My k) () Loy S Eof1 +£) 303+
[W(t) — Yw ()|l Lew) S Eo(1+ t)_%(l_l/PHW;

in particular, k = k0, ¥V, kyw = k0, Wy, and

= UMEORCO W, 1)o@y S BoIn2+1) (14171,

~

(1.18)

(-, t) = UMW OO By () oy S Eo(L+ )30/,
Remark 1.13. A suitable choice in parametrization is made here to ensure that interdependences
on k and g in UM:*) (-4 ) are compatible with the expected relation between local phase and local
wave number, x = k0, ¥. Explicitly, our normalizing choice is performed in (4.2) (which involves
Gns1(0) = @ defined in Proposition 3.1) to get Lemma 4.1.

Remark 1.14. Prescription of the initial data (1.17), especially for My (-,0), is a subtle point'* not

evident from the viewpoint of formal approximation (1.6)-(1.7). In particular, the appearance of a
term related to phase variations in (1.17)(i) arises in our analysis through a detailed study of the con-
tribution of high frequencies of the local wave number to variations of the low Floquet number part

12These are not true distances, but rather measures associated with a seminorm.

L3 The proof gives also a d;1nyx — dyx asymptotic stability.

14This issue does not arise in the related analysis [26] of the reaction-diffusion case, as M does not appear.
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of the solution (see the key equality (3.27)). Nevertheless, in the end, each term involved in (1.17)(i)
has a nice interpretation, with iy — U o ¥(-,0) accounting for the contribution of amplitude vari-
ations to the initial perturbation of the mean M and (1/9,¥(-,0) — 1) (U o ¥(-,0) — M) encoding
the contribution of period variations. To be more specific, on one hand, setting dy = @g—U o¥(-,0),

we observe that dy differs from z — fi{%

zero-mean function, a difference that is asymptotically irrelevant!® at our level of description. Like-

wise, assuming on the other hand validity of the approximation U o ¥(-,0) ~ U + (¥(-,0) — Idg)U’

leads us to consider z — f_l{%(\ll(:c +9,0) — (x + y))U'(z + y) dy which is

do(x +y) dy, which is easier to interpret, by a localized

xl—>_/2 (0:9(x +4.0) = DU (z +y)dy + U(x—1/2) [¥(z +1/2,0) - ¥(z ~ 1/2,0)]

[NIES

where, up to localized zero-mean functions, the first part of the sum is —(9,¥(-,0) — 1)U and
the second reduces to (9, ¥(-,0) — 1)M. Note that the fact that in the end of this latter formal
computation we recover the formula of the Theorem only in an approximate way reveals that the
first approximation in the argument is invalid. Yet this incorrect approximation possesses a correct
analog (see Section 2.2) leading to the initial data of the Theorem. Note also that any small
localized perturbation of (M, k) may be realized as initial data in (1.17) by appropriately choosing
ho and g so that at our level of accuracy the full dynamics of (1.7) near (M, k) are present in (1.1)
around U.

Remark 1.15. Bounds (1.19) are both of form (1.6), with k¥, = x, validating a slow modulation
picture of behavior. Yet comparison of (1.19)(i) with (1.19)(ii) reveals that by allowing (M, k) to
satisfy (1.7) only in an approximate way we here construct a phase modulation more accurate at
least by factor (1 +¢)~%/4~" than that of the formal Whitham construction (1.6)-(1.7).16 This is
again a manifestation of the fact that comparisons to periodic functions are very sensitive even to
small perturbations in description of respective spatial positions as encoded by local phases.

Decay for localized perturbations. Standard bounds on localized solutions of systems of parabolic
conservation laws of form (1.7) (see Proposition B.1 below) show that in general

- 1
15(t) = Fll oy ~ (14 6)7207YP 0 [0 (#) = 1d|| oo r) ~ 1,
so that
(1.20) [ UMEDACD (B (-, 8)) = T ()| ooy ~ 12 () — Id|| poo(my ~ 1

> (1+ t)*%”]. Together with (1.19), this rigorously validates the formal Whitham approximation
while simultaneously showing that estimates (1.13)—(1.14) are sharp for nonlocalized perturbations,
ho # 0, leading always to nontrivial localized data (1.17) in ky for the Whitham system (1.7), and
for localized perturbations hg = 0 are sharp in the generic case where no uncoupling is present.

However, an interesting further implication of (1.19) is that when sy decouples to sufficient
order from the rest of the Whitham equations, the estimates (1.13)—(1.14) can be sharpened for
localized perturbations, to yield asymptotic decay. To make this latter point precise, we introduce
the following definitions.

Definition 1.16. We say that a wave is linearly phase-decoupled if (9Mc\(M7,-€) = 0, or, equivalently,
Orw(M, k) = 0 in (1.7): that is, & is a characteristic variable for (1.7) at the special point (M, k).
Otherwise, we will say that it is linearly phase-coupled, or simply “generic type.”

15T his follows from the general theory for parabolic systems of conservation laws, see for instance Proposition B.1.
16Here we are using the additional fact (not explicitly stated here) that estimate (1.19)(ii) is sharp. On the other
hand, we do not expect (1.19)(i) to be sharp (see Remark 2.1).
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Definition 1.17. We say that a wave is quadratically phase-decoupled if both 8Mc](]\-477€) = (0 and
8%/[C|(M’,;) = 0. or, equivalently, dyyw(M, k) =0 and 9%,w(M, k) =0 in (1.7).

This simple classification unifies and generalizes a number of observations in [50, 51, 29, 30].
As we have seen in Lemma 1.5 and shall discuss further in Remark 3.2, linear phase-decoupling
implies that to linear order the phase behaves similarly as in the reaction-diffusion case studied
in [59, 60, 28] (localized perturbations) and [25, 26, 57] (nonlocalized), for which the associated
Whitham system consists of a single equation'”

wit — k(w(k) + k)e = E*(d(K)kg)z, w(k) = —ke(k),

encoding the nonlinear dispersion relation induced by the periodic existence theory. In particular,
we shall show that spectrally stable linearly phase-decoupled waves like spectrally stable reaction-
diffusion waves are linearly and nonlinearly asymptotically stable and not only boundedly stable with
respect to localized perturbations. Yet at the nonlinear level the phase behaves similarly as in the
reaction-diffusion case, sharing the same decay rates, only if quadratic decoupling is present. The
situation is actually simpler in higher dimensions where the asymptotic dynamics are essentially
linear and the distinction between linearly decoupled and generic cases is sufficient [53, 29]. We
make these observations precise in the following corollary. For a proof, see Appendix B.2.2.

Corollary 1.18 (Localized perturbations). Under the assumptions of Theorem 1.12, for localized
perturbations ho = 0, and ¢ defined as in Theorem 1.12, if U is linearly phase-decoupled and
By = Eo+ ||| (@0 — Uiy is sufficiently small, then, fort >0 and 2 < p < oo,

Vet Lrwy S E1(1+ t)—%(l—l/p)—iﬂ;,
[ 11
la(t) = Ullr@y, 10 @®)lr@) S Er(l+t)2 147,
while if U is quadratically phase-decoupled and Ey is sufficiently small, then
Ve i)l rmy S Eo(1 + t)—%(l—l/p)—%Jrn7
_ _ o
la(t) = Ullrry, 10 r@) S Eo(1+1) 5(1-1/p)+n

fort >0 and 2 < p < oco. In either case, U is nonlinearly asymptotically stable from
LY(R; (1 + |z|)dz) N HX(R) to LP(R), for all 2 < p < cc.

(1.21)

(1.22)

Remark 1.19. Comparing bounds (1.22) for localized perturbations and (1.13)—(1.14) for nonlo-
calized perturbations to those obtained in [57, 25, 26], we see that bounds for the quadratically
phase-decoupled case exactly match the bounds for reaction-diffusion systems.

Remark 1.20. One may wish to express localization as a mean-free condition on d,hg. Actually,
in the above bounds, the condition hy = 0 may indeed be relaxed to the condition that J.hg is
mean-free and either Ey := Eg + ||| - [ 0zhol|z1 () is small in the quadratically phase-decoupled
case or By := Eoll| - |8zholl gy + Il - [ (@o(- — ho(-)) — U)|l 11wy is small in the linearly phase-
decoupled case. In either case, the conclusion is (asymptotic) orbital stability with asymptotic
phase Yoo = (ho(—00) + ho(00))/2 (in the sense of [21]).

Remark 1.21. For the analysis of localized perturbations in the linearly phase-decoupled case,
assumption (H3) plays a role deeper than just providing regularity in a simple way. Indeed, in this
case, the extra damping (14 t)~'/4 in (1.21) encodes the fact that quadratic interactions between
diffusion waves traveling at different characteristic speeds are asymptotically irrelevant ([40], see
Remark B.4). Thus, here one should not expect to be able to replace (H3) with something weaker

17See Remark 1.2.
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than: the linear group velocity associated to the wavenumber mode is different from all other
characteristic speeds.

We emphasize again that Corollary 1.18 follows from the validation of (1.6)-(1.7) and the known
theory for behavior, about constant states, of solutions to hyperbolic-parabolic systems. Indeed
linear uncoupling implies that only one of the hyperbolic modes contributes significantly to phase
variations. This implies that when considering localized perturbations for the original system, we
should put essentially a constant as initial data along this caracteristic mode and thus the coordinate
along this mode is slaved to the evolution of the other modes through nonlinear interactions. In
the strictly hyperbolic case that we consider here and when no further uncoupling is present,
this leads to a time decay enhanced by (1 + t)_l/ 4 corresponding to eventual mode-by-mode
separation. Moreover, when there is actually no significant nonlinear contribution of the other
modes (quadratic uncoupling), then there is an extra damping up to order (1 +t)~/2 | the level
at which the (interacting) diffusion-waves scenario may be validated.

1.4. Examples. Having established the importance for asymptotic behavior of the Whitham equa-
tions, we now give some examples indicating their range of possible behaviors. In this section, we
relax the restriction, made for expositional simplicity, to second-order parabolic semilinear systems
of conservation laws and discuss a full range of models arising in applications, including reaction-
diffusion equations (Example 1.22), equations with higher-order or partial diffusion (Examples 1.22,
1.25 and 1.26), and even mixed conservative/nonconservative equations (Example 1.26).

From the point of view of the present paper, the main example is Example 1.23, which illustrates
for second-order parabolic semilinear conservation laws both phase-decoupling and phase-coupling.
However, we emphasize that the analysis of all of these models may be carried out with minor
changes within the same basic analytical framework set out here and in [29, 30]. We discuss this
further in Appendix D, along with the question of numerical or analytical verification of the stability
conditions, needed to conclude validity of the Whitham equations.

To simplify the discussion, we restrict to the first-order part of the Whitham equations, which
suffices to determine the main qualitative features of solutions- in particular, phase-decoupling vs.
coupling- and has a common derivation/form [62] independent of second- and higher-order terms.

Example 1.22 ([60]). The Swift-Hohenberg equation
(1.23) us + (14 0220 — ru+ f(u) =0,

where r € R is a bifurcation parameter and f is some sufficiently smooth nonlinearity, admits for
certain values of r periodic waves of speed ¢ = 0. This equation arises as a simplified equation for
the Taylor-Couette problem and is proved to possess diffusively spectrally stable waves [60]. As a
reaction-diffusion equation, with no conservative part, this yields (see, e.g., [24, 15, 57, 29, 30]) a
scalar first-order Whitham equation!'®

Ry = 0.

Example 1.23 ([50, 62, 7]). The equations of one-dimensional viscoelasticity with artificial vis-
cosity and strain-gradient effects (“capillarity”) may be expressed in Lagrangian coordinates, after
a change of variables [58, 51], as

Tt — Uy = €17z,
(1.24)
Ut — U(T);B = &2Ugy,
where 7 = y, € R® and u = y; € R? are derivatives of deformation y : R — R?, ¢ is the stress-strain
relation of the elastic material, and £1,e2 > 0 are scalar coefficients related to viscosity/capillarity;
see [7]. It is readily verified by energy considerations [62, 50, 55] that periodic waves may only have

1896¢ Remark 1.2.
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speed ¢ = 0. By this, together with Galilean invariance with respect to shifts in u, we find, setting
T, U, ¥ to be the means of 7, 4, and o(7) over one period, that the associated first-order Whitham
system has form

Ty = U =0,
(1.25) Uy — (T, k), = 0,
Rt = 0,

hence, since w(T,U, k) = 0 is evidently independent of (T',U), is quadratically (indeed, totally)
phase-decoupled. That is, in terms of the phase equation principally determining behavior, (1.24)
and (1.23) exhibit parallel behavior x; = 0, despite their different origins. For localized data hg =
0, giving ko = k, this reduces to the first-order wave equation Ty — U, = 0, U; — X(T', k), = 0, which
is strictly hyperbolic when ¥ is monotone decreasing, as occurs for some but not all cases [69]. By
Corollary 1.18, any spectrally stable periodic solutions of (1.24) would be nonlinearly asymptotically
stable with respect to localized perturbations, answering a question posed in [51, 62, 29].

The same equations written in Eulerian coordinates (in terms of p := 77! and m := u/7)
are phase-coupled [62], hence at best only nonlinearly bounded stable, with the explanation that
modulations in wave speed in this case lead to deviation of characteristic paths, hence solutions are
no longer compared along the Lagrangian trajectories where they are most closely matched. To
put things another way, coordinatization by Lagrangian markers accomplishes a substantial part
of the modulation that in Eulerian coordinates yields decay estimate (1.13)(i).

Remark 1.24. Tt has been shown in [50, 55] that under a wide variety of circumstances, in particular,
always for one-dimensional deformations, d = 1, periodic solutions of (1.24) are spectrally unstable,
whether or not the first-order Whitham equations (1.25) are of hyperbolic type. This shows the
importance of the full diffusive stability conditions, beyond the intuitive conditions of Corollary 1.8.
It is an interesting open problem whether there exist stable waves for d > 1 [69, 55].

Example 1.25. For the Kuramoto—Sivashinsky equation

setting U, ¥ to be the means of @, and %?/2 over one period, and making use of the Galilean
invariance  — = — ct, u = u + ¢, we find that ¢(Uy + U, k) = c(U1, k) + Uz and X(Uy + U, k) =
S(Uy, k) + UyUs + U2/2. Tt is known that, within a certain parameter range, (1.26) supports odd-
hence mean-free- profiles with ¢ = 0 (see Remark 1.27). For these solutions, ¢(0,k) = 0, hence
¢(U,k) = U. Thus, the associated first-order Whitham system is linearly phase-coupled, of form

U+ (S(Us, k) + (U = UL)?*/2) =0,

(1.27) kt+ (U —=Usk), =0.

Linearizing about constant solution (U,, k) and reintroducing the phase through k = v, this gives a
second-order wave equation ¢y +k(9;X)(Us, k) 12z = 0 in the phase [18] provided (9;,%)(U,, k) < 0.
As illustrated numerically in [5], linear phase-coupling has the effect that nonlocalized perturbations
in the phase can arise even through localized initial perturbations. Numerical studies [18, 5] indicate
that there exist “bands” in parameter space of spectrally stable waves, satisfying hypotheses (H1)—
(H3), (D1)-(D3); see Appendix D for further discussion.

Example 1.26. The Saint-Venant equations for inclined thin-film flow appear in Lagrangian

coordinates as
Tt — Uy = Oa

1.28
( ) ur + ((2F)_1T_2)27 =1—7u®+ V(T_Zum)m,

19A¢ second order, a linear heat equation k; = dkyq, d > 0.
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where 7 is the reciprocal of fluid height, u is velocity averaged with respect to depth, x denotes
a Lagrangian marker moving with the flow, and v and F' are dimensionless constants, with force
term 1 — 7u® representing the balance between gravity and turbulent bottom friction. In terms of
structure, this is intermediate between the reaction-diffusion case of (1.22) and (1.24), having a first
equation in conservative (divergence) form and a second equation in nonconservative convection-
reaction-diffusion form. The same derivation as for (1.7) yields the first-order Whitham system

T: — U(Ta K’)I =0,

(1.29)
kt — (c(T,k)k)z =0,

where T and U are defined as the means of 7 and u over one period, and (7, k) parametrize the
associated two-parameter family of periodic traveling waves with speed ¢ = ¢(T, k); see [33, 3, 49]
for further details. For this model, the speed c is never zero, and in particular depends typically
nontrivially on 7. Thus, this system, like (1.27), is in general fully phase-coupled. Numerical
experiments [3, 6] indicate that (1.29) can be either hyperbolic (consistent with stability) or elliptic
(implying instability), depending on parameter values; moreover, there exists a band of parameters
on which waves satisfy the stability hypotheses (H1)-(H3), (D1)-(D3).

Remark 1.27 (Phase-decoupling and symmetry). As illustrated by Example 1.23, phase-decoupling
is not always an isolated degeneracy on a special set of parameters, but for models with special
structure may hold on an open set of parameters/waves; indeed, more, we may have ¢ = 0. This is
reminiscent of the well-known principle in the reaction-diffusion setting that, by reflection symmetry
of the equations uy + f(u) = g, even-symmetric standing-wave solutions generically persist as
families of solutions with c¢(k) = 0. For, otherwise, the fact that reflection preserves k would violate
local uniqueness of solutions as a function of k. Alternatively, one may observe that zero-speed
waves satisfy a Hamiltonian ODE, hence, by a dimensional count, exhaust the available dimensions
in the set of nearby solutions. This principle is illustrated in the behavior cited in Example 1.22.
Likewise, in Example 1.23, one finds [33, 3] that zero-speed waves satisfy a Hamiltonian ODE
identical to that of the reaction-diffusion case, with d free parameters given by a constant of
integration, hence, by a dimensional count, generically fill up the (d + 1)-dimensional set of nearby
solutions, giving ¢(T, k) = 0. Similarly, the Kuramoto—Sivashinsky equations (1.26), are invariant
under x — —x, ¢ = —c¢, 4 — —u, from which we may deduce that odd-symmetric zero-speed
solutions generically persist, as cited in Example 1.25. For, otherwise, the fact that reflection
preserves k would violate uniqueness with respect to k of solutions with fixed zero mean.

1.5. Discussion and open problems. Our results extend to the conservative case the results
established recently for reaction-diffusion systems in [57, 25, 26] regarding behavior, and extend to
nonlocalized perturbations the results obtained for conservation laws in [28, 29, 33, 3, 4] regarding
stability under localized perturbation. The method of analysis used here is similar to but much
more complicated than the arguments used in [25, 26] to study the reaction-diffusion case and the
reader is encouraged to consult these references as motivation in a simpler context. As noted above,
the methods of [57] do not seem to apply.

The main new difficulties overcome in the present analysis beyond that of [25, 26] are the treat-
ment of nonlocalized perturbations in a way including the phase-coupled case, which has an essen-
tially different Jordan block structure from that of the phase-decoupled case, and the identification
of the Whitham equations with the asymptotic second-order modulation system arising naturally in
our analysis via a system of integral equations. The latter task involves surprisingly subtle aspects
not present in the reaction-diffusion case concerning the influence of phase modulation ¥ on the
mean M, first, through high-frequency resonances, on its initial data (see Remark 1.14), and, sec-
ond, through the influence of the implicit nonlinear change of independent coordinates (2.5) used in
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our nonlinear iteration scheme on the form of the Whitham equations (see Section B.3).2> Though
we give a unified proof, regardless of coupling distinctions, mainly out of a desire for clarification
of the essential features of modulation theory, a proof of Theorem 1.12 would not be much simpler
had we restricted it to the linearly-uncoupled case.

Comparing bounds (1.16)-(1.19) to the corresponding bounds for reaction-diffusion systems in
[26, Theorem 1.3], we see that they are identical; that is, modulations are equally well-approximated
for systems of conservation laws as for reaction-diffusion systems by the formal Whitham approx-
imation (1.7). It follows (through Proposition B.1) that for nonlocalized perturbations, behavior
and decay rates are also essentially identical in these two cases, as the formal asymptotics suggest.

On the other hand, for localized data, hg = 0, the decay estimates established for the reaction-
diffusion case in [53, 28] are faster by a factor (1 + t)fé, or “roughly one derivative” in terms of
standard heat bounds, than those of Theorem 1.10 in the generic conservative case, which are the
same for localized as for nonlocalized perturbations. As discussed in [30], linearly phase-decoupled
waves exhibit a similar behavior at the linearized level. However Corollary 1.18 shows that a
quadratic decoupling is needed to yield a similar behavior at the nonlinear level, while waves that
are linearly phase-decoupled show an intermediate behavior, asymptotic stability but with slower
rates.

At broadest level, our results confirm that an accurate distinction is not between reaction-
diffusion and conservation law systems but between phase-decoupled, and non-phase-decoupled waves
(the former trivially including the reaction-diffusion case), which indeed exhibit the asymptotic
behavior suggested by their common formal asymptotic description in terms of the Whitham equa-
tion(s). A key new piece of information supplied by our analysis that is not present in the formal
Whitham derivation is the way in which initial data is taken on by the time-asymptotic Whitham
system. Though the ultimate prescription in Theorem 1.12 is simple, it is determined by a detailed
series of linear and nonlinear estimates that are quite far from the techniques of formal asymptotic
expansion.

We stress, finally, that our nonlinear iteration scheme is quite robust. In particular, there is no
use of analytic semi-group properties in our argument, hence it is not sensitive to changes in order
(e.g., to KS or KS-KdV) or type (e.g., quasilinear or degerate as for Saint-Venant) of the equations
under study. To control regularity, we mainly use nonlinear H* damping estimates and C° semi-
group resolvent bounds in H*®; both given by standard energy estimates techniques (Kawashima’s
if needed [35, 72, 74]). This allows a wide range of generalizations, as discussed in Appendix D.

The diffusive spectral stability conditions (D1)—(D3) have been shown numerically to hold for
“bands” of stable periodic waves, in several interesting settings, and with a high degree of precision;
see, for example, [18, 4, 5]. We view the numerical proof of these conditions, or analytical proof in
interesting asymptotic limits (in the spirit of [27]), as important open problems for the theory. The
determination of asymptotic behavior in the small-wavelength limit, analogously as in [15] for the
reaction-diffusion case, is another important open problem. Likewise, extensions to the case that
not only the phase but the wave number k = V¥, has different values at plus and minus infinity,
corresponding to Riemann data for the Whitham equation (1.7), is an interesting direction for
future investigation; see [15, 8] in the reaction-diffusion case.

Plan of the paper: The plan of the rest of the paper is as follows. In Section 2 we set up the
framework of the proofs (introduction of the phase, integral transform, etc.), then in Section 3 we
prove Theorem 1.10. Finally, in Section 4, we give the proof of Theorem 1.12. In Appendices A-D
we provide, respectively, algebraic relations obtained by differentiation of the traveling-wave ODE,
derivation of the Whitham system (1.7), simplifications of this system afforded by the theory of

20Recall that M does not appear in the Whitham equation for the reaction-diffusion case.
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parabolic conservation laws for data consisting of localized perturbations of a constant state, and
some hints regarding generalizations to other situations of mathematical or physical interest.

Outline of the proof(s): We end this introduction by providing the reader with a guide
through the analysis. At a first (nontechnical) glance, our strategy is essentially similar to the
one of [25, 26] and we again encourage the reader to consult those references. It consists first in
introducing v(x,t) = @(x — ¥ (x,t),t) — U(x) and 1. At the linearized level, the system becomes
(0y — L)(v + 9U’) = 0; hence the integral formulation

v(t) + YT = eF(v(0) + 9 (0)T') + /0 "IN (s) ds,

where A/ denotes nonlinear terms. We decompose this equation through a semi-group splitting
stemming from the introduction of (n + 1) critical evolutions sj(t) accounting for the (n + 1)
critical spectral curves passing through 0 at £ = 0. These we treat always as a critical block sP(t) =

Z;‘;rll s;’(t). To prove Theorem 1.10, we retain from this critical evolution only the contribution to

phase modulation which results, with our notation below, in the splitting et = U’e,, 1 - sP(t) 4+ S(t)
with S (t) faster-decaying and preserving localization. With this in hand, in order to accomodate
both the localization defects coming from the emergence of diffusion-waves in parameters and from
the initial defects (hg is not mean-free), we choose as an equation for ¢ an interpolation of

t
ent1 - 8P(t)(v(0) + hoU’) + / ent1 - SP(t — s)N(s)ds fort >1
0
ho for t <1/2

P(t) =

allowing us, after differentiation, to work directly with localized quantities (v, )y, ;). The proof
of Theorem 1.10 is then achieved by first closing nonlinear estimates with non-sharp decay rates
and then improving these decay rates in low-regularity norms. In this process, estimates on v
essentially?! follow from energy estimates on the original system, either through a nonlinear high-
frequency damping inequality or through the fact that their counterparts at the resolvent level
enable us to convert spectral assumptions into exponential decay for the non-critical part of the
semi-group provided we restrict ourselves to Hilbert-space estimations. Modulation parameters
being inherently slowly-evolving, or more properly speaking of low-frequency type, regularity is not
an issue for ¢ and its derivatives. Nevertheless estimates on v do require a much more involved and
subtle space/frequency analysis. In particular, a great care is needed to ensure that contributions
of hoU' may indeed be bounded in terms of norms of d,hg and that no localization is lost in the
time-transition layer. The proof of Theorem 1.12 requires the use of the full critical block sP(t) to
get a refined description of ! leading to v = 9,U ki, + 0y U - M + 2z, with z faster-decaying and

¢
(é\fb((g) = k0,sP(t)(v(0) + hoU") +/0 kO, sP(t — s)N (s) ds for t > 1.
To make the connection with (1.7), we remark that, by subtituting time derivatives by space deriva-
tives thanks to the analytical validation of the role of linear group velocities, we may write nonlinear
terms as a quadratic function of (M, ki) with periodic coefficients, plus a faster-decaying remain-
der. In particular, we only need then to make the connection at the level of evolution operators.
The analytical connection between sP(¢) and the linearized evolution of (1.7), which again involves
some intricate analysis, reveals in which way data for the original system are translated into data
for the Whitham system. Finally, having checked that all relevant terms match by computing
needed averages, we prove the nonlinear connection to (1.7) by closing nonlinear estimates in a
standard way.

21Up to the contribution of the critical part of the evolution not described by phase modulation but estimated in
a similar way.
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2. PRELIMINARIES

In this section, we discuss several technical preliminaries that we will find useful throughout our
analysis. Specifically:

e we introduce the Bloch transform, the fundamental integral transform that we will use in
deriving all of our linear estimates;

e we show how phase shift ¢ is introduced in (1.1) and how this affects the equations;

e we prove a nonlinear damping energy estimate (here simply following from the parabolic
nature of (1.1)), establishing that high derivatives of the solution decay in time at least as
fast as low derivatives so that technical issues are mainly, as expected, in decay rates and
localization (small Floquet or small Fourier numbers) and not in regularity;

e we give estimates useful to analyze the effect of a change of independent variables on our
bounds.

These preliminary issues were already present implicitly or explicitly in [29, 30].

2.1. Bloch decomposition. To begin our analysis of the stability of a fixed 1-periodic stationary
solution U of (1.1), recall from above that linearizing the flow of (1.1) about U leads to the
consideration of the 1-periodic coefficient linear evolution equation (1.10). From Floquet theory,
one may guess that it would be desirable in analyzing this equation to decompose solutions as
superpositions of functions having a given Floquet exponent ¢ € [—, 7], i.e., functions €* h(-) with
h € L*([0,1])per, as described in Remark 1.3. This may be accomplished using the Bloch transform.

Given a function g € L?(R), its Bloch decomposition, or inverse Bloch transform representation,
is defined as

(2.1) ofa) = [ " g, x)de,

—T

where
_ Ze2rrzkxg(§ + 27_(_]{:)7
keZ
and §(z) := 5- fR ~w2g(w)dw is the Fourier transform of g. Note that for any ¢ € [—7, 7], g(&,-)

isa 1- peI‘IOdIC functlon hence as desired, € (¢, ) has Floquet exponent &.
Letting B : L*(R) — L?*([—~,7]; Lf,er([o, 1])), g — ¢ denote the Bloch transform, we readily see
that for our given linearized operator L, defined in (1.10), and g € L?(R) we have B(Lg)(¢,x) =
Le [g(€,-)] (x), hence the associated Bloch operators L¢ may be viewed as operator-valued symbols
under B, acting on L2_([0,1]). Similarly, from the identity B (e'Lg) (§,2) = (e'*¢g(¢,-)) (), a

consequence of (1.11), we find the Bloch solution formula for the periodic-coefficient operator L:

(2.2) (509)(@) = (Fo)(a) = [ e (ethegle, )ahde,

In particular, we see that the Bloch transform B diagonalizes the periodic coefficient operator L in
the same way that the Fourier transform diagonalizes constant-coefficient operators.

Using the representation formula (2.2), bounds on the Bloch solution operator etle can be con-
verted to bounds on the linearized solution operator e*’. To facilitate these bounds, we notice by
the standard Parseval identity that the rescaled Bloch transform /278 is an isometry on L2(R),
ie.

T 1
(2.3) — / /O IBo) (&, 2)2dx dE = 23122 m 20

More generally, by interpolating (2.3) with the triangle inequality, corresponding to the case
q = 1 and p = oo below, we obtain the generalized Hausdorff-Young inequality ||g[/zr®) <
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191l La((=rm), 2 (0,17)) for ¢ < 2 < p and %—i—% = 1, which, by (2.1), yields for any 1-periodic
functions g(&, -)

T 1 1
2.4 H/ i€: ,-dH < B for <2<pand - 4+ - = 1.2
(2.4) o g(&,-)d€ omy = 9l La((—r,x], L2 (0,1))) for ¢ <2 <p an >t g
It is from this convenient formulation that we will obtain our linear estimates.

Remark 2.1. To keep technicalities as low as possible, we have indeed compelled ourselves to prove
all our linear estimates using (2.4) alone. The only price to pay is that we are thus confined to
high-norm estimates, in W*P?, 2 < p < oo, as a consequence of which, due to the details of the
nonlinear iteration estimates, bound (1.16)(i) (thus (1.19)(i)) is not expected to be sharp except
for p = 2. With more work, but in the spirit of the present paper, we expect that one may actually
prove a (141t)~1/20=1/P)=1/247 decay (1 > 0 arbitrary). See Remarks 1.7 and 4.3 of [30] for further
discussion in the somewhat simpler setting of the reaction-diffusion case.

Remark 2.2. Another important property of the Bloch transform that we will use repeatedly
throughout our proofs is that it is well-behaved with respect to 2-scale analysis of a slow modulation
ansatz. Indeed if g is 1-periodic and h is slow, in the sense that the Fourier transform of A
is supported in [—m, 7], then B(gh)(&,x) = g(z)h(£). If no slowness assumption is made but
still g is 1-periodic, then there still holds B(gh)(&,z) = g(x)h(€,2). Mark that the fact that in
general high frequencies of h are involved in the low Floquet number part of gh will add substantial
difficulties to the linear analysis below. This nice property that the Bloch transform separates scales
may also be used to perform two separate change of frames for fast and slow variables through
g€, x) = etg(¢ x — cot). This feature was used in a crucial way in the analysis of reaction-
diffusion systems carried out in [57], where the proof relied strongly on self-similar techniques such
as renormalization, requiring the Whitham equation to be essentially reduced to a viscous Burgers
equation by going into the frame of its characteristic velocity (called linear group velocity) while
keeping the original equation in the co-moving frame of the wave (the one of the phase velocity).
This elegant strategy appears to completely break down in the system case considered here, for
which many linear group velocities are involved.

2.2. Nonlinear perturbation equations. We now discuss how the introduction of a phase shift
affects system (1.1). Following [29, 25], we introduce the perturbation variable

(2.5) v(z,t) = a(x — P(z,t),t) — U(x)

where @(z,t) satisfies (1.1) and v (z,t) is a phase shift to be determined together with v. We recall
the following representation convenient for nonlinear iteration and established in [29].

Lemma 2.3 ([29]). The nonlinear residual v and phase shift ¢ linked by (2.5) satisfy

(2.6) (0 — L) (v+U,) =N, with N := 0,9+ 0;R + &S,
where
(2.7) Q= —Fk (f(U+v) — f(U) - df(U)v),
(2.8) R = —vy + k*v, U e, : :
1- 1/11 1- ¢z
and
(2.9) S = vih,.
22 —(f a 1a
Here and elsewhere, we denote ||g||La((—x,x],L7([0,1])) := (f,,r llg (¢, -)HLp([O’lDd{)
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Remark 2.4. As noted in [29], the advantage of (2.5), @(-,t) = (U + v(-,t)) o ¥(-,t) (with
U(-,t) = (Id — ¥(-,t))~!) over the (probably more natural) choice @(-,t) = U o W¥(-,t) + (-, 1)
suggested by (1.6), is that the phase shift enters the equation only through commutators between
composition with W and differentiation, hence only gradients of i appear in the source terms
Q,R,S on the right-hand side of (2.6). By contrast, the corresponding terms for choice v would
involve also terms of order |¢||1),| including the nondecaying phase 1 itself, thus making the decay
too slow for our nonlinear iteration to close. This observation is by now classical in the stability
analysis of traveling patterns; see the related observations of [15] regarding stability of periodic
reaction-diffusion waves, and [71, 72, 42, 23] and [65, 66, 67, 73]?3 for similar, earlier, observations
in the context of viscous shock stability and bifurcation.

However, notice also the more subtle aspect of the decomposition 2.6 that it groups within the
term (0; — L)(vU,) appearing on the left-hand side the linear order source terms ;U and 1, U,
that are individually too large to handle in our later nonlinear iteration; the term (9; — L)(vU,)
is then used to cancel instantaneous phase-modulations arising in the solution of the linearized
equations, as described just below. This approach to detecting nonlinear cancellation originates
from the study of stability of viscous shock solutions of systems of parabolic conservation laws (see,
e.g., [71, Eq. (2.30)], [72], and especially [23, Eq. (5.23), Cor. 5.4, p. 453]) and is fundamentally
different from those introduced in the reaction-diffusion setting in [15, 57] based on normal forms
and successive reductions/renormalizations, which, as discussed in Remark 2.2(ii), appear unlikely
to work in the present case. Indeed, we view this distinction as the key to the successful treatment
in [29, 30] of nonlinear modulational stability in the presence of conserved quantities.

Isolation of the phase. To motivate the more technical analysis of Section 3, we describe in infor-
mal fashion the way that we determine the phase v, separating out principal nonlinear behavior.
Using Duhamel’s formula together with (2.6), we can write an integral equation for v as

¢

(2.10) 0(at) + (0T = e (u(-,0) + (- 0)T,) + / LN (5)ds,
0

with initial data (-, 0) = hg, v(-,0) = g o (Id — hg) — U. Noting, by the bounds of Section 3, that
el = Uyenyy - sP(t) + S(t), where sP(t) is some operator sending R™-valued functions into R™*1-
valued functions?* (e,1 denoting the (n-+1)th standard basis element) and S(t) is a faster-decaying
residual, that is, that the principal part of the linear solution operator is a linear phase-modulation
consisting of e, 1-sP(t) times the instantaneous shift U,., we remove this principal part by defining
implicitly

(2.11) V() ~ eny1 - sP () (v(-,0) + (-, 0)U,) + /0 ent1 - SP(t — s)N (s)ds,

where the ~ here indicates equality for ¢ > 1. This gives an expression
t
(2.12) v(t) ~ S(t)(v(-,0) + (-, 0)U,) + / S(t— s)N(s)ds
0

for v in which no sP(t) terms appear, closing the system in (¢, v).

This simple prescription follows the principle that we should choose the nonlinear phase so as
to remove from the linear description of the residual v all contributions representing linearized,
or “instantaneous” phase modulation, at least away from the initial layer 0 < ¢t < 1. On this
latter time interval, where we are constrained by the restriction ¢ (-,0) = hg, we instead interpolate
between the right-hand side of (2.11) and the initial data (-, 0) = ho, as described in (3.11)—(3.13).

238 pecifically, [65, Section 3] and [66, Section 2.2.1] (group invariance and uniqueness), [73, Section 3] (translation-
invariant center—stable manifold), and [67, Theorem 2.2.0] (Nash—Moser uniqueness theorem).
24The first space is the one of U-values, the second one is the one of modulation parameters (M, k).
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2.3. Nonlinear damping estimate. To complement the linear bounds, established below, that
form the core of the proof, we will use the following damping-type bound established by energy es-
timate in [29], useful in controlling higher derivatives by lower ones, enabling us to close a nonlinear
iteration with decay rates of the lower derivatives.

Proposition 2.5 ([29]). Assuming (H1)-(H3), there exist positive constants 0, C and € such that
if v and ¢ solve (2.6) on [0,T] for some T > 0 and

sup |[|(v, ¥z) ()| mx @) + sup ([ g1y <€
t€[0,7] t€[0,1]

then, for all 0 <t < T,
(2.13)

t
Jo(0) ey < 0wz +C [ € (Jul)lBagey + 1t ) () sy ) .
Proof. (from [29]) Rewriting (2.6) as

(214) (1 - wm)’Ut - EQUmx = EE'UZ - ¢t(Ux + Ux) - ]_C(f(U + U) - f(U))JE +k <1k_w;

(UCE + Uz)) )
(—=1)707v
1- 1/}96

taking the L?(R) inner product against ZJK:O , integrating by parts, and rearranging, we
obtain
d ~ -
%IIUHEK(R)(O < =010 ()| 2@ + C (Hv(t)llqu(R) + H(wtﬂl)xa@Z)xw)(t)H?{Kfl(R)) :

for some positive C' and 6, so long as (v, 2y Y1, Yoy V) (D) || -1y Temains sufficiently small.
Sobolev interpolation HgH%IK(R) < a*IH(?ngHiz(R) + aHgH%Q(R) gives, then, for a > 0 sufficiently

large,
d
T sy (1) < =00 ey + € (100 Faqmy + 100 0 Dl oy ) -
from which (2.13) follows by Gronwall’s inequality. See [29] for further details. O

Remark 2.6. It should be pointed out that one technical feature of our nonlinear iteration is
the loss of derivatives of the nonlinear perturbation variable v, i.e. our iteration argument shall
control LP norms of v in terms of H® norms of v and gradients of . This loss of derivatives
is compensated by the above “nonlinear damping” estimate, which is due to the (here, total)
parabolicity of the governing equations. Of course, here, other strategies would be available (such
as maximal regularity). The advantage of the above energy estimate is that it generalizes to
partially parabolic systems (through the introduction of Friedrichs symmetrizers with Kawashima
compensators; see [33] for such an analysis in the context of the Saint-Venant system). In contrast,
the fact that the Bloch transform involves only bounded Floquet numbers translates immediately
into the fact that local parameters such as ¢ (or M) should be “slow,” in the sense of Remark 2.2,
so that arbitrarily many derivatives are gained at linear level.

2.4. Inverse modulation bounds. An important technical detail [15, 25, 26], and a new issue
beyond the viscous shock wave case mentioned in Remark 2.4, is the relation between quanti-
ties ||a(- — (-, t),t) — UMFMEDR/A=va(-0) (. )| zr(r) conveniently estimable by our analysis and
the corresponding quantities ||a(-,t) — UMEDRED(U(- 1))|| fo(r) arising through formal Whitham
approximation. With this in mind, we remark that the following (sharp) estimate shows that

[1F()=G(+¢()l Lr(r) is essentially equivalent to [|F'(-—¢(-) =G ()| r(r) Plus [|6[| oo (r) | Ozl Lo (r)-
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Lemma 2.7. Let ¢ be bounded with ¢z || r) < 1. Then Id — ¢ is invertible and

1
(14 [[¢zllpoe®))?  [[F o (Id — @) — G| Lo(w)
(I + ¢zl zo@)?  [[Fo(d—¢) — Gllrr(w)

1
H Gl oo (m) (1 + [|@z || Loo ®)) 7 [|0]] oo () [| P2 | o () -

IF = Go(1d =) o)

<
(2.15) |F—Go(ld+¢)|rrw) <

Proof. By the implicit function theorem and boundedness of ¢, the map Id — ¢ is invertible. Let
us write its inverse Id + ¢. Since the Jacobian of Id + ¢ is bounded below by (1 + [|¢¢|| oo (r)) ",
we remark that

I[Fo(d—¢)—Glo(Id+d)llrr < 1+ ‘|¢mHL°°(R))%HF o (Id—¢) = GllLrw)
and the first part of (2.15) follows. We then split F' — G o (Id + ¢) as
F-Go(d+¢) = [Fo(Id—¢)—Glo(Id+ ) + Go(Id+ @) — Go (Id+ ¢).
Now the intermediate value theorem yields
IG o (Id+¢) — G o (Id+ ¢)l|Low) < [1GallLoo@)ld — dllLow)-

But, from equality ¢ = ¢ o (Id + <Z~5) we infer

~ 1 ~
x) - 6(z) = d(a) /O bul + 16()

from which Hélder’s inequality yields

~ ~ 1 ~
16 = gy < 16y [ 1o (10-+ £0) eyt

This concludes the proof since HggHLoo(R) < |9l oo (ry and, for ¢ € [0, 1], Id + té is invertible with a
Jacobian bounded below by (1 + [[¢z||for)) ™" See [26, Remark 1.4] for related comments. O

Remark 2.8. Note that the quantity @(- — (-, t),t) estimated in our analysis does not necessarily
control @(-,t) unless k1), is small in L> (local invertibility of Id — /) and bounded in L' (global
invertibility). Thus, our approach (and likewise that of [25, 26, 15, 57]) is inherently a small-
variation analysis in wave number, whether or not the Whitham system admits large-variation
solutions.?

However, if the Whitham system has an associated convex entropy [39, 64], then, for kK —k ~ ki,
initially small in L> and bounded in L! (hence small in L?), by the results of [22], it has a

solution that remains small in L>°, and decays as (1 + t)fé(lfl/ P) in all LP, whence, combining
the stability and behavior arguments of Sections 3—4 and closing an iteration for z (the refined
perturbation variable defined in (4.7)) instead of v, it might be possible to relax the assumption
|V2(0)|| p1are < 1 to [|[92(0)||,r = O(1) and ||15(0)]| L~ < 1, allowing large variations in phase.
In the absence of a convex entropy, one might instead assume closeness of v,.(0) in L' N H* to a
special “diffusion wave” solution (in the scalar case, a distorted Gaussian obtained by Hopf—Cole
transformation; in the system case, a more complicated coupled superposition of such waves [41])
that has evolved sufficiently long to be of small gradient, again relaxing slightly the restriction that
1 be of small initial variation. These would be interesting directions for future investigation.

251 particular, for the three example systems considered in the introduction, the Whitham system does have
large-amplitude solutions for data merely bounded in L' N L? since it has an associated convex entropy; see [22].
22



3. STABILITY

In this section, we prove Theorem 1.10. In particular, to separate further (2.10), we first need
a precise spectral analysis (proving Proposition 1.7 along the way) that will allow for a separation
of e into a part aligned with U, plus a faster-decaying term. Throughout this analysis, we shall
often refer to algebraic relations obtained from the profile equation (1.3) and stored in Appendix A.

3.1. Spectral analysis and nonlinear decomposition.

Proof of Proposition 1.7. By (A.3), one may choose (O, U, ...,0n, U, U’) as a right basis for %,
and (eq,...,en, u%) as the dual left basis, where ej denotes the constant function equal to the
jth standard Euclidean basis element, and @*¥ denotes a generalized zero eigenfunction of the
adjoint operator L} = k202 + k(df (U) — €)0, such that (a*¥ 0y U) = 0 and (a*¥,U’) = 1. By
standard spectral perturbation theory [35] we may build spectral projectors and appropriately
extend (locally near £ = 0) these dual bases in an analytic way into dual right and left bases
{g; (&) ?211 and {g;(€)}t] associated to the spectrum of L¢ in some fixed neighborhood of the

7j=1
origin. This spectrum is then precisely the one of the matrix

(3.1) Ae = ((G(&), Lea())) ;>

which we expand as £ — 0 as
Ae = Ao+ (k&AW + (ik€)2AD + O(&?).

We expand also Lg = Lo + (k&) L) + (ik€)2L?); see (A.2) for definitions of the LU).
Note that, replacing, if necessary, simultaneously ¢,+1(£) with

n

QH+1(£) - Z<q~j(0)a aﬁQnJrl (O)> q; (5)

j=1

and, for j #n + 1, ¢;(§) with ¢;(&) + £(g;(0), 0cn+1(0)) Gny1(§), we may assume without loss of
generality that, for j #n + 1,

(j(0), 9eqn11(0)) = 0, (0£G;(0), gn41(0)) =0,

the second inequality stemming from the first by expanding to first order in & the duality re-
lation (G;(€),qn+1(§)) = 0. Now note also that since Logn+1(0) = 0, expanding to first or-
der in & the fact that Legn41(€) lies in X¢ = Span{qj(f)}?ill the critical space of L¢, we find
that LoO¢qn11(0) + (ik) LM gy 41(0) lies in Xg, the generalized kernel of Ly. Using now (A.3)(iii)
yields that Lo(0¢gn+1(0) — (ik)OkU)(jir f)) lies also in the generalized kernel of Lo, thus so does
9eqn+1(0)—(ik)OU|(5p ) Orthogonality relations from above and (A.3)(iii) lead then to O¢gn+1(0)—
(z‘/%)@kU‘(M,,;) e CU'.
23



The above preparation yields the following representations for Ag and the first- and second-order
correctors of the matrix Ag:

Ap = ( 0'n,><'n 0n><1> — ( On><n On><1>
* 7 \(@n+1(0), Lo@(0)) 0O omwlm 0 )7

AL +(064;(0), Loqi(0)) + (g;(0), LM g(0)) Onx1
* £(@n41(0), Lot gn41(0)) + (Gn+1(0), LW gy 11(0))
_ (- ((3MF)|(M,;;) - Eld) Onx1 )
* ~E (k)| (1))
* v3(06G5(0), LoOegn41(0)) + (35(1]( ), L g 41(0))
ik) ik % — _
A(Q) = +£<qj(0)7l—/( )a§Qn+1(0)> + <QJ (0),L( )Qn+1(0)> - <>k (akF:kH(M’k)) '

* *

Therefore, there is no loss of regularity in £ under the scaled similarity transformation

% 1 /1d 0 Id 0
3.2 A = — nxn ‘”_><1 A nxn ‘_n><1
( ) ¢ Zkf <Ol><n Z]ff ) S (01><n (Zkf)fl

and

Ag = <— ((al\gFﬂ(M,fq) - Eld) —(akF)|(M,k;)> .
—k(Onm) a1,y —k (k)| (a1 k)

This gives the result in a straightforward way. For omitted details, we point to similar computations
n [48, 49, 32]. Recall also that this result is proved at spectral level (i.e., not including matrix
expansion or eigenvector information) by an Evans function approach in [62, 52]. O

The former proof provides more than stated in Proposition 1.7. We collect supplementary infor-
mation in the following lemma.

Proposition 3.1 ([49]). Assuming (H1)-(H3) and (D1)—(D3), there exist eg > 0, & € (0,7), n+1
analytic curves, j =1,...,n+1, \j : [=&o, &) — B(0,e0) such that for & € [—&o, &o]

o(Lg) N B(0,e0) = { A(§) |je{l,...,n+1}}
and for 0 >0 as in (D2)
(3.3) Aj(€) = —ik€a; + (ik€)*b; + O(IEP),  aj.b; real, K?b; >0,
and associated left and right eigenfunctions ¢;(§) and éj (&) satisfying pairing relations
(3.4) (65(6), () = ke8],  1<jk<n+l,
obtained as
0;(6) = (@)D BV©a©) + BLLE) qnii(€)

I=1

(3.5) =
66 = Y BP©ae) + FOBLLE) dura(€)
=1

where
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o (1(&),. ., qnt1(8)) and (G1(§), ..., Gn+1(§)) are dual bases of spaces associated to the spec-
trum of respectively L¢ and its adjoint Lg in B(0,e9), analytic in &, bifurcating from
(O, U,...,00,U,U") and (e1, ..., en, u%) at & = 0, with e; the constant function equal to
the jth standard Euclidean basis element and u®Y a generalized zero eigenfunction of L;
such that (a®¥,0yU) = 0 and (¥, U’') = 1, and chosen such that

(36) <Qj( )735(]714-1( )> =0, <8£Qj( )7Qn+1(0)> =0, 1<) <m

o (BM(),..., B0+ (g) and (BW(E), ..., B D(€)) are dual right and left eigenbases, an-
alytic in &, of the matriz A¢, defined in (3.1)-(3.2), associated to eigenvalues \j(§)/(ik§)
and in particular for § = 0 they form dual right and left eigenbases associated to a;s of

Proof. This is a direct consequence of the proof of Proposition 1.7 except for the conditions on
X (€), aj, bj, which follow from (D2) and complex conjugate symmetry together with (H3). O

Remark 3.2. Scaling transform (3.2) is directly related to the fact that the equation for the time
evolution of local wavenumber is obtained by differentiating once in space the equation for the local
phase. Though unnecessary to prove Proposition 1.7 in the uncoupled case, since the proposition
follows then already from an examination of A}, the manipulation is correct regardless of the

linear coupling assumption. Yet in the uncoupled case, we may also assume ﬂ "H)(O) = 0 and
/Bn—i—l( ) = 0 for j # n+1. Then by replacing ¢, 1(€) with (ik€) " d,41(€) and, for j # n+1, ¢;(€)
with (ik€)~1¢;(£), we obtain dual critical bases, analytic in £&. For localized data this difference

translates at the linear level into different decay rates. Note also that, even in the linearly uncoupled
case, manipulations similar to scaling must be performed to get information about eigenf unctions.

Next, following [30, 25], in view of (3.5)(i) with ¢,,4+1(0) = U’, we decompose the solution operator
S(t) = et as

n+1

(3.7) S(t)=SP(t)+ S(t),  SP(t) =T ens1-sP(t),  sP(t)=> s0(t)
Jj=1

with

(3.8) (sP(t)g)(x) = /_ ) eiﬁwa(5>eAj<f>tm1§5“><f>@(5, 2,96, )) £2(j0,17) &,

and

(3.9) W )

(S(t)g)(x) = /_ (1 — a(€)) (e g(€)) (x)d¢ + /_ e (&) (e <T1(€)g(€)) (w)d
n+1 en ) () n v ~ )
+ [ et €y (006.2) = Cner T 10D 5, 6) g6)) 2. e

where « is a smooth cutoff functlon such that 0 < o < 1, a(§) = 1 for [¢] < &/2 and «(§) = 0 for
¢ = &o, and

n+1 n+1

(3.10) 1P(¢ Z qj (& 2(0,1]) kg Z ¢; (& Vrzqoapys  H(E) :=1d —TIP(€)

denote respectlvely the eigenprojection, defined for || < &y, onto the critical space

¢ = Span{6;(§)}}5}
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bifurcating from ¥ at £ = 0, and its complementary projection.

To establish nonlinear stability, there are of course other natural splitting choices available. In
particular, the fact that we have kept in (3.8) the full 3U)(¢) instead of 31)(0) alone will play a
role only in the asymptotic behavior study.

Next, we transpose this linear decomposition to the nonlinear level. Recalling Lemma 2.3 and
integral equation (2.10), we start with the equation

(O — L)(v+yU") =N, v|t=0 = do, Y|t=0 = ho,

for the nonlinear residual v(z,t) and the phase shift ¢)(z,t) both introduced in (2.5), where do :=
to(- — ho()) — U € LY(R) N HX(R), d,ho € L*(R) N HX(R), and notice, as in (2.10), that, after
denoting solution operator S(t) := e*’, an application of Duhamel’s formula leads to

t
(3.11) v(t) + () U = S(t)(do+ holU’) +/ S(t — s)N(s)ds.
0
In order to simultaneously accommodate the initial datum constraint ¢(0) = hg and absorb as

much as possible e, - sP(t) contributions into the equation for v, as described in the discussion
surrounding (2.11)—(2.12), we split (3.11) as

Y(t) = eng1 - sP(t) (hoU' + do) + /0 ent1 - SP(t — s)N(s)ds

(3.12) ,
— (1 =x()) <en+1 - sP(t)(do + hoU’) — ho + /0 ent1 - SP(t — S)N(S)d8> ;
and
v(t) = S(t)(do + holU’) + /t S(t — s)N(s)ds
(3.13) 0

+ (1 —x(t)) <Sp(t)d0 + (SP(t) — 1d)(hoU’) + /Ot SP(t — s)N(s)ds> ,

where x(t) is a smooth cutoff that is zero for ¢ < 1/2 and one for ¢ > 1. We may extract from
(3.12)-(3.13) a closed system in (v,1,1;) (and some of their derivatives), and then recover
through the slaved equation (3.12).

We proceed stating now the linear estimates needed to bound the terms appearing in (3.12)-
(3.13).

3.2. Basic linear estimates.

Proposition 3.3. Under assumptions (H1)-(H3) and (D1)-(D3), for allt > 0, 2 < p < oo, and
anyl,m=>0,r>1,1<j<n+1,

1 1 I+m

(R i e PP
l gm P < ( L'(R)
0,,0; S (t)gHLp(R) < min {(1 N )_;(1/2_1/p)+1_m

(3.14)
‘ 2 22 ”9”1:2(R)

when | +m > 1,

(3.15) 1s5(®)gllLe® S l9llo@nrem
when (I =m =0 and p = c0), for some n > 0

1+t lgllzrmw)

1
e " gllzwy + t7 gl
26

(3.16) lent1-sP@gller) S min{



when (l=m =0 and 2 <p<o0), and

1
‘ < min (1+t) f(l - HngHLl
Lr(R) 1+ 1)" 22775 | g]| o

9

(3.17) ’

0785 (t) 05 g

while, for somen >0,0<I+2m < K+1, and 2 <p < o0,

LorSw| < m{

LP(R)

e N9 prvamir gy + (1 +1)~ (1_l/p)||g||L1(R)

1
2
3.18
(8.18) Mgl prtsma gy + (L+ 1) 722D g] gy

and, for1 <r < K +1,
o S(t)oy, < mi

L1 LP(R)Nmm{
Proof. (i) (Proof of (3.14)). First, notice that

(3.20) (DL s2(t)g) (z) = / ' a(f)eAj(f)teigx“—;(Z'f)l/\j(f)mﬂ(j)(é)(&j@),§(€)>L2([0,1})d§-

In the case [ + m > 1, estimates on sP follows from, choosing either s = 1 or s = 2 fixed and
introducing s’ such that 1/s+ 1/s’ = 1, the generalized Hausdorff-Young inequality (2.4) by

T en 1 ol - 3
[ o [ esatgpenee E“@%@ (350, 5O r2ome |,

(3.21) S (&) = (@O (5(8), 9(€)) 2o (oo (o,10)
S|~ Jgfrmt _”52tHLr<sp>([_m) 1€ = a()21(8;(€), g 9EN 2ol e (= rm))
< (4 6) 73V UD=E5 2 e s a(6)V2)(65(6),

where 1/p+1/¢=1and 1/s' + 1/r(s,p) = 1/q, so that 1/r(s,p) = 1/s — 1/p. Here we have used
(D2) to get for some 7 > 0, [} ©tl/2(¢)| < e €t and (1.12) to get Ai(€) = O().
Now, for s = 2, we note by the Cauchy-Schwarz inequality and Parseval identity (2.3) that

&= ©21(656). 3 s20)

e M| g | pramin gy + (L 4+ 8)"20"YD73 | g Ly
1
2

3.19
( ) ‘ e_nt|’8;g||Hl+2m+1(R) +(1+1t)” (1/2=1/p)=3 ”g”LQ(R)

9EN 2o Ls’ (=)

< su 5 g -7,
L)) = |§|§I§)0 195 20,17y 1191 L2 ((=,x),22(0,1))

S sup Hﬁgj(f)”m([o,l}) H9HL2(R)
[€1<&o

where &p is given as in Proposition 3.1. For s = 1 on the other hand, we begin by expanding

(656, 9 2oy = 3 65(6,5)7G(E + 25'm),

J'EL

where ggj (£, 7") denotes the j'th Fourier coefficient in the Fourier expansion of 27-periodic function

<;§j(-), and z* = Z denotes complex conjugate. Applying the standard Hausdorff-Young inequality
for the Fourier transform, i.e. ||gl|z ) < [|g]/1 (), together with the estimate

a2(¢) 16,6, 47| < a2/ (€) \/Zu + )€ 12 S+ 17172) < Ca ()15 ()l (o
g’ J’

j/

which readily follows from the Cauchy—Schwarz’ inequality, we obtain the bound
1€ — a(§)1/2|<(5j(§)7g(§)>L2([O,1])H|L°°([77r,7r]) S ‘zlilg H&j(f)HHl([O,l]) ||g||L1(]R)
S0

Together with (3.21), this establishes (3.14).
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(i1) (Proof of (3.15)). Thanks to (3.3), with the same kind of estimates as above one can bound

in L*°(R) the difference between s?(t)(g) and

s [ o(—ika;E—k?b; )t icw 5,8(] (0)(6(0), 3(£)) £2(po,17)d€

by C(1 + t)_%HgHLl(R). Since $;(0) is constant equal to 7; := (51 0),..., ~7(Lj)(0)),

(67(0),9(€)) 201 = 75 - G(€)

and the last term is recognized to be the convolution of 7; - g with

o { R

_/ ( zk’a]§ k2b; 52 t z{a: B(] ( ) §
R\[—m,7] g

By using the Cauchy-Schwarz inequality, we may bound the last integral in L?(R) with Ce™"*, for
some 1 > 0. The remaining principal value is explicitly computed as a Gaussian error function

z + ajkt
\/4k2b;t
and thus is bounded in L*°(R). This achieves the proof of (3.15).

(iii) (Proof of (3.16)). We first remark that one can bound in LP(R) the difference between
ent1 - sP(t)(g) and

2%Tﬁ(j)(O) errfn

n+1
™ , . Tay 1 , R
N iz Z o(—ika;€ k2b]£2)tﬁen+l - 8Y)(0) i - g(€)de
o =

by C(1 + t) (1=1/p) 9]l 1 (m)- Since {3;(0)}; and {B,(0)}; are dual bases, it follows, with #; still
denoting the constant value of ¢;(0), that

Idgxq

0---0/°

n+1 n+1 d
>0 = Sa00r (345) -

and therefore
n+1

en+1.25(j)(0) ljjT - (0 0).
=1

Thus, the quantity to bound may be written as the convolution of g with the kernel

T N (—ikajE—Kk2b;€2)t _ (—ikaj1€6—k2b; €2t J
. (&4 J J (&4 J J . -
(3.22) > ety 7 > eni1-BYN0) 7 | de.
- j=1 j'=1
Observing that
e(—il_f(ljg—EijE2)t _ e(—il_fllj+1£—]_€2bj+152)t <
_ t
1k€ ~

provides (3.16)(i).
28



To get (3.16)(ii), we first write the kernel (3.22) above as

T ol LI plejteitn | _aj—ajig o _
x '—>/ /1 Zezg(m%( S ) [a] ;JH + ik (bj — bj)T
O

(Yt 2% \ e, J )
T i ) Lo > enir - B90) 7| drde.
=1

Integration by parts in the & variable shows that for any fixed € > 0 the contribution to the LP(R)
norm of the kernel of points x lying outside

Iy = [t ( min a]—£> , t ( max a]+€>}
1<5<n+1 1<5<n+1

00 1/p
C.t </ dy) < C.t\/7,
et yp

Following the end of the proof of (3.15), we may write the remaining part of the convolution as the
convolution of g with a term decaying exponentially in time in L?(R) plus its convolution with a
bounded function supported on If. This yields (3.16)(ii).

is bounded by

_ (iv) (Proof of (3.17)). The proof goes similarly as the one of (3.14) thanks to the fact that since
¢j(0) is constant, for » > 1, the equality

T

(32(©) @) oy = 3 (1) 6716502 Doy

r’'=0
=s<—1>f<a; (W) >+st( )s O 3(6), ()

holds and provides the factor & needed to compensate for (k&)™

(v) (Proof of (3.18) and (3.19)). The last part of (3.9) is bounded as s , with an extra £ factor
compensating for (ik¢)~! thus enhancing decay and allowing for | = m = 0 and 2 < p < co. We
focus on the two remaining terms of (3.9).

To treat these, it is convenient to introduce on H'([0, 1]) a family of equivalent norms parametrized
by € € [—m, 7],

!
HgHHl ([0,1]) ||(8I +Z€)Jg”%2([0,1])
§=0
so that Parseval’s identity implies
l9ll2nmy = (27) 1€~ 7 72101y [Py
Now, thanks to standard resolvent bounds [21], assumptions (D1)-(D3) and the fact that H+2m+1([0, 1])
and L2([0, 1]) spectra coincide [19], we may use Priiss” Theorem [56] and obtain that for some 1 > 0

\etLé(l — a(g))|Hé+2m+1([0:1])—>Hé+2m+1([071])’ |Oé(§)6th ﬁ(g)’Hé+2m+l([071})—>Hé+2m+l([011]) S e ",
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Therefore

o [ - atenpeteg) |

Hl+1

x%»/ﬁ 8 a(€) (L e eT1(€)g(¢ 5”

Hl+1
<e ntH& > ||9(€)Hgé+2m+1([0,1])) ||L2([—7r,7r]) S e Mgl grezms g)-

Since, for 2 < p < oo, H*+1(R) is embedded in WP(R), this completes the proof of the proposition.
O

Remark 3.4. We have included (3.16)(ii) to give a better account of large-time behavior of the
phase. Yet, in our nonlinear stability analysis we use (3.16) only to ensure that the initial time
layer remains localized, thus only for intermediate times 1/2 < ¢ < 1. For this purpose, (3.16)(i) is
sufficient. The proof of the latter estimate is easier to obtain and involves only frequency arguments
in the spirit of the rest of the paper.

3.3. Linear modulation bounds. The above basic linear estimates are sufficient to control all
terms in (3.12) and (3.13) in the localized case when hg = 0. To control the additional terms arising
from the nonlocalized initial phase shift hoU’, we use the bounds in the following proposition. Here
and elsewhere, we suppress the dependence of bounds on norms of the background periodic wave
U, the periodic right and left eigenbases ¢; and gzgj, or other known periodic functions, which, by
(H1), may be seen to be as smooth as needed for the H*([0, 1])per bounds our arguments require.
For functions h with localized derivative, we will use repeatedly ﬁ({) = %ﬂ(ﬁ) From now
on, to make this possible, we will assume that all such functions are centered, in the sense that
h(—o00) = —h(o0) (which includes the case where h is itself localized and both terms vanish). In the
statements of Theorems 1.10 and 1.12, it corresponds to the assumption that the global phase shift
woo is 0. Of course, in doing so, one does not lose in generality since this is achieved by replacing

h07 ¢7 etc. with U( - @Z)oo) 1/1007 ¢ ¢m7 etc.

Proposition 3.5. Under (Hl)f(Hé’) and (D1)-(D3), for allt > 0,2 <p<oo,l,m>0,
1<j<n+l,

(3:23) 10505758 (#) (hoU" Moy S (1+ 1)~ 2P 9, ho | o
when l4+m > 1,
(3.24) 155 () (hoU") [l Lo @) S 0zholl L1 ®ynze )
when (I=m =0 and p = c0),
_ 1

(3.25) lent1-sP(@)(holU") —ho L) S (1 +1t7)  [0shollr@)nzew)
when (=m =0 and 2 <p <), and, for 0 <1+2m < K +1,

5 - _l—
(3.26) 10507 S (£) (hoU") || Loqry S (1 +1) 21 1/p)HathHLl(R)mHH?mH(R)-

Proof. 2 (i) (Proof of (3.23)). This follows applying the arguments of the proof of (3.14) in
Proposition 3.3, once we have established the estimate

1€ = (€)' 2(B5(€), (hoU") ™ (€)) p2(to, 1)l o ()

< (Sup 1005 () T || 11 o1 + sup ||¢~5j(£)U,||L2([O,1])> 0zholl L1 (m)-
1€1<&o 1€1<€o

26Compare to the similar but much simpler argument of [25, Proposition 4.1], in the reaction-diffusion case.
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The latter bound stems from first re-expressing

—

o(&)2G5(6), (ho0") " () 2oy = —i(6)"” <‘“5)‘¢(°>U> 5oha(e)
¢ ([0,1])

1/2 ¢ )(5 i ./
"‘%:0 ]§—|—27T]) xh0(§+23 ),

where ((]3] U")(&, ') denotes the j'th Fourier coefficient in the Fourier expansion of periodic function
®;i (¢ )U’, then applying a Haussdorff-Young estimate, the Mean Value Theorem, Cauchy-Schwarz’
inequality, and Parseval’s identity.

(ii) (Proof of (3.24)). Thanks to (3.3), since ¢;(0) is constant equal to 7j, with the same kind
of estimates one can bound in L°(R) the difference between s% (¢ )(hoU") and

v [ 6(_%&]'5_%2%52)156%1”;5( )(0)[—i(0e;(0), T} L2, 1})3/h\(§)+5j'<ﬁl, [0 (&) ~ho(€)]) £2(0,17)dé
by C(1+1t)~ 2 10zholl 1 (r)- Now note that, for £ € [—, 7]
(0", Tho(€) — ho(E)]) 2oy = — (T, 0 (o) (€)) 12(po.1))
= (T, (3:h0)(€)) r2(0.1)) + (O)3zho(€) +i€(T, [ho(€) — ho(E)]) 12 o.1)

leading to

(3.27) (U'Tho(€) — ho(€)]) = —[(T — (T))dsho] (&) + (T, [ho(€) — ho(€)]) 2(po.1))-

Again the extra £ factor makes the contribution of the last term negligible so that we are left with
proving a L*°(R) bound on

™

rs [ el N e 600 0) (05 0). U 2oy Dot = 7+ (U = (U))0chol (.

—T

Then the proof of (3.24) is achieved as was the one of (3.15), writing the main contribution as a
term exponentially-decaying in time plus a convolution with an explicit errorfunction.?”

(ii) (Proof of (3.25)). The L*°(R) bound follows from (3.24) and ||hol[ Lo w) < [|0zhollr1(r)- B
interpolation we only need now the L?(R) bound.
Since || £ — [€]7! |2\ ) S 1

™

2 — ho(a) — / 5 Tn(6)

—T

S 10zholl L1 (r)-
L2(R)

27Up to the explicit computation of the final convolution kernel, the arguments of the proofs of (3.15)-(3.16) and
(3.24)-(3.25) are the ones refined to obtain (4.24).
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Combing this with arguments of the proof of (3.24), we bound in L?(R) the difference between
ent1 - P (t)(hoU’) — hy and

T n+1 .
T et |y el iha; €= kb, 52)tm€n+1 BY(0)(0eh;(0), U") 12(j0 11yho (€) — o (€) | dé
. e
n+1 1

/_7r @Z —ika;6—F2bE2)t e BD0)7; - (U — (U))dsho) ™ (€)dE

by CH@mhoHLl(R)mLz(R). In the sum the latter term is bounded following the proof of (3.16)(ii). To
bound the first term, we first observe that, thanks to (3.6),

(0e0;(0),U T') L2(0,1) = (0c$(0), gnt1(0 Nrzoa)) = 1k5n+1( ) = ikBY(0) - enta

therefore
1 n+1 n+1
zk €n+1 BI0)(0e4;(0), U) 1201y = ehn D BY(0)BD(0) ens = eni1-ents = 1.
7j=1
Then the function to bound is written
T n+1 (—ika;6—k2b;€2)t _ 1 o
e [ & Z e B (0037 (0) kDeho(€)de
and is bounded in L?(R) sphttlng
e(fu%ajgfl’c?bjg?)t 1 e(fil’cajgfk%jg?)t _ 671221;]'5275 efIEQbe?t 1
iké N iké + iké
671221;]-.5215_1

and using both </t and the arguments of the proof of (3.24)(ii) where I7 is replaced

ik

IF = i N — ;
¢ [t (1;]%12“(&’) 8) > ¢ <1§I;1§a7)z(+1(a])+ +5> ]
(= and 1 denoting negative and positive parts).

(iv) (Proof of (3.26)). The last part of (3.9) is bounded as was s ;» with the usual improvement
in integrability and decay coming from the extra £ factor. Once we have proved

with

€ = 10[Ro(€) = Fo(©)leames o,y 2y S 10sho s ey

the contribution of the high frequencies of hgy to the remaining terms is estimated following the
proof of (3.18). Since, for £ € [—m, 7| there holds

HU/[ﬁo(f) ( )]HHH2’"+1([0 1) < Z HGQM U’ ”Hz+2m+1 ([0.1)) ’ho( &4 2mj )’
J'#0
S L+ T | eamaonyy) D 1€+ 27] 2 g (€ + 27|
3740

o —

S 3 g O e )|
’750

3 (@522 ho) (€ + 2mj) |
J'#0

)
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by squaring and integrating we obtain the needed bound.
To deal with low-frequency contributions, we use the following refinements:

]etL5(1 — a(&))|Hé+2m+1([071])_>Hé+zm+1([071}) < |f’€_nt
’a(f)lﬂ(ﬁ(f) - ﬁ(o))‘Hé+2m+1([0,1])_>Hé+2m+1([071}) S, |§’
(for some 7 > 0 and all £ € [—,7]). Then, since I1(0)U’ = 0,
a(§) P IEU = a(§)Y? M(E)(IL(E) — 11(0)) T,

and, by following the proof of (3.18), we reduce the bound on the remaining terms to
€5 10 gtz gy 161 B0 i my S 192l z2gey
O

Remark 3.6. Unlike what occurs in the linearly decoupled case, linear bounds for a localized initial
datum doy € L'(R) or a nonlocalized one of shift type hoU’, dhg € L'(R) provide in general the
same decay rates. As a consequence, once these bounds are proved, the proof of nonlinear stability
is identical to the one for localized perturbations [30]. In particular, the slow decay rate due to the
Jordan block is compensated for nonlinear terms by the fact that they come in flux form.

3.4. Nonlinear stability. From differential equation (2.6) together with integral equation (3.12)-
(3.13), we readily obtain short-time existence, uniqueness and continuity with respect to ¢ of solution
(v,v4,¢,) € HE(R) x HX=1(R) x HX(R) by a standard contraction-mapping argument treating
most of the terms as sources in a heat equation. Associated with this solution define so long as it
is finite

(3.28) C(t) :== sup [[(v, Ve, ¥a) ()|l ryx K1 (R)x 1 () (1 + )
0<s<t

1/4

Combining linear estimates with Proposition 2.5, we now prove an inequality for ¢ that will yield
global existence of our solutions.

Lemma 3.7. Under assumptions (H1)-(H3) and (D1)-(D3), there exist positive constants C' and
e such that if (dy,Ozho) is such that for some T >0
Eo := ||(do, Ozho)ll L1 mynmxm) < € and  ((T) < €
then, for all 0 <t < T,
¢(t) < C(Bo +¢(1)*).
Proof. 28 By (2.7)-(2.9) and corresponding bounds on the derivatives together with definition (3.28)
and equation (2.14) (used to bound v;),

_1
HN(t)”Ll(]R)F‘IHl(R) S; H(vaivaUﬁxawtvwmwﬁx)(t)uill(]l%) < CC(t)Z(l + t) 2,

(3.29) 12, R, S) Dl 2y S 110, vy s ()3 ) < CCB21 + )73,

so long as ((t) remains small. Applying the bounds (3.14)(i)—(3.19)(i) and (3.23)—(3.26) of Propo-
sitions 3.3 and 3.5 to system (3.12)-(3.13), we obtain for any 2 < p < o

t
[o(8)l| 2o (m) s0(1+t)—%<1—1/P>EO+c¢(t)2/ (1+¢—s)2071/P=3(1 4 5)"2ds
0

< Cy(Ey + CH)H)(1 +1)~20-1/p)

(3.30)

28Compare to the argument of [29, Lemma 4.2], regarding localized perturbations in the decoupled case.
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and, with

(3.31) /0 Pt — $)0,S(s)ds = — /0 B[P)(t — 5)S(s)ds + P (0)S(E) — P (£)S(0),

(Wt W toaa) (B 10y < C(L+£) 72071 (B + (1))
(3.32) +CC(t)2/t(1 +t—5)2(07YP2(1 4 )3 ds
0

< Gyl + C(0)")(1 4 1) 20D,
Since the hypotheses of Proposition 2.5 are verified, from (2.13) and (3.30)—(3.32), we thus obtain
1
(3.33) ()l ey < C(Eo + ¢(6)*) (1 +1) 71
Combining this with (3.32) for p = 2, we obtain the result. O

We are now ready to prove Theorem 1.10.

Proof of Theorem 1.10. As already mentioned, short-time existence and uniqueness ensuring con-
tinuously in time (v, vy, ;) € HX(R) x HX~1(R) x HX(R) are proved in a standard way. There-
fore, by Lemma 3.7 it follows by continuous induction that solutions are global in time and satisfy
((t) < 2CEy for t > 0, if Ey < min({1/4C?,¢,e/2C}), yielding by (3.28) the result (1.13) for p = 2.

For any p, < oo, applying (3.30)—(3.32), we obtain (1.13) for 2 < p < p, with a uniform constant
C. Now rewrite (2.8) as R = R1 + 0;R2 with

Ry = —vify — kv & + kU, : Ro = kv b .

Taking p, > 4 and estimating

3

(3.34) 1(Q:R1, R, S) (W) L2y S (0, %5 Yy ) ()| 74y < CEo(1 +1) 77

in place of the weaker (3.29), then applying to integral terms (3.17)(11) in place of (3.17)(i), we
obtain, bounding again the 0;S contribution using (3.31),
(3.35)

t
(8, Y ) () -1y < C(L+ 1)~ 2071P By 4 CE3 / (14t —s)720/2/P=12(1 4 g)=3ds
0

< CEo(1 +t)~2(-1/p),
for 2 < p < oo. Likewise, using (3.34) together with bound

1

QRO 1y + (R, S) ()| gy S Eg(L+18)72

obtained from the bound on (, and
/ St — )0 / 5 (t — £)S(s)ds + S(0)S(t) — 5(1)S(0),
instead of (3.31), we may use (3.19)(ii) rather than (3.19)(i) to get, provided | + 2m < K — 3,

t
105070 (t) | Loy < C(1+t)‘%<1—1/p>EO+CEg/ e~t=9)(1 1+ 5)"3ds
0

t
(3:36) + CEg/ (14— ) 302 UD-5(1 4 g)-Hds
0

< C Ey(1 +t)~2(1-1/p)
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and achieve the proof of (1.13) for 2 < p < 0.
Estimate (1.14) then follows through (3.12) using (3.17)(i) and (3.23), by

t
()| ooy < 0E0+0E§/ (1+t—s)"2(1+s) 2ds < CEy,
0

yielding nonlinear stability in L since
w(x,t) — U(z) = a(z,t) = Uz +¢(z,t) + Uz +(x,t),t) — U(z)
so that, by Lemma 2.7,
1a(t) = Ullpooy S lo@)llzeo) + 190 oo w12t oo ) + 18] Lo ) sUP [T7] -

)

Finally, Lemma 2.7 provides (1.15). O

In proving Theorem 1.10, we actually got or could get more estimates than announced. Since
we need these extra estimates to prove Theorem 1.12, we record here for later these other bounds.

Proposition 3.8. Under the assumptions of Theorem 1.10 and with its notations, for 2 < p < oo
andt >0,

o)l oy S Eo(1+1)"21/P)
(3.37) 10L0F™0(t) | oy S Eo(1+1t)~
lo() | gy S Boll+1)~
when 1 <[ +2m < K -3 and when 3 <l+m andl +2m < K +1
(W6 o) (Ol o) S Eo(1 + ¢)"20-1/7)
(3.38) (Wt s ) ()| oy S Eoln(2 +)(1+ 1)~
1L (1) | oy < Bo(l+ )71,

[

»

-

u>

where v is as in (2.5).

Proof. Estimate (3.37)(i) is (1.13)(i) and (3.37)(iii) follows from the bound on (. Estimate (3.37)(ii)
is proved incorporating extra decay obtained from differentiation in (3.36).

Estimate (3.38)(i) is (1.13)(ii). Bounds (3.38)(ii)-(iii) follow along the lines of (3.35) benefiting
from extra decay provided by differentiation. O

4. BEHAVIOR

The first step in going from Theorem 1.10 to Theorem 1.12 is to obtain a refined expansion of
the solution operator S(t) = e, allowing us to split further the integral equation (3.11). This
proceeds by refining the spectral expansions from which they ultimately derive.

4.1. Refined spectral expansion and decompositions.

Lemma 4.1 ([48, 49]). Assuming (H1)-(H3), we may choose a parametrization in such a way that,
for the quantities involved in (3.5),

(4.1) e qn+1(0) = kU i1 -
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Proof. We have already observed that the proof of Proposition 1.7 provides
L()(agqn+1 (0) - llziakUl(M’E)) € E().

The latter point implies that J¢gpn11(0) — il_fakU| (ir,k) € Xo- Therefore, we only need to show that,
for 1<j<n+1, (g0),%an+1(0)) = (¢;(0), kU y)-

Moreover, the proof of Proposition 1.7 also yields (g;(0),0¢qn+1(0)) = 0 for all j # n + 1.
We may assume that this relation holds for j = m + 1 by normalizing ¢,+1(£) according to
(Gn+1(0),gn+1(€)) = 1. Indeed, once this is done, expanding to first order in £ this normaliza-
tion and the duality relation (Gn+1(§), gn+1(§)) = 1 provides the desired cancellation.

Now from the second part of (A.3)(iii), we already know (g;(0), il_ﬁakU‘(MJ;)) =0forall j # (n+1).
Moreover, up to changing parametrization by a k-dependent shift, we may add to 8kU|(M7,;) a
suitable multiple of U’ and get

(4.2) (Gn+1(0), ik Uy 57 7)) = O.
This yields (4.1). O
Accordingly, following [26], we refine (3.7) and re-express S(t) as
(4.3) S(t) = RP(t) + RM(t) + R(t),
where
(4.4) Rp<t) = (U/ + &Jj ]_fam) €n+1 ° Sp(t),
with sP as in (3.8),
n+1 0
(4.5) RM(t) .= oy U - sM (1), sM(t) = Z sj-w(t), sj-w(t) = |Id, l;:azs?(t),
J=1 0
and
(R(t)g)(x) :_/_ e (1 —a(é))(ewfé(é))(ﬂﬁ)dﬁﬂL/_ () (e I1(€)g(€)) (x)dé
(46) T n+1 quad ~
v [ esate 3 0 DB 60,50 a6
- =
with

¢;1_Ufld(£’ "L‘) = ¢j (67 ,I) - (Zl%g) Z BI(J) (5)%(07 ':E) - szjll(é) (anrl(Oa :E) + gafanrl (07 SU)),
=1

where « is an already introduced smooth cutoff supported where |¢] < &, TI(€) is, as defined in

(3.10), the complementary projection of IIP(£), the spectral projection on ¢ := Span{¢;(§) ?ill

With (4.4)-(4.5) in mind, for @ satisfying (1.1), we may refine the nonlinear decomposition (2.5)
into
z(x,t) =z — P(x,t),t) — U(z) — OpU (x) kb (z,t) — OpgU () - M (2, t)
= v(z,t) — U () kb (x,t) — OpU(z) - M(w,1)
where v(x, t) still satisfies (3.12), and M (x,t) is defined through (4.8)(iii) just below. Further, recall
do := to(- — ho(-)) — U, and let x be the smooth cutoff function of (3.12)—(3.13), with x(¢) = 0 for

t <1/2, and x(t) =1 for t > 1. With definitions (4.3)—(4.5), we have the following lemma.
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Lemma 4.2. For N as in (2.6)—(2.9), the nonlinear residual z defined in (4.7) satisfies

2(t) = R(t)(do + hoU’) + /O tR(t — )N (s)ds
+ (1= x() (RP(t) (do + hoT") — hoU" — 04T kduho + /Ot R (t = $)N (5)ds),
(4.8) P(t) = epy1 - sP(t)(do + hoU’) + /Ot ent1 - SP(t — s)N(s)ds
— (=0 (enrn PO+ b0 o+ [ e )N (5)ds).

t
M(t) = sM(t)(do + holU’) + / sM(t — )N (s)ds.
0
Proof. Recall, (3.12)—(3.13), that we have chosen 1 so that ¢ and v satisfy both (4.8)(ii) and

v(t) = S(t)(do + holU’) + /0 t S(t — s)N(s)ds

(4.9) t

+ (1= x()) (Ulen—l-l - sP(t)(do + hoU’) — holU" + /0 U'entr - sP(t — s)N(s)ds),

where S(t) = S(t) — U'ent1 - sP(t). Using now z(t) = v(t Ul_fw (t) — O U - M (),
R(t) = 5(t) — O)U kOypeny1 - sP(t U - sM(t),

) —

) —
and RP(t) = (U' + OpU kOy) eny1 - sP(t), RM(t) = opU - s ( ), equation (4.8)(i) follows from
(4.8)(ii)-(iii) and (4.9). O

We now establish the refined linear bounds needed to estimate the terms involved in (4.8)
4.2. Refined linear stability estimates.
4.2.1. Refined basic estimates.

Proposition 4.3. Under assumptions (H1)-(H3) and (D1)-(D3), for allt > 0,1 < j <n,
2 <p<oo, and for somen>0,0<I+2m < K+1, and2<p<oo

| <min{<l+t> 201D g] gy

~ +m
N —nt . 1+ ¢)-30-1/p)-3
Lo R(g|| < min { lollzzzmencey + (1+1) 72 lollzs g
2

8[”3]-\/[(

2 g‘ LP(R)

(1+1)72027YD=52 | g 12 g
(4.10) ) ]
‘ e\ g || grvzme gy + (1 + )72 (H/271/P)= 2||9||L2(]R

and, for1 <r < K +1,

L(1-1/p)- 2 -4
(4.11) Lo (n0gg|| < min (107207 5 gl
LP(R) (1+t)*5(/ /p)fifillgHLz(R
3 . |6 m 4+ (14 )" 3(1-1/p)—1
(4.12) ‘ xa;”R(t)a;g’ <minl¢ tH ngHm fim) + ( )_i(l/z_l/p)_ulg|yﬂ(m
e e 09l rvamirmy + (1 +1)72 lgll 22y

Proof. Bounds on sj-\/[ follow directly from known bounds on s¥, whereas the proofs of estimates on

R are completely similar to the proofs of bounds on S in Proposition 3.3, with extra decay coming

from a higher-order expansion of ¢;(§), leading to an extra £ factor in the third term of (4.6). [
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4.2.2. Refined linear modulation bounds.

Proposition 4.4. Under assumptions (H1)-(H3) and (D1)-(D3), for allt >0, 2 < p < oo, and
0<l+2m<K+1,

+m
(4.13) 1050753 (£) (hoU") | Loy S (1 +t)ié(lil/p)i%HaachOHLl(R)7

(4.14) 1050 R(t) (hoU")| Loy S (1+1) 2 30139, holl L1 (®)net+em+1(m)-

Proof. Again, bounds on séu follow directly from known bounds on s%, whereas the proof of esti-

mates on R is completely similar to the proof of bounds on S in Proposition 4.4, with extra decay
coming from the higher-order expansion of ¢;(§), leading to an extra ¢ factor in the third term of

(4.6). O

4.3. Refined nonlinear stability estimates. With these preparations, we obtain the following
refinement of Theorem 1.10.

Proposition 4.5. Under the assumptions of Theorem 1.10, for allt >0, 2 < p < oo,

elw

(4.15) 2]l ey S Eoln(2+1¢) (1+1¢)73
10LO () | oy S Eo(1+1)7%,  1<i+2m<K -3

and
1M (8)| Loy < CEo(1 +)2(71/7)
(4.16) 1My, M) ()| oy < CEon(2 +£)(1 + )~
1L M (#)|| oy < CEo(1+1)71,
)

Bl ~—

l+m>2, I+2m < K+ 1.

Proof. By (3.38) and (3.37), we find
IN(t) | gy < CEo(1 + 1)~ 1.

Applying bounds (4.10)(i)—(4.12)(ii) and (4.13)-(4.14)(i) of Propositions 4.3 and 4.4 to the system
(4.8), we obtain for any 2 < p < oo,

t
12(t) || o) < CEo(1+ )" 2071/P)=3 4 CEO/ (14t —s)"21/27/P=1(1 4 §)~1ds
0
< CEyln(2+1) (1+14)71,

verifying (4.15)(i). Estimate (4.15)(ii) is proved in the same way dropping the log term thanks to
an extra decay of (14t — s)~'/2 in the integral. Bound (4.16) follows similarly as for the previous
bounds on ¥, ;. O

This verifies the estimate (1.16), thus validating the ansatz (1.6). It now remains to establish
comparisons with solutions of (1.7). Note that, as explained in Appendix B, taking into account
simplifications due to asymptotic equivalence of quadratic approximants and the change of variables
(Id — w(-,t)) 1, it is sufficient to prove comparisons with solutions to system (B.36), which we do
below.
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4.4. Quadratic approximation. Before entering into comparisons with the Whitham equations,
we identify now the main part of the nonlinear terms. To this end, we first need estimates revealing
the characteristic speeds of each of the linear parts. For this purpose, we introduce for a; as in
(3.3)

Dj = 8t + a; I;Zax .
Then setting
(417) V=890, V=590,

we define the following total derivatives

n
= D ViD;Vi .
j=1
Note that, more compactly, we actually have

dF, o ¢ _ _
D = 9, + (MLE) ) _Gld ) kD, = O + AkD,.
—dw 7 &
|(1,%)

Lemma 4.6. Assuming (H1)-(H3) and (D1)-(D3), for allt >0, 2 < p < oo,

s(1-1/p)—15n
Lom DsP(t gH . (1+1)72 l+m2”g”L1(R 7
) ST (1) B0 g
1 I+m
D )
o' DsP(t) (9L <
L DL, ’“mm{aﬂ)—%m R sl P,
when 1 <r < K+1,
(4.18) oo Ds @)t |, S QT 0o ey

and, for g periodic of period 1,

L

+m
(4.19) | # |0, holl 2

~

A Ds (1) (hog) |, S (14+1) 73070

Proof. From the observation that

(4.20)
n+l ) ifa. -
L D D0l = 2 [ atgreeres O ey 3,60). ()
n+l o - y y ~
P / (e e LI ey 6 7 (50706) - 97(0)) Gy (9).9(6) g

7.]_

with for all 7, 5’
N(€) +iga; = OE%),  (\i(€) +ikay)V; - (BY)(€) — BYUI(0) = O(&?),

the proof follows the lines of previous estimates on s?. In particular, the discrepancy between decay
rates in (4.18) and (4.19) is due to the fact that (4.18) benefits from cancellations

<¢~)j(0)70/> = 0, forall 1<j<n+1.
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Remark 4.7. The fact that in (3.8) we have kept 3;(§) instead of 5;(0) precludes similar higher-
order estimates; indeed, it may be readily checked that application of D? does not enhance decay
by (1+1t)74.

The previous linear estimates may be transposed to the nonlinear level as follows.

Corollary 4.8. Assuming (H1)-(H3) and (D1)-(D3), the phase 1 of Theorem 1.10 and the mean
M of Theorem 1.12 satisfy for allt >0, 2 < p < o0,

(4.21) 92 (t) + Ede g gy (M (1), ko () | ogry S Eoln(2 +¢) (1+ )~/
10,07 D (M (t), kb (D)) | oy S Eo(1+1)7%/%, 0<i4+2m+2<K—1.

Proof. Completely similar to the proofs of (3.38) in Proposition 3.8 and (4.16) in Proposition 4.5.
(]

Now the next lemma pulls out the dominant part of N (¢).
Lemma 4.9. Assuming (H1)-(H3), (D1)-(D3), we have
N(@t) =0 (M@ fhas - M(t) 4+ Kby () fRry - M(E) + f2 (ke (t))? + r1(t))
£ 0, (M)TG0y - M) + Fe(0)g00 - M(E) + ghy (e (6)% + 72(0))
where f;’k, g?k, are periodic of period 1 and [|rj()||p (r) S E2In(2+t)(1+t)~L, explicitly

Fruss = —F S F(0)(On U O 0) + Frse ongU,
forr = ~kd*f(U)(0xU, 00U) + koxe U + koxU Oprc + kOp U,
fin =k %cﬂf(ff)(akﬁ, O0) + kdke 00 + U + kU’
and
Ium =0, Gy = %8MU, o = %akU.

Proof. This follows by a direct, but tedious, computation, using estimates (3.38), (4.15), (4.16) and
(4.21), formulas from Lemma 2.3 and v = z 4+ U ko, + OpU - M. O

4.5. Comparison with the linearized Whitham equations. Now we begin comparisons with
the Whitham equations by proving that the dynamics described by sP(t) are well-approximated
by the evolution of the linearized Whitham equations. To this end, we linearize about w = 0 the
quadratic approximant of the second-order Whitham system (1.7) and get

(4.22) wi + kAawy = K2 Bavg,.

We begin with some observations about (4.22).

Lemma 4.10 ([48, 49]). Assuming (H1)-(H3), the coefficients aj, b; of the expansion \;(§) =
—ik&aj+(ik€)*b;+0O(£3) given in (3.3) are given by the eigenvalues of the simultaneously-diagonalized
coefficient matrices Ay, By, respectively, of the linearized quadratic approximant (4.22).

Proof. The first-order relation has already been established above in Proposition 1.7. The second-
order relation essentially follows from the fact that the processes of linearization and formal expan-
sion commute. The exact computations depend on whether we obtained the modulation system
with the strategy followed in Section B.1.1 or with the one in Section B.1.2. In the latter case, com-
putations are rather light while in the former case they are quite tedious but completely similar to
those in [48, 49] in the context of the Saint-Venant and Korteweg-de Vries/Kuramoto-Sivashinsky
equations. See also the proof given in [18] in the case of the Kuramoto-Sivashinsky equation. [
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Remark 4.11. It is worth mentioning that the diffusion matrix of (1.7) is uniquely determined only
up to asymptotic equivalence, i.e., it is B, and not B, that is uniquely returned by the process of
formal expansion. The relation between b; and o(B,) was used in [18] as a means to verify the
spectral stability assumption (D2) for the critical eigenvalues R\;(£) ~ k2Rb;£2. However, in the
more recent studies [5, 6], we find it more convenient to instead verify (D2) entirely by numerical
Evans function study, determining a; b; at the same time by numerical Taylor expansion.

Lemma 4.12. Assuming (H1)-(H3), the solution operator 3(t) of the linearized quadratic approz-
imant (4.22) is given by
n+1

T
= 2 OV,
j=1
where the o(t) are solution operators of the convected heat equations
up + ajl;:ua; = bj/?um,
and the vectors V; and f/] are defined in (4.17).
Proof. This follows by a straightforward diagonalization argument. O
We now come to linear comparisons, i.e. we aim to verify that the dynamics described by sP(t)

are well-approximated by the evolution of the linearized Whitham equations (4.22). To write the
comparison results as compactly as possible, we introduce the operator Z defined by

(4.23) Tg(¢) =

Note that Z can be identified as the convolution with a step function, and hence takes L!'(R) into
L>(R).

Proposition 4.13. Assuming (H1)-(H3) and (D1)-(D3), let ¥(t) be the solution operator of (4.22)
and g be a periodic function on [O 1], g € H'([0,1]). Then, for allt >0, 2 < p < oo,

|0LsP () (hoU’ + d) — k S(t)Z, <d ~ - <ﬁ>)axh0> HLp(R)

kOzhg
(4.24) C1(1—1/p)_1,_ 1=t
< JA+1) f(l VP2t (||0zhollpr mynpe ) + i @ynpeo®)), 1> 1;
(1+ t)fi(lfl/p)(||aa:h0”L1(R)mL2(R) + 1]l L m)nL2(®)) =0

Z a{Ql 0rg el]a ho H
= LP(R)

(4.25) k(Gn+1(0), 029) Oz ho
A+ S | gy, (2T
~ l )
(1 +) "2 VP 0pho | 1 )2 w) =0
1 Ozh
055 (1) (hog) — = S(1)T, <<g>0 °) | o ey
4.26 _
(426) U+ 0 o ey 121
~ 1 .
1+ £)72 Y20, ho |l 1 vy w) 1=0
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Proof. (i) (Proof of (4.24), case hg = 0). Following the proof of (3.14) in Proposition 3.3, we
obtain that the difference between 9.LsP(t)(d) and the function

n+1

SUNIRE0Y / el st TN (i) 50)(0)(3,0. ). 6. ) o1y
is bounded in LP(R) by (1 + t)fé(lfl/p)finHLl(R). Since for 1 < j <n+1 and || < 7 we have
59,0, .6 Doy = Vi (“UG) = v (19).

the function in (4.27) is recognized to be the low-frequency part of %Z( )ZOL < >, whose high-

frequency part is still to be bounded. When [ = 0, we bound it in LP(R) by Ce~ ”t||dHL1/(1/p+1/2)(R)
using, for 1 <j7<n+1

< e_nt

H§ ~ 6_15%]-5%5—1‘ L2(R\[-m,m]) ™

for some n > 0. When | > 1, however, we bound the high-frequency part of %E(t)Ié?i (g) in

LP(R) by th%e_”tHdH L»(R), Tecognizing it as the convolution of d with a kernel that is bounded
pointwise (using Haussdorff-Young estimates) by

1
2

14 %

o
x — Ct 2e M

which is bounded in L'(R) by Ct~ Se —nt for some 1 > 0.

(ii) (Proof of (4.24), case d = 0). Following the proof of (3.23) in Proposition 3.5, we obtain
that the difference between d..sP(t)(hoU’) and

(4.28)
n+1

z %Z / lsrel ke, f”tl-g( i) BY)(0)(95(0, ). T'lo(&, -) — ho(&)]) 20,145

n+1

+Z / ¢i67e(~ihasE=k2b;E)t f§< i€)189)(0)((0, ) + € Be; (0, -), U'ho(€)) L2(j0 17y d€

is bounded in LP(R) by (1 + t)_i(l_l/p)_iH@xhoHy(R). Now, as in the proofs of (3.24)-(3.25) in
Proposition 3.5, we observe that, for 1 < j <n+ 1 and & € [-7, 7],

<<z~5j(0), ﬁ’[ho(ﬁ) _ EO(S)D — _{7]. . ([(U - <U>())axho]A(f)) + ifffj . ((U, [710(5)0— ho(fm)

(05(0) + £ 0e6;(0), U'ho(&)]) = £(0¢;(0), U') ho(&) = Vj‘<,—€§jh0>-

Up to a term that is also bounded in LP(R) by (1 4 ¢)~2 2(1=1/p)—3 [0zholl 1 (m), the function in

U = (U))dsho
kd.ho

high-frequency part is bounded as in the case hg = 0 above. This completes the proof of (4.24) in

the case d = 0 and by linearity the proof of (4.24) in any case.
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(111) (Proof of (4.25)). Combining elements of the proofs of (3.14) in Proposition 3.3 and (3.23)
in Proposition 3.5, we obtain that the difference between 9% sP(t)d;(hog) and

n+1
T T2 1 . ) ~ e
o Y [ el N GO B 0)(65(0, ), iho(€)g) 0.1y
j=1777
n+1 T . -7 7.2 2 ]_ . ~ -~
+2 / L TIRETELEN 22 (1) BV (0)(~€ 020650, ), ho(©)g) 2 t0.p
j=177"7

is bounded in LP(R) by (1+ ¢)"20=1/2 =3 |9, ho|| 11 (gy. Since, for 1 < j <n+1and € € [m, 7,

(6;(0,).i¢ho(€)g) = V- <<g>ax0ho<5>>

(4.29) -
C00,065,0. . a(@)g) = T | T2 OO dusen ) G

k(dn—f—l (0)7 8wg>

the function in (4.28) is the low-frequency part of

n

()20 [{g) = > (9eG(0), Dzg)er)Ozho
r =1
k{Gns1(0), 8:9) 0z ho

whose high-frequency part is bounded as above.

e

(iv) (Proof of (4.26)). Following the proof of (3.23) in Proposition 3.5, we obtain that the
difference between 9L71sP(t)(hog) and

n+1

o ik 72y c2y, 1 . -
T — Zl /,r i o(—ikajE—k?b;€ )t%(ig)ulﬁ(y)(o)@j(o, ), ho(€)g) £2(po.17)d€
=

is bounded in LP(R) by (1 + t)*%(lfl/p)fé||8$h0HL1(R). Again this function is the low-frequency
part of the expected term, whose high-frequency part may be bounded as in the proof of (4.24) in
the case hg = 0. O

Note that, since A, and ¥(¢) commute, combining (4.26) with (4.19) we obtain for any periodic
function g the bound
h
<gé 0> e (m)

VD=3t 0ol ey 121,
(1—1/p)|

105.8:°(£) (hog) + (1) A0,

<{(1+t)‘
T+t

= N /‘\

|0zhol| L1 (R)nL2(R) 1 =0.

4.6. Nonlinear connection to the Whitham equations. Before proving that the local means,
wavenumber, and phase are indeed well-approximated by solutions of the appropriate Whitham
equations, it is necessary to compute some averages involving the main part of the nonlinear term
N identified in Lemma 4.9. This is the purpose of the next lemma.
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Lemma 4.14. Assuming (H1)-(H3) and (D1)-(D3), we have the identities

L ({Frae) =12 {06 (0), 0ufpnsden | (5312\41”;@5,15) +<’9MC|<M,12)>
];/‘ _ =1 - 192 0 - = )
k{Gn+1(0), 3z frrar) 29MY|(M F)
i <fk:pM> - ZZ<856l(0)7axf]§M>el A <<91%M>> _
k _ ~l:1 *
k<qn+1(0)78xfkpM>
%\ Flny + Okeirtd — £ (9nFioar ) — 1)
i\ ) ’
L) =i 2 @) 0ufider | 4 (k) _ (=20 Fignp — xOFlann
];? =1 * 0 %8130‘)'(1\_47]2) )

E(‘jnJrl (O)a aa:f]?k>
Proof. Simple means are computed directly, for example
A <<9}?M>> _1 <3MF|<M,k> —51d> .
To compute the remaining terms, we first use the identity Id = Z?ill V}VJT and come back to
(4.29). Using the algebraic identities (A.3)(iii), (A.4), (A.5) and (A.6), then, we find that
1_- 1
Oufrin = §U' Ry — §L0312\4U|(M,15),
Oufony = —U' kdiareyingy — LoiniUygin iy
1, 1 1
Now, observe that, for 1 < j < n + 1, expanding the fact that for, |{| < &, gz;j(ﬁ) is a left
eigenfunction of L¢ associated to A;(§) yields for any periodic g the identity
o - - g -
066,00 Lag) = K0, LVg) + ak(6,0).0) = 0% - () v, (1)),
Since, for 1 < j <n+41,
i(0:0;(0),U") = —Fk,

the proof of the lemma is then achieved by simple direct computations. ]

We have now in hand all the pieces needed to achieve the proof of Theorem 1.12.

Proof of Theorem 1.12. Estimates (1.13) and (1.19) already follow from Proposition 4.5 together
with Lemma 2.7.
Using Duhamel’s principle we may write (B.36) as

T
My B do + m(ho) ", 1 [ My My
(kw) (1) = z(t)< v )t [ B0 s)agg(5 I )(s)ds,
where m(hg) := —(U — M)0,ho and X is the constant-coefficient solution operator defined in

Lemma 4.12. On the other hand, using Propositions 3.3, 3.5 and 4.13, and Lemmas 4.9, 4.12
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and 4.14, we find that

(;‘jj&) = 3(t) <do ;8172(0%)) + /Ot Y(t — 8)0y (% <kﬂjx)Tr* <k]1\fx> )(s)ds +7P(1),

where the residual 7P (¢) satisfies the bound
|72 @) o) S Boln@+¢) (1+)7207Y/P73, 2 <p <o,
where Ej is defined as in Theorem 1.10. Thus, subtracting and defining § := (M, ki) — (M, kw),

we have
5(t) = /0 t S(t — s)@x(%éTI‘* (;‘j) v % <A]fVVVV>Tr*5) (s)ds + 7P (t).

Letting n > 0 be fixed but arbitrary and defining

p(t) = sup sup [[0(s)]|Lnry(1 +5)20 7P,
PE[2,00] 0<s<t
we thus obtain by the standard bounds (see [41]) [|S(6)0, f|| Loy < Ct~ 2/ VP=3 | f|| Loy when
1 <q<p<oo,that, for any 2 < p < oo and all £ > 0,

t/2
16 | oy S Eoln(2 + 1) (1+1)" 207125 4 / (t — 8)"3=YP) =3y (4) (1 + 5) " +7ds
0

t
+ / (t — )" 227D =3, (1) By(1 + )5 ds
t/2

< Eo(u(t) + 1)(1 + )20/ —a+n,

which in turn yields v(t) < CyEp (1 + v(t)). Thus, if Ey < 1/(2C}) it follows that v(t) < 20, Ey
for all t > 0. This provides the needed bounds on (M — My, ki, — ky). Using these bounds a
simpler computation yields the result for ¢y — . ]

Remark 4.15. Though the computation of quadratic coupling coefficients is heavy going, we note
that already from Proposition 4.13 and Lemma 4.12 one may conclude that long-time behavior
is governed to leading order by some “Whitham-like” system (B.27), with no computation at
all, since in the Duhamel formulation the principal part of nonlinear terms factors on the left as

JES(t = 5)00 (... ) (s)ds.
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APPENDIX A. ALGEBRAIC RELATIONS
We record in this appendix some crucial relations obtained by differentiating the profile equations.
In order to differentiate, we here consider variable parameters (M, k) rather than fixed values (M, k),
imposing dependence implicitly through the profile equations (denoting (a) := fol a):

(A1) K2U" — k(f(U)) + keU' =0, (U)y = M.
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We expand Lg = Lo + ik L) + (ik€)2L?) with
Lov = k*" —k((df)(U)v) + kev' ;

(A.2) LWy = 2k — (df)(U)v +cu;
L@y = v,
Then, by differentiation of (A.1), we obtain
LyU =0, Uy = 0;
(A3) LooyU + kU’ oyec=0, <8MU> = Id;

LoowU + kU Ope + LU =0, (O U) = 0.
Accordingly, with w = —ke, using LOU’ = kU”, we have
<d’U>=0,

(A.4) Lo 0%,U + 2k (Opre) (00 U) — k[(d?£)(U) (00U, 0y U)] = —U' k03¢,

Lo32,,U + k(9ke)(OmU) +k (Orc) (0,U) — k [(d*f)(U)(0kU, 00 U))

A5
(4.5) + k(OyU) = —U'kd%,c,

(A.6) Lo 02U + 2k (9yc) (O U) — k(A2 £)(U)(ORU, O U] + 2k (8,U)" = —U' k3¢ .

APPENDIX B. THE WHITHAM EQUATIONS AND ASYMPTOTIC EQUIVALENCE

In this appendix, we explain how to obtain the needed formal averaged modulation system for
comparison to our analytical description of asymptotic behavior. This is performed in three steps.

(1) First, we develop a direct WKB-like formal approximation. At this stage we obtain a system
that may contain harmless irrelevant terms.

(2) Next, we use known results about large-time asymptotic behavior of systems of conservation
laws about constant states to get a canonical form for the averaged modulation system.

(3) Finally, we adapt the system taking into account the fact that the analysis of the main part
of the paper is carried out after an implicit nonlinear change of coordinates.

B.1. Formal asymptotics. Though the full nonlinear analysis may be carried out without dis-
tinction between linearly coupled and linearly uncoupled cases, the formal derivation of averaged
equations involves resolutions of systems of the form Lgg = h and therefore requires knowledge of
the kernel of Ly. We are thus compelled to provide two separate derivations.

Besides, there are at least two ways to obtain relevant averaged equations. The first one is to
develop a full WKB-type expansion as in [48, 49], extending the procedure in [62] to get higher
order equations. This method provides the hyperbolic part of the averaged system in a quick way
and a nice form. Its main drawback is that it requires a knowledge of the kernel of Ly for all waves
close to the wave under study essentially reducing the scope of the method to the nondegenerate
case or to a fully degenerate case where dj¢ would vanish in a neighborhood of the studied wave.?
The second method is designed to study dynamics about a given wave, so that it does not suffer
from the same flaws; moreover, it is closer to our nonlinear analysis, and yields a semilinear system.

We derive the system for the generic case with the first method and the one for the linearly
uncoupled case with the second one. Note that both methods provide averaged systems with
diffusion matrices containing terms that are not relevant for our present analysis.

29 situation that trivially occurs when some symmetry is present, see Remark 1.27.
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B.1.1. Generic case. To treat the linearly phase-coupled case, we essentially borrow the derivation
of [49] for the Korteweg-de Vries/Kuramoto-Sivashinsky equation, a model for which linear phase-
coupling is a consequence of assumptions (H1)-(H2) and (D3). In the present derivation, we assume
that all the waves involved in the slow-modulation description satisfy (H1)-(H2) and (D3) and are
linearly phase-coupled.

Since in this derivation there is no reference wave, thus no privileged frame, we go back to the
original equation

We are looking for a formal expansion of a solution u of equation (B.1) according to the two-scale
ansatz

(B.2) u(z,t) = U(W;s:v,st)

where

(B.3) Uy, X,T) =Y &U;j(y; X,T) and ¥(X,T) = &/T;(X,T),
j j

with the functions U and U; being 1-periodic in the y-variable. We insert the ansatz (B.2,B.3) into
(B.1) and collect terms of the same order in ¢.

First this yields, with ¢ = dr¢g and kg = Ox VYo, Qo 8yU0 + Ko 8y(f(U0)) = IQ(Q) 8§Uo, which is
solved by

(B4) QO(X7T) = _kO(X>T) C(MO(X>T)7HO(X7T))a
' Uo(y; X.T) = Uly; Mo(X,T),ro(X,T)).

We have disregarded in (B.4) the possibility of a phase shift dependent on (X,T) since this is
already encoded by ¥;. We will have to rule out similar problems of uniqueness in the following
steps. At this stage the compatibility condition 0rdx Vg = 0x0r¥g already yields the first equation
of a Whitham’s modulation system:

(B.5) Orko + Ox (HO C(./\/lo, Ho)) = 0.

In the rest of the derivation, we will use the notations of Proposition 3.1 and Appendix A, with the
convention that operators act in y and are associated to the wave profile U( - ; My(X,T), ko(X,T)).
To fix some of the uniqueness issues of the ansatz, we pick, for any (M, k), u®¥(-; M, k) a gen-
eralized zero eigenfunction of L§ such that <uadj,8MU‘(M,k)> =0 and (u U'(-; M, k)) = 1, set

ugdj(y; X, T) = u¥(-; Mo(X;T),ko(X,T)) and add to the ansatz the normalizing condition
(B.6) (wg? Uj(:X,T)) = 0, j#0.
The next step of the identification process gives, with Q1 = 0r¥; and k1 = dx V1,

(Ql+C(M0,I€0)I€1)8yUU — K1 L(l)ayUo — LoU; — L(l)aon
(B.7)
— axKoL(2)ayU0 + OTU0+c(M0,/<O)8XU0 = 0,

whose solvability condition reads

(B.8) Or Mo + 9x (F (Mo, ko)) = 0,
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where F' denotes the averaged flux F(M,k) = (f(U(-;M,k))). To proceed, for arbitrary (M, k)
we introduce g*(-; M, k), g"(-; M, k) solutions of

(B.9) Lo(¢*(-sM,k) = — LYORUarky — OxFiarn) — L<2)U|/(M,k)

— Uy K Okeyar iy — (OmUjarey — 1d) Ok Fj(ar i)

(B.10) Lo(g™ (s M, k) = —LWnUjarry — O Fiarr + ¢joapld

—0kU\arky K Onreyarky — (OmUyar gy — 1) [0 Flar vy — €)ar k) 1d]
orthogonal to u®¥(-;M,k) and set g = (¢™ ¢*) and go(-; X,T) = g(-; Mo(X,T),r0(X,T)).
Then with (B.5)-(B.8) and (A.3) equation (B.7) reads

- oxM
(B.11) Lo (Ul — dUl(Mo,Ho)(';Ml”“) — 90 <3)§(/<;00>>

= (Ql + Hodq(MO’,{O) (M1, Hl) + C|(Mo,ko) /ﬂ) ayUo
for any choice of M;. Let us set M; = (Uy). Choosing M, to get

(B.l?) O + Ko dC(M(), :‘i()) [M1, /11] + ¢(Mo, Ho) k1= 0
and normalizing the parametrization, as in Lemma 4.1, to get, for any (M, k),
(B.13) (u (5 M, k), 0kU|(ar.0)) = O,

equation (B.11) is reduced to

Ul = dU‘(Mo,fio) ('A;llvﬁl) + 9o (

ax./\/lo
axl-i() ’

6XM0>

axlio
My = Ml + (90) <

Then, compatibility condition Ork; = dx {2 yields
Orsir + Ox (Kodei(wmo o) M1 B1]H€| (Mo o) K1) =

(B.14) P
Ox (HO@MC(MO’KO) 90) < 5}(%0(])) .

Returning to the identification process, we obtain an equation of the form
ortu, + 8x(df(U0) Ul) — 8§(U0 — LUy + 8y( cee ) = 0,

whose solvability condition is

8)(,%0
oxM
+ Ox <8MF‘|(M0,H0) {g0) < X 0)) .

To write the second order system in a compact form, let us introduce, for arbitrary (M, k),

dl 1(M7 k) = Id- <df(U(M7 k))gM(M, k)) + aMF(-]W7 k) <9M(M7 k)>

Or My + Ox(dF (g ) M1 m]) = 03 Mo — 0x ((df(Uo) %) <3XM0>>
(B.15)

dio(M,k) = —(df(U(M,k))g"(M,k)) + 0n F(M, k) (g"(M, k))
d2,1(M7 k) = kaMc(Mv k) <gM(M7 k)>
d2,2(Ma k) = kaMC(Mv k) <gk(M7 k)>
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With these notations, systems (B.5,B.8), (B.14,B.15) coincide with the first systems obtained in
the formal expansion of a solution (M, k) of

{atM + 0(FIM, k) = 0, (d11(M,K)IeM +di2(M, k) Ork)

B.16
( ) Ok + Op(ke(M,K)) = 0y (d21(M, k)0 M+da2(M, k) Ozk)

according to the slow ansatz

(B.17) (M, k) (z,t) = Y el (M, k) (ex, et).

J

We call system (B.16) a (second-order) Whitham’s modulation system.

B.1.2. Phase-decoupled case. For the phase-decoupled case, we propose an alternative derivation
that would also work for the uncoupled case. We pick a wave of parameters (M, k) and assume
that it satisfies (H1)-(H2) and (D3) and is linearly phase-decoupled.

We again insert the ansatz (B.2,B.3) into (B.1) and collect terms of the same order in ¢ but this
time we specialize to (Mo, ko) = (M,k). We keep (B.6) as ansatz normalization and (B.13) as
parametrization normalization. The first nontrivial equation is with (Q;, 1) = (OrV1,0x V1)

(B.18) (Ql—i-C(M,]%)Iﬂ)U/—/il L(l)f], — LUy = 0

which may also be written as

Lo (Ur = Uy (-5 Ma,51)) = (0 + kOke(M, K) k1 + (M, k) k1) U

for any M. Solvability yields
N + kOpe(M, k) K1 +c(M,k)ry = 0
and with our normalization choices (B.18) reduces to
Ur = dUjgr gy (Ma, k1), Mi = (Uh).
Compatibility condition Ork1 = 0x {21 already gives
(B.19) Ork1 + 3X(/;:8kc|(M7,—€) k1 +c(M,k) K1) = 0.
At the next step of the identification, we get with (2, k2) = (Or¥a, Ox ¥2)
(Qo + c(M, k)ro) U — ko LWU' — LUy — LWoxU;
— (") LAT" — gk LOU] — 0xr LOT’

+ (Ql—FC(M, ]Z’)K,l)U{ + OTU1+c(M,I_c)8XU1

+ ko, (;d2f(U)(U1,U1)> + k10y (df(U)) Uy = 0,
which may also be written
(B.20) Lo (U2 — AUy (-5 Ma, ko) — %dQUHm)(-;(Ml,m),(Ml,m)))
= OpU; 4 (M, k)oxUs — Oxri LPU — LWoxU,
+ (m (N, F) g — %d%(M, k:)((Ml,m),(Ml,m))> 0
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for any M. Solvability then reads
(B.Ql) orMi; + 8x(dF|(]\7[j€) (M1, /il)) = 0,

_ 1 o
(B.22) Qy — Oww(M,k)ry — 5d?w(M, k) (M1, k1), (M1, K1))

= Oxr1+ (W' (M, k), LDORU, 3z 1)) 0x k1 + (Y (M, k), LY Oy Uz 1) Ox M.
Note that the latter equation yields
o 1 o
(B.23) Orka — Ox <8kw(M, k) Ko + §d2w(M, k) ((Ml, Iﬂ), (Ml, Hl))>
= 8?@51 + Ox ((uadj (M, ];:), L(l)akUKMJ‘Cﬂaxﬁl + <uadj(M, I;Z), L(l)ﬁMU‘(M,,;)WXMl) .
To proceed, we introduce §*, g™, the solutions of
Log* = = L0 p) — OuUar Ok

+ U/<Uadj(M, I%),L(l)akUl(Mﬁﬁ — 8]{;U|(M,I€,) ]%akCKM’E),

Lo g" = =LM0uUjr ) = OnaUjain iy (Onr Fiear iy = € 1d)
+ U (u (M, k), LD 0w U, g 1)
mean free and orthogonal to u®¥(-; M, k) and set g = (3™ §*). With (B.21) and (B.22), setting
My = (Us), equation (B.20) becomes

1 . (OxM
Uy = dU\gg jy (M2, k2) + §d2U|(M?,-€)(-;(Ml,m),(/\/ll,m)) + 9 ((%(ml).

Finally, substituting (B.2,B.3) into (B.1), and comparing terms of order £3, we obtain an equation
of the form

_ 1 _
orUy + 0Ox (df(U) U2+2d2f(U)(U1,U1)> — 0%Uy — LoUs + 9y(---) = 0,

whose solvability implies

(B.24) OorMs + Ox (dF|(M,k) (Ma, ko) + %d2F|(M,/5) [(My, k1), (M, Hl)]>
= - ox (woa (500).

To write the second order system in a compact form, let us introduce, for arbitrary (M, k),
dig = 1d—{df(U(M,k)g"), dio = —(df(U(M,Fk))d")
oy = (WULE), LU p), doz = 1+ @ ULE), LV 5)

With these notations, systems (B.19,B.21), (B.23,B.24) coincide with the first nontrivial systems
obtained in the formal expansion of a solution (M, k) of

OM + O(FM) = 8 (d1a M +d120,r)
(B.25)

Ok + 896(/% C(./\/l, H)) = 0O, (dQ,l OpM + d~2’2 633/€>
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according to the slow ansatz

(M, R)(x,t) = > el (Mj,kj)(ez,et), (Mo, ko) = (M, k).
J
We call system (B.25), likewise, a (second-order) Whitham’s modulation system.

As should be clear from the formal derivations, there is some freedom in the choice of the diffusion
matrices. This reflects the fact that many systems of conservation laws share the same asymptotic
behavior about constant states. We recall next how to classify these systems according to their
asymptotic behavior; this will provide a canonical modulation system for our nonlinear analysis.

We emphasize however that the classification below has been so far as we know verified only for
symmetrizable hyperbolic-parabolic systems satisfying a Kawashima structural condition [35]. It
is unclear to us whether our formally obtained Whitham systems satisfy such conditions. Yet, we
know that, by applying to them, on formal grounds, the asymptotic-equivalence reduction, we do
obtain a system satisfying such conditions and providing the correct asymptotic behavior. Hence
we may safely ignore these technical details.

B.2. Asymptotic equivalence of systems of conservation laws.

B.2.1. General theory. We now recall the notion of asymptotic equivalence and behavior of solutions
of systems of conservation laws near a constant state, useful in our context since, being able to prove
modulational behavior, we reduce the dynamics about a periodic wave to motion of parameters
near a constant state. Given a general system of conservation laws

(B.26) wi + (9(w))z = (B(w)wy)s
and a reference state w, at which dg(w,) has distinct eigenvalues, so that L.dg(w.)R, is diagonal
Iy
for some L, = | : |, R« = (r}‘ r,’;), L.R, = 1d, define the quadratic approzimant
I
1, ., -
(B.27) Y+ Asya + 5 TY)a = Biaw,
and the decoupled quadratic approximant
1 - -
(B.28) 2zt + Az + §(ztI’*z)x = BiZpa,
about w,, where
(B.29) A, = dg(wy), T = d?g(ws), and B, := B(w,),
(B.30) I, := Lldiag{R.T' R.}L,, and B, := R,diag{L,B,R,}L,.>°

Assume the parabolicity condition, diag{L.B(w.)R.} is positive, and define the self-similar
nonlinear (resp. linear if v; = 0) diffusion waves 0;(z,t) = t~/20,(x/\/t) to be the solutions of the
Burgers equations (resp. heat equations if v; = 0)

1 * * k(% * * *
(B.31) O+ 5 (107 = boa, ] = 15 (5) Tur)/ 1 Bur),

with delta-function initial data Imq d(-), where mqo := [ zo(z)dz. Then, we have the following
fundamental result describing behavior of (B.26)—(B.28) with respect to localized initial perturba-
tions.

30Here and elsewhere, we identify as usual bilinear maps with vector-valued matrices, and in particular d? g(ws)
with Hess(g)(w«). Moreover, for these vector-valued matrices, we use coordinate notations so that for instance
T € R™*" satisfies w'Tiw = (w'Tww); = dg;j(w, w).
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Proposition B.1 ( [35, 41] ). Let n > 0. Let w and z be solutions of (B.26) and (B.28) with
initial data wo and zo = wo —w, such that By := ||zl 1 mynme@) + |- [20| 1) is sufficiently small.
Then, for 1 <p < oo, mg:= fR 29, and 0; as in (B.31),

(B.32) w(t) = we — 2(t) | oz) S Ea(1 4 1)~ 2071/P =5,
and
(B.33) 12(8) = 300 — ai(1+ 1), b4 (1 + 1) i oy S Er(L+¢)" 307D =5+,

J

with a = U3 Ary, b = 7 Byry, whence®!, if n < 1/4,

1
lw(t) = wall Loy, 120 oy 2 Imol (1+¢)72071/7)

Proposition B.1 asserts that (B.26) and (B.28) (hence also (B.27)) are asymptotically equivalent
with respect to small localized initial data wy — ws = z9 € LY(R, (1 + |z|)dz) N H3(R), in the
sense that the difference between solutions z(t) and w(t) — w, decays at rate (1 + t)_%(l_l/p —itn
approximately (1 + t)*i faster than the (Gaussian) rate |mg| (1 + t)*%(lfl/p) at which either one
typically (i.e., for data with small L! first moment) decays. Moreover, through (B.33), it gives a
simple description of asymptotic behavior as the linear superposition of scalar diffusion waves 0,
moving with characteristic speeds (eigenvalues a;*) in the characteristic modes (eigendirections r;)
of dg(w,), satisfying Burgers equations (B.31).

We have also the following more elementary result comparing to the full quadratic approximant.

Proposition B.2 ([26]*). Let n > 0. Let w and y be solutions of (B.26) and (B.27) with initial
data wo and yo = wo — wx such that By == |yoll ;1 m)nmamw) s sufficiently small. Then,
for 1 <p < oo,

(w = wy — ) ()| oy S Bo(1 + 1)~ 20-1V/P=5+,

An important consequence of Proposition B.2 is that only the quadratic order quantities appear-
ing in (B.27) need be taken into account in the study of asymptotic behavior of (B.26) to the order
of approximation considered in Theorem 1.12. Finally, we note the following result following from
a proof similar to but much simpler than the one for Proposition B.2 given in [26, Appendix A].

Lemma B.3. Let k satisfy k(0) =0 and
(B.34) ki + aky + (Yk?)z — dkpe = (FE),,

where a,v,d are constant, d > 0 and F is a given function such that || F(t)||12®) < Eo(1 + t)fi.
Then, for any n > 0, provided Ey is small enough, for 1 < p < oo,

k@) Lr®) < Eo(1+ t)"2-1/p) =g+,

For the sake of completeness, we recall the proof of the previous Proposition in Appendix C.

S1Computing [16; ()| o) = ¢/210; (-/ VD)l oy ~ 72071/,
32Though stated in [26, Lemma 1.2] for scalar equations, the proof applies equally to the system case; see Appen-
dix C.
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B.2.2. A first application. As an immediate application, we may now establish the improved decay
bounds (1.22)—(1.21) of Corollary 1.18. We will use these tools again in establishing (1.18).

Proof of Corollary 1.18. Bound (1.21) follows from the assumption kd,hg = 0. For, a solution
(M, kw), with an initial data (*,0), of the decoupled approximating equations (B.28) to (1.7)
satisfies ky (t) = 0, since the k equation decouples in (B.28) for the linearly phase-decoupled case.
Comparing to the actual solution of (1.7) using (B.32), we obtain the result. Bound (1.22) goes
similarly, observing that in the quadratically decoupled case, the k equation in the full quadratic
approximating system (B.27) to (1.7), though it does not completely decouple, is of the form (B.34)
with F = O(M). O

Remark B.4. Analogous to (B.34) in the quadratically decoupled case, the rate-determining bound
in the linearly decoupled case of Proposition B.1 is the key estimate

Ik (0)l120 < Bo(1+ )20/
established by Liu [40] for quadratic coupling terms involving different modes, thus obeying k(0) =
0, kt + aky + (vk?)y — dkze = (02),, where 0(z,t) = 6(z — at,bt) with @ # a and 6 a self similar
solution of a Burgers equation (B.31). The anomalous rate (1 + t)% is different from the powers

of (1+ t)% arising in scalar convection—diffusion processes, reflecting the additional complications
present in the system case.

B.2.3. Quadratic approximants of modulation systems. For later reference, let us write, in the
original frame (and not the co-moving one), as

M AF) (7 1) (M, k)> 1 < d*Fy 5z (M. k) ) _ A2 (M>

) (3) + o (i) + 2 (o gaititn.anry) = 24 ()
the quadratic approximant of (1.7) (obtained as (B.16) and (B.25) above). As pointed out in
Remark 4.11, it follows from Lemma 4.10 that this system is independent of the choices made in
the course of the formal derivation.

From the general theory, we know that instead of comparing (M, ) in Theorem 1.12 to a solution
(M, k) of (1.7), we only need to compare it with (M, k) + (Myy, ky ) with (M, k) a solution
of (B.35) expressed in the co-moving frame.

B.3. Implicit change of variables. Our nonlinear analysis begins with an implicit nonlinear
change of variable (2.5). We explain now how the modulation system is affected by this change
of variables. We could have first performed this implicit change of variables then carried out the
formal modulation process, but we find more enlightening to change the system a posteriori.

Since our diffeomorphism is close to identity, only nonlinear terms should be changed, and from
the asymptotic equivalence theory we know that nonlinear terms are relevant only in the hyperbolic
part. Therefore it is enough to investigate how (B.5,B.8) is altered. Let us introduce ®y such
that ®o(¥o(X,T),T) = X. Recall that 0p¥y = w(My,dx¥g). Therefore if A, B are such that
OrA +0xB = 0 then (A, B)(X,T) = (A, B)(®¢(X,T),T) implies

Ordy -
ocd, A T Gra

also written Op (8)((1)0[1) + Jx (B — 8T<I>0/~1> =0or
or (axq)ojl) + Ox (B —cC (Mo, 8X1%> A) =0

with Mo(X,T) = Mo(®o(X,T),T). Note that this kind of manipulation is completely similar to
the ones needed to perform usual Lagrangian change of coordinates and of course closely related
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to the computations involved in the proof of Lemma 2.3. As expected, applying this to (B.5) leads
to a trivial equation while an application on the trivial equation 9r(1) + 9,(0) = 0 gives

~ 1
8T(8X(I)0) — BX (C <M0,8Xq)0>> = 0.

Equation (B.5) is changed into

~ 1 1 -
or (0x@0X10) + ax< (Mo, 5)(‘1)0) (Mo, aX%)Mo) _ 0.

At the hyperbolic level, we are thus lead to the system
o (e (313)) - o

orM + Ox F(ig,p;)_c(g,;) M) =0

whose quadratic expansion in
1 M —kl kM M
. M) = <kk> * (mwm*rf)
gives

ork — ke(M,k)dxk — kx (dw‘(M,,;)(M,k)jL%d%w,—g)((M,k),(M,k))) =0
OrM — ke(M,R)OxM + Ox ()M k) + 3aFio 1y (M, k), (M, F)))

_ L o

Two main comments are in order: 1. We end up naturally with equations expressed in a co-moving
frame thus no further change is needed. 2. The wavenumber equation remains unaltered at this
level of description. This explains why the fact that the implicit change of variables could change
the modulation equations was not revealed by previous studies [26, 57] focusing on situations where
no other wave parameter is involved,

Remark B.5. Though we do not need it for the present semilinear analysis, let us describe for the
sake of generality what would happen for a full quasilinear parabolic system. For

) @D b OAMT,) = 8, (D(M,\I'x)&,; @;l))

at\I’ + AnJrl(Ma\I/m) = Dn+1(M7\I’x)ax (j\:[]\/l)

where A, 11 = €41+ A, Dyy1 = enyq - D, the transformation ® = &1, M = Mo ® leads to

with

0D — By Ay (M,1/By) = Dy (M, 1/8,)0, (1% )

with
OM + 0, (AL(/\;l,l/CI)x)—8ECI)AH+1(./\;1,1/<DJU)J\;1)

= or(als puciyman, (75 ) - pravitjman (15 ) )
0,(0,2) — O, (cbmAnH(M,l/%)) = —0, <Dn+1<M 1/@2)0. <Ag >>
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where A| = | Idgxg : | A, DL =|Idgxa : |D.

Collecting the results of this appendix, we find that to validate the formal Whitham modula-
tion approximation, we only need to compare the couple (M, ki,) of Theorem 1.12 to a solution
(Mw, kiw) of

(8] (1) o (L) P

k
+ ko, (k (419 (M ) = (N )M ) = dey o (M k)M) 0,
0

where A, = Oy p)(F — M, —w — Ek:)|( ¥1,%)- For writing convenience, we denote this system by

(B.36) 9, (f) b RALD, <J‘]f> - ax(% (ﬁf)Tr* <J‘k4>) 2B (iﬁ”)

Likewise, 1 in Theorem 1.12 needs then to be compared with ¢y a solution of
1 T _ -
(B37) 0+ enpr- A (M) Z Lol ( Mw " (Mw ) = Fenir Bl Mw
kw k kw kw

kw
APPENDIX C. ASYMPTOTIC EQUIVALENCE OF QUADRATIC APPROXIMANTS
For completeness, we include here a proof of Proposition B.2 including the treatment of off-

diagonal diffusion terms not arising in the scalar case considered in [25].

Proof of Proposition B.2. (Case B, = B*) We first review the case B, = B, treated in [25]. B
the general results of [35], provided Ey := ||yo|L1nm3(r) is sufficiently small, we have for 1 < p < oo

_1ln_1
[w(t) = will Loggys 19O |oe) S Bo(l +1) 72072,
3

Jwz )l 71wy 19O @y S Eo(1+1)71

Setting d := w, + y — w, we have, subtracting and rearranging,

,;;

Ot + Ay — Bidgy = 0 F, F = O((’w B w*’ + |y‘)5) + O(|w - w*‘g) + O(|w - w*waD,
with 0|4=0 = 0 and A, and B, as in (B.29)—(B.30). By Duhamel’s formula,

5(t) = /0 o(t — 5)9,F(s)ds

where o is the solution operator of the parabolic system of conservatlon laws us+ Astiy — Bty = 0.
1,1

Applying the standard bounds [41] [|o(t)0ph| prr) St 2(g=p)5 1]l Lary, 1 < g < p < o0, together

with

IF@lzam S Foll+8)~H0 D350l oy + lwa®)lagey) + ER(L+2) 720710,
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1 < ¢ <2, wefind, defining v(t) := supg<,<; [|0(s) | L2 (= (1+s)%(1*1/p)+%777, that, for all 1 < p < oo,

t/2 L L
[LOIPFIEY 5/0 (t = )20 D72| F(s)| 1y ds
t
b [ (o) B F () i oy
t

t/2
S [ -9 b + 1+ 5 s
0

~

t
+/ (t — )~ 2/ in2P)=1/P)=5 (1) (1) By + E2)(1 + s)~ T2 (1-1/(min(2p)) g
t/2

< Bo(Bo + v(t)(1 4 1) 207D
whence v(t) < Cy,Eq (Ep + v(t)). This implies that v(t) < 2C,EZ for Ey < 1/(2C,), giving
18(0)]lrmy < 20, B3(1+0)~20Pm¥n, 1 < p< oo

(General case.) We treat now the general case that B(w) = By + O(w — w,) with B, constant
but not equal to B,. Defining again § := w, + y — w, and denoting by &(¢) the solution operator
of linear system u; + Asu; — Bz, = 0, we have by Duhamel’s principle

it) = (6—o0)(t)wy+ fg(& —0)(t — 5)0:0(Jw — w.|?)(s)ds
+ Jo ot = 5)0:0(|0|(Jw — wi] + y[))(s)ds
—|—f0 8)0:O(Jw — w. |3 + |w — wy||wz|) (s)ds.

From [35], provided Ey := [0l 1nm4(w) is sufficiently small, we have for 1 < p < oo
_1ln_1
lw(t) = will 2oy, 19| Loy < Eo(1+1) 2075,
_3
s (8) |2y, 192 (6] 2y S Bo(l+ 1)1,
Applying the bounds [35, 41] (5 —0)())OLAl Loy S 279 72 (140) " | page) +e~ HIOLAl| Lo (s,
1<q¢g<p<ooforr=0,1(and some 6 > 0), estimating
I [ = o)t = 90,00 — ) (5)isls

t/2 )
sA (t — )30Vl — w0, P(5) | e ¢+A 0w — 1w, 2(5) | oy ds

t 1 1
# T 9l Pl
t

t/2 t
5%/ WwaﬂWﬂHﬂﬁ@+%/éﬂmm+ﬁﬂHmﬁ@
0 0

t
T EO/ (t— 3)_%(1 +t— s)_%(l + 3)—%(1—1/p)—%d8
t/2

< Eo(1+ 1) 271D "2 10g(2 + 1),

and other terms either similarly or similarly as in the previous case, we obtain the result. ([l
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APPENDIX D. GENERALIZATIONS

We conclude in this appendix by describing briefly extensions to more general types of equations
arising in applications, and the modifications in our arguments that are needed to accomplish this,
discussing also, when possible, the verification of (H1)-(H3) and (D1)-(D3) in specific cases.

D.1. Extensions in type: quasilinear and partially parabolic systems. Our analysis carries
over in straightforward fashion to divergence-form systems of general quasilinear 2r-parabolic type.
For example, the spectral preparation results of Lemma 1.5, Proposition 1.7, and Proposition 3.1
all go through essentially as written, depending on no special structure other than divergence form.
From these low-frequency/Bloch number descriptions, we obtain the same linear bounds on the
critical modes sP as described here in the 2-parabolic semilinear case. The high-frequency and
or high Bloch number analysis also go through unchanged, the former depending again only on
the spectral preparation results and the latter depending only (through Priiss’ Theorem) on high-
frequency resolvent bounds following from (but not requiring) sectoriality of the linearized operator
L about the wave. This completes the linear analysis.

Likewise, by Remark 2.4, we obtain the useful representation (2.6) of the nonlinear perturbation
equations stated in Lemma 2.3, with sources Q, R, S of quadratic order in v, 9., ¥, and a finite
number of their derivatives, which was all that was needed for our nonlinear arguments. To obtain
the nonlinear damping estimate of Proposition 2.5, we note that (2.14) becomes

(1 —a)v + (=1)"E>0,(B(U, ..., 0% ~20)8*'v) = lower order terms,
(—1)707v
1- 1/}1’

(t) < _§||8§+Tv(t)||%2(]g) + lower order terms, similarly as

U = U +v. Thus, taking the L?(R) inner product against ZJKZ 0 , integrating by parts,

2
HE(R)
in the second-order semilinear case, leading thereby to

and rearranging, we obtain %HUH

d
@HUH%{K(R)@) < _QHU(t)H%IK(R) +C (H”(U”%?(R) + ”(thvi/fw)(tNﬁ{K(R))

and (by Gronwall’s inequality) the result. See the proof of [5, Proposition 3.4], for full details in
the fourth-order semilinear case.

Combining these ingredients, we obtain, modulo an appropriate increase in the integer K encod-
ing regularity requirements, stability, as stated in Theorem 1.10, and refined stability, as stated in
Proposition 4.5, yielding the first part (1.16) of description of asymptotic behavior in Theorem 1.12.
By Remark 4.15, we get also a partial version of the second part (1.17)—(1.19) of Theorem 1.12,
but describing comparisons not to the Whitham system, but only to a second-order hyperbolic-
parabolic system agreeing with the Whitham system in its linearization about the constant state
(M, k). This in turn yields the conclusions of (1.21), Corollary 1.18, regarding decay with respect
to localized perturbations for linearly phase-decoupled systems.

Finally, to recover the full result (1.17)—(1.19) of Theorem 1.12, comparing to the exact Whitham
system, and thus the sharpened decay rate (1.22) for localized data in the quadratically decoupled
case, we have only to observe that performing the same computations as in Appendix A (differen-
tiating the traveling-wave ODE), and in the proof of Lemma 4.9 (pulling out quadratic order parts
of nonlinear term A') while carrying along the additional higher-order terms arising in the general
case, we obtain a higher-order analog of Lemma 4.14, expressing the resulting quadratic coupling
constants (means) in terms of derivatives of first-order terms arising in the Whitham system, after
which computations go as before to yield the result; see the proof of Theorem 1.12, Section 4.6.

This completes the treatment of the quasilinear 2r-parabolic case. Reviewing the above discus-
sion, but omitting algebraic considerations on which we focus in the next section, we find that the
two ingredients needed to treat more general divergence-form systems are the nonlinear damping
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estimate used to control higher-derivative by lower-derivative norms, and the high-frequency lin-
earized resolvent bounds used to apply Priiss’ Theorem. For, these were the only two places where
we used the parabolic form of the equations; the rest of the argument was completely general,
Moreover, the second, linearized, estimate can typically be obtained by a linearized version of the
same energy estimate that is used to obtain the first, damping-type estimate. This allows us, in
particular, to treat (partially parabolic) symmetric hyperbolic-parabolic equations such as arise in
continuum mechanics, using “Kawashima-type” energy estimates as described in [35], and variants
thereof. See, for example, Proposition 4.4 (proved in Appendix A) and Lemma B.1 in [33].

Remark D.1. The strategy of using a common energy estimate to get, simultaneously, damping
high-frequency resolvent, and high-frequency decay estimates, with derivative gains in the first
compensating for derivative losses in the third, originates in the study of viscous shock stability;
see [76, Section 4.2.1]. For simpler, and somewhat sharpened, versions in this context, see [37, 45].

D.2. Extensions in form: an abstract continuum of models. Still more generally, we may
treat the full class of systems

(D.1) ug + f(u)e = g(u) + (B (u)ug)z + (B (u, ug)Ugs)e + - - -

0 : Bl Bl
€ R", B; € R™", with u = [ ! _ (N — Bi — 11 P2 c R
u, f7 g ’ 9 ) 1 U (u2) ) f <f2 » g g2 ) B%l 8%2 , U2 )

including both divergence- and nondivergence-type equations. Note that this includes both reaction
diffusion and conservation law cases as limits f = 0 and g = 0, but also many cases in between: for
example, the viscous relaxation case n = 2, r = 1 occurring for the Saint-Venant equations (1.28),
or the case n = 3, r = 1 occurring for the Bénard-Marangoni model (D.4) below.

For such models, integrating the conservative u; equation in the traveling-wave ODE, and writing
as an N x N first-order system, we obtain from the requirement of periodicity N constraints, while
we have N +n —r + 2 degrees of freedom consisting of the initial condition «(0), the wave number
k € R, the speed ¢ € R, and the constant of integration ¢; € R"™" arising from integration of the
u1 equation; thus, we expect generically a manifold of periodic solutions of dimension n — r + 2.
In the reaction-diffusion case r = n, this returns the familiar value 2, or, up to translation, a one-
dimensional family (generically) indexed by wave number k. In the conservation law case r = 0, it
returns the value n+ 2, leading, up to translation, to an (n+ 1)-dimensional family as in hypothesis
(H2) of the introduction.

Substituting this value n—r+ 1 in hypotheses (H2) and (D3), therefore, we readily obtain by the
same derivation as for (1.7) a modified Whitham system consisting of the (n —r+1) x (n —r+1)
system of viscous conservation laws

M+ k(F —eM), = K2 (din My + diakis) o,

(D.Q) - _ =9
Kt + k(—w — ¢k)y = k*(doy My + daskz)a,

where w(M, k) = —kc(M, k) denotes time frequency, M := fol UlM’”(:c)dJ: and

1 . .
F(M; k) ::/0 (LM (@) = Y (Bly, Bly) (UM (2)) (UMY (2))) dee

J

denote mean and mean “total flux” in the u; coordinate, and d;;(M, k) are determined by higher-
order corrections. (Note that, for B/ = constant, the terms involving B’ are perfect derivatives, so
disappear; this explains the fact that they were not present in the discussion of the second-order
semilinear case.)
Likewise, we obtain in straightforward fashion analogs of the spectral preparation results of
Lemma 1.5, Proposition 1.7, and Proposition 3.1, thus yielding corresponding linear bounds on
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critical modes sP. Note that the slow decay rates that may arise at the linear level from a possible
Jordan block will still be compensated by the special structure of the nonlinear terms, coming now
in the form
N = Ny + 0Ny + (OW”X(M) 0<"7">”) No.
rx(n—r) Id;

See for example [48] for a careful derivation of the second-order derivative Whitham system up to
linear and quadratic order in first-order derivative terms, and [33] for a proof of the needed spectral
preparation results in the Saint-Venant case (1.28). Indeed, so long as the nonlinear structure
of the equations permits a nonlinear damping estimate as in Proposition 2.5, and high-frequency
linearized resolvent estimates as needed to apply Priiss’ Theorem in estimating high-frequency
linearized behavior as in the proof of (3.18) and (3.19)) above, we obtain again (modulo increase
in the exponent of regularity K) the stability results of Theorem 1.10 and Proposition 4.5, and
a partial version of Theorem 1.12 describing comparisons to a second-order hyperbolic-parabolic
system agreeing with (D.2) in its linearization about the constant state (M, k)., yielding again the
result (1.21), of Corollary 1.18 asserting decay with respect to localized perturbations for linearly
phase-decoupled systems.

That is, we obtain in this case exactly the conclusions cited in the examples of the introduction,
obtained by examination of the linearization of the first-order part of the Whitham equations.

To recover the full result (1.17)-(1.19) of Theorem 1.12 showing convergence to the exact
Whitham system, one also needs an analog of Lemma 4.14. But, the only difference between
the (formal) computations of the derivation in Subsection B.1.2 and the ones of Lemma 4.14 is
that the former are carried out before the implicit change of variables, while the latter are carried
out after. Thus, analogs of Lemma 4.14 essentially follow by commutation of an implicit change of
variables and expansions to a desired order.

D.3. Verification of (H1)—(H3), (D1)—(D3). Regarding verification of our stability hypotheses,
we recall that, assuming the trivial regularity hypothesis (H1), hypothesis (H2) is implied by (D1)—
(D3), by Lemma 1.6, while (H3) by Proposition 1.7 can generally be verified by the same spectral
expansion process needed to verify (D2). Meanwhile, (D1)—(D3) can be verified numerically by
Galerkin approximation or numerical Evans function computation (see, e.g., [18, 5, 6]), or, in some
cases, analytically, using bifurcation theory (see, e.g., [60]) or singular perturbations (see, e.g., [27]).
For general discussion, see [3, 33, 6].

D.4. Applications revisited. We now discuss previous examples and some new ones in a bit
more depth.

D.4.1. The Korteweg-de Vries/Kuramoto-Sivashinsky equation. A more canonical form of (1.26) is
us + Y0hu + €02u + 60%u + O f(u) =0, ~,8 >0,

modeling phenomena from plasma and flame-front instabilities to inclined thin-film flow [38, 63,
54, 48]. As a fourth-order parabolic equation, this fits the framework of Section D.1, so that all of
the results of this paper apply. Spectral stability has been studied in detail in [12, 5], indicating
the existence of both spectrally stable and unstable waves; in particular, (H1)-(H3) and (D1)-
(D3) have been shown in [5] to hold for a wide variety of waves. We note that stability under
these hypotheses has been proven for localized perturbations in [5]; the new observations here are
asymptotic behavior, and decay for nonlocalized perturbations.

D.4.2. The Saint-Venant equations. Recall, in Lagrangian coordinates, the Saint-Venant equations
Tt — Uy = 0,

up + ((2F)’1T*2)x =1-—7u’+ V(T*ngc)x,
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where 7 := h™!, h is fluid height, u is fluid velocity, and z is a Lagrangian marker. These are not
parabolic, yet nonlinear damping and high-frequency resolvent estimates can still be carried out,
yielding by the discussion of Section D.2 all of the results of this paper. Specifically, nonlinear
damping is established in [33, Proposition 4.4] (proved in Appendix A of the reference), under
the “slope condition” vii, < F~1, where U = (7,4), a technical condition that appears to hold
in most cases of interest, but which we expect can be dropped.?® Again, the new observation
here is asymptotic behavior, and also stability under nonlocalized perturbations, stability under
localized data having been established in [33]. As noted earlier, (D.3) is a balance law rather than
a conservation law, with nonconservative source term g.

D.4.3. The capillary Saint-Venant equations. With capillary pressure effects, (D.3) becomes

Tt_uxzoa

1 - _ _ 5 _
uy + ((2F) Lr 2)5,; =1-—7u>+ v(r QUI)x —o(r 2 B T 6(7'95)2)96

where o > 0 is the coefficient of capillarity. These equations can be reduced by Kotschote’s [36]
method of auxiliary variables (introducing z := 7,) to a 3 X 3 second-order quasilinear parabolic
system

Tt — Ug + 2 = Taa,

Zt = Ugg,

)
ug + (2F) 272, =1 — 70 + (77 %ug)e — 0 (7 02 — 5 77522,

to which standard techniques can be applied [69, 74]. This fits the framework of Section D.1,
yielding all of the results of this paper, the only change being in the regularity assumptions on
data, which must be incremented by one to accommodate the new variable z = 7,.. Existence and
spectral stability or instability of these waves is a topic of ongoing investigation [2].

D.4.4. Bénard—Marangoni flow. A qualitative model introduced in [20] for Bénard-Marangoni flow,
or flow driven by temperature-induced surface tension variation, is

up = —(1 4 Ugg)zx + €20 + f(u, vy, w,),
(D4) Vi = Ugp + Vg + g1 (uy v, w)$7
Wt = Wgy — Wy + 92(u7v7w)$7

with f(u, v, ws) = —u? + y(uvy + uwy), g1(u,v,w) = —uv, ga(u, v, w) = —uw. Though of mixed
fourth-order parabolic/second-order parabolic form, it is readily seen that these equations are both
sectorial and admit a nonlinear damping estimate; moreover, they are of the mixed conserva-
tive/nonconservative form (D.1). Thus, by the discussion of Sections D.1 and D.2, the main results
of this paper apply, giving stability and behavior in terms of a 3 x 3 hyperbolic—parabolic system
agreeing with the Whitham system (D.2).

Let us now discuss existence, the form of the Whitham equations, and validation of (D1)-(D3).
Setting v = w = 0, we find that the equations reduce to the Swift—-Hohenberg equation (1.23) for
u, with bifurcation parameter r = 2 restricted to the positive side of the bifurcation point 7 = 0
at which periodic solutions appear. Thus, we inherit from the Swift—-Hohenberg equations a special
class of periodic solutions with (v, w) vanishing. Up to translation, such solutions are given by the

2-parameter family of zero-speed 1i’{_{fw—periodic Swift—-Hohenberg solutions

_ 2e(V1 — 4w?
IR

33Linearized analysis suggests that the sharp condition is, rather, some averaged version of this one, which holds
trivially by the fact that perfect derivatives have zero mean [6].

(D.5) U= (z) cos((1 4 ew)z) + O(e?), (V¥ W) (z) = (0,0),



where ¢, recall, is the bifurcation parameter, a fixed constant in (D.4). However, there are many
other solutions for which (V, W) # (0,0), yielding an additional two parameters in the description
of nearby periodic traveling waves. Moreover, though the Swift—-Hohenberg solutions are zero speed
as a result of reflection symmetry (see Remark 1.27), reflection symmetry of (D.4) is broken as soon
as (v,w) # (0,0), and so in general these waves may have arbitrary speed. It is our expectation,
therefore, that the Whitham system is not phase-decoupled even about such special waves.
Numerical experiment by Galerkin approximation in [70] indicate that solutions (D.5) satisfy
stability conditions (D1)—(D3) for w = 0 and € > 0 in a moderate range. Here, we demonstrate
the same conclusion for |w| < 1/2v/3 and € << 1, using decoupling of the equations and known
analytical results for the Swift—-Hohenberg equation, at the same time obtaining the limiting ¢ — 0
coefficients of the linearized Whitham system about (M, k) = (0,k). It would be interesting to
carry out a systematic numerical stability investigation as in [4, 5] on the entire parameter range,
and in particular to determine phase-coupling or decoupling of the associated Whitham system.

Proof of (D1)-(D3). About the special solutions (D.5), the linearized eigenvalue equations are

Au= L% + Mv + Nw,
(D.6) v = LT,
2w = L™ w,
where Ly is the linearized operator of the Swift-Hohenberg equation about U and
Lt =924 0, — 0,U%.

By upper triangular form of (D.6), the eigenvalues of L¢, counted by algebraic multiplicity,
consist of the union of the eigenvalues of Lg and Lg[. Let us first consider the eigenvalues of the

Swift—Hohenberg operator Lg. In [17, 13, 14] (see also [44, 60]) it was analytically verified®* that
for e << 1, solutions U%* in (D.5) are spectrally stable for

42 < 5+ O(e)

(in particular, for w = 0). From the fact that the waves are of speed ¢ = 0, we find that the
characteristic speed of the associated scalar Whitham equation is a® = 0, and the associated
critical mode has expansion A\°(¢) = —d°¢2. Turning to the operators L*, and noting that U“¢ — 0
uniformly in all derivatives as ¢ — 0, we find that as ¢ — 0 their eigenvalues approach uniformly

the eigenvalues of the limiting constant-coefficient operators

LE = (0 +i8)* £ (0 +i€),
which, by direct (discrete Fourier transform) computation, are

M =-(+8*=i(G+9),
where the Fourier frequency j runs through the integers. By continuity, these are therefore spec-
trally stable for |¢|] << 1, with approximate critical mode expansions (obtained at j = 0) of
+i¢ — ¢2. Combining these facts, we find that the limiting linearized Whitham system has charac-
teristic speeds a; = 0, %1, with corresponding (diagonal) viscosity coefficients d, 1, 1. This verifies

(D1)~(D3) and (by distinctness of a;) (H3) for |e| sufficiently small, yielding spectral stability by
the discussion of Section D.3 O

341t has also been shown numerically that there exist bands of stable periodic Swift—-Hohenberg solutions in the
parameter space (w, k,€) [44, 4], for |¢| not necessarily small.
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D.4.5. Inclined Marangoni flow. The related inclined thin-film equation
(D?) Ht + (H2 - H3)x = _(H3Hmcz):p

models Marangoni flow driven by a thermal gradient up an inclined silicon wafer, where H denotes
fluid height [10, 11]. As a cousin of the Kuramoto—Sivashinsky equation, it would be interesting to
investigate whether this model too supports stable periodic traveling-waves solutions.

D.4.6. Surfactant-driven Marangoni flow. Finally, we mention the surfactant model [43]

1 ) B
08 H, + §(H2a (T)T,)e =0,

T + 0,(THo'(T)9,T) = Pe; 19T,

modeling flow in a thin horizontal film driven by surfactant induced gradients in surface tension,
where H is fluid height and I' surface surfactant concentration, and Pey is the modified Peclet
number, a dimensionless constant, and o(I') = 1—T" is an equation of state encoding the dependence
of surface tension on surfactant density. Like (D.7), this appears to be an interesting example for
study by the methods developed here and in [29, 30, 33, 5]. Note, as the second equation is
conservative, that the associated Whitham approximation is indeed of system form.
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