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A SPATIALLY PERIODIC KURAMOTO-SIVASHINSKY
EQUATION AS A MODEL PROBLEM FOR INCLINED FILM
FLOW OVER WAVY BOTTOM

HANNES UECKER, ANDREAS WIERSCHEM

ABSTRACT. The spatially periodic Kuramoto-Sivashinsky equation (pKS)
Ou = —02u — 303U — c202u + 260 (cos(z)u) — 9z (u?),

with u(t,z) € R, t > 0, x € R, is a model problem for inclined film flow over
wavy bottoms and other spatially periodic systems with a long wave instabil-
ity. For given c2,c3 € R and small § > 0 it has a one dimensional family of

spatially periodic stationary solutions us(+; c2, ¢3, d, um ), parameterized by the

mass Uy, = i OQW us(z) dx. Depending on the parameters these stationary

solutions can be linearly stable or unstable. We show that in the stable case
localized perturbations decay with a polynomial rate and in a universal non-
linear self-similar way: the limiting profile is determined by a Burgers equation
in Bloch wave space. We also discuss linearly unstable us, in which case we
approximate the pKS by a constant coefficient KS-equation. The analysis is
based on Bloch wave transform and renormalization group methods.

1. INTRODUCTION

The inclined film problem concerns the flow of a viscous liquid film down an
inclined plane, driven by gravity. This has various engineering applications, where
often the bottom plate is not flat but has a wavy profile, for instance y = § cos(z).
Over an infinitely long flat (6 = 0) bottom the problem can be reduced in a hier-
archy of (formal) reductions to a variety of simpler equations, such as Boundary
Layer equations, Integral Boundary Layer equations (IBL), also called Shkadov
models, and KdV and Kuramoto—Sivashinsky (KS) type of equations, see [3] and
the references therein. Moreover, there exist approximation results [11] concerning
the validity of some of these simplified equations, and results on special nontrivial
solutions such as pulse trains and their stability; see [3], and [6]. Finally, for the
problem over a flat incline it is shown in [12] that in the linearly stable case localized
perturbation of the trivial (Nusselt) solution decay in a universal way to zero, with
limiting profile determined by the Burgers equation.

Over wavy bottoms the problem becomes much more complicated. For exper-
imental results we refer to [15, 1]. Analytically, first of all, the basic spatially
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periodic stationary solution U, (Nusselt solution) is not known in closed form. In
[15] an expansion of Uy in the film thickness is given, and the associated critical
Reynolds number R, is calculated, such that Uy is linearly stable for R<R. and un-
stable for R>R.. However, for thicker films over wavy bottoms no analytical results
are known. Therefore, simplifications of the full Navier—Stokes problem are much
desired. In [13] the problem is reduced to a two dimensional quasilinear parabolic
system with spatially periodic coefficients, the periodic Integral Boundary Layer
equation (pIBL), and stationary solutions Ug of the pIBL are calculated which
show good agreement with experiments. Moreover, preliminary numerical simu-
lations of the dynamic pIBL yield a variety of interesting regimes, two of which
are:

(i) self-similar decay of localized perturbations of Us to zero in the case of
linearly stable Us;
(ii) modulated pulses in the linearly unstable case.

Here we prove, for a model problem, a rigorous nonlinear stability result which
explains the behaviour in (i). Moreover, we remark on (formal) explanations for
(ii). Our model problem is an extension of the KS equation as a model problem
for inclined film flow over flat bottom. In particular, it has dynamics similar to (i),
(ii) above, see Fig. 1. In detail, our model problem is

Opu = —Otu — 303U — cp02u + 200, (cos(x)u) — Oy (u?), (1.1)

with t > 0, x € R, u(t,z) € R; i.e., a spatially periodic Kuramoto—Sivashinsky
equation (pKS) over the infinite line. In context with the inclined film problem,
u should be interpretated as the film height, while the parameters cs, c3,d, have
the following meaning: cs € R corresponds to R — R.; i.e., to the distance from
criticality, and 0 models the amplitude of the bottom, thus, w.l.o.g § > 0. The
linear terms —d3u—c20%u model a long wave instability (for ¢ > 0) with short wave
saturation, while —c302 models 3rd order dispersion. The nonlinearity —d, (u?) is
the standard convective one. An important feature of the inclined film problem is
the conservation of mass; i.e., &y [ h(t,x)—hoda = 0, where h is the film height
and hg the reference film height. This also holds for (1.1): the right hand side is a
total derivative. Consequently the mass (or average film height)

1 M
U 2= A}f}wﬁ/_M u(t, ) dz

can be seen as a 4'" parameter. Given cs,c3, U, € R and small § > 0, (1.1) has a
unique spatially 27 periodic stationary solution

us () = s (25 2,6, um) = t + Sur (z) + O(6%)
which can be calculated by expansion in ¢ (see sec.2).

Remark 1.1. From the modelling point of view it appears reasonable to also
include a parameter v for the bottom wave number; i.e., to consider

Opu = —Oru — 303U — cp02u + 260, (cos(yx)u) — O, (u?). (1.2)

However, rescaling v(7,y) = au(B7,vy) with 8 = 7* and « = 72 yields that v
fulfills (1.1) with c3, c2,d replaced by é3 = y2c3,é = v2co and 6 = +35. Hence 7 is
not independent.
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FIGURE 1. Numerical simulations of (1.1) with periodic bound-
ary conditions on large domains. (a) (,ca,c3) = (0.1,—1,0) (sta-
ble case), x € [0,80x], initial data ug(x) = 2 for z € [397,417],
ug(x) = 1 else. The solution decays to us in a self-similar way
determined by the Burgers equation (1.8) below. (b) (d,c2,c3) =
(0.1,0.2,—1) (unstable case), x € [0,407], initial data «(0,z)=2
for 197 <z < 217 and u(0, z)=1 else (full line). Modulated pulses
emerge and travel forever. The dotted line shows the solution of
the associated amplitude equation (5.3), see Appendix 5.

Moreover, the KAV term —c392 plays no essential role in case (i) and hence for
the main results of our paper; however, in the unstable case (ii), the KdV term
becomes important, in particular in the limit of large cs3, see [6] for the constant
coefficient case. Therefore we also include it in (1.1).

1.1. Linear and Nonlinear diffusive stability. Setting u(t,z) = us(x)+v(t, x)
we obtain
v = L(x)v — 0y (v?) (1.3)
with 27 periodic linear operator
L(z)v = 03w — 3020 — c20%v + 200, (cos(z)v) — 2(ul(2)v + us(2)0,v),  (1.4)

where u), = 0, us. To calculate the eigenfunctions of the linearization dyv = L(z)v
we make a Bloch wave ansatz [7]

o(t, x) = MO 1),
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Here ¢ € [-1/2,1/2), which is called the first Brillouin zone, and (¢, + 27) =
9(¢,x) and 9(¢ + 1,2) = €*0(¢,x). Then A\(¢) and ©(¢,-) are determined from the
linear eigenvalue problem

AOov(l,z) =L, z)0(L,x)
= [—(8m+i€)4 — ¢3(0,+i10)% — (0, +il)? 4 26 (cos(x) (Dy+il)— sin(x))]o
—2[ul () +us (z) (05 +il) |0
over the bounded domain z € (0,27). Thus we obtain curves of eigenvalues
¢— X\, (¢0), n € N, which we sort by Re A,,(£) > Re A,4+1(£), with associated eigen-
functions v, (¢,z). The A, (¢) can again be calculated by perturbation analysis in
J, again see sec.2 for details. Clearly, Re \,,(¢) — —oo as n — 00, and uy is linearly
stable if Re A1 (¢) < 0 for all £ € [-1/2,1/2). Since, for given ca,c3,d, we have a

l-parameter family us(x; 2, c3, 9, u,y, ) of stationary solutions, parametrized by w,,,
we always have A\;(0) = 0 with

01(0,2) = Oy, us(x; 2, 3,0, U, ).

This corresponds to conservation of mass in the inclined film problem. Next writing

A (€) = —idyl — dol? + O(%) (1.5)
and assuming that Re A1 (¢) < 0 outside some neighborhood of ¢ = 0 we find that
us is linearly stable for small § if do > 0. In this case, the continuous spectrum up
to the imaginary axis yields diffusive decay of localized perturbations to zero; i.e.,
for solutions v of dyv(t,z) = L(z)v(t, ) with vo € L*(R) we have

v(t,x) = exp(—(x — dqt)? /4dot) D1 (0, 2) + O(t™1), (1.6)

z
vV 47Td2t

where z = [, vo(z) dz is the mass of the perturbation and where dy = 2u,, + O(0)
is the speed of the comoving frame.

In contrast to exponential decay rates, the algebraic decay (1.6) is too weak
to control arbitrary nonlinear terms. For instance, solutions to d;v = 92v + v?
on the real line may blow up in finite time [14], even for arbitrary small initial
data. On the other hand, for d;v = 92v + vP*(9,v)P? with p; + 2ps > 3 it is well
known that solution to small localized initial data decay asymptotically as for the
linear problem d;v = d2v (cf. (1.6) with d; = 0,d2 = 1). This is called nonlinear
diffusive stability, and the nonlinearity is called asymptotically irrelevant. A very
robust method to prove such results is the renormalization group [2], which uses an
iterative rescaling argument and has been applied to a variety of diffusive stability
problems [8, 9, 12].

The case p; + 2p2 = 3 is called marginal. In fact, we show that the asymptotics
of solutions of (1.3) to small localized initial conditions are not given by Gaussian
decay as in (1.6) but are determined by a non Gaussian profile related to the Burgers
equation

0w = da0%v + 00, (v?) with b= —1+4 O(6?). (1.7)
This profile is obtained by Cole Hopf transformation. Setting

dox
sty =eo (7 [ ode). o) = YLDy ) g,
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the Burgers equation is transformed into the linear diffusion equation d;1) = 924,
WY|t=0 = o. For lim,_, o ¢¥o(z) = 1 and setting lim, - ¥o(z)=2+1; i.e.,

1n(z+1):dﬁ /Rvg(t, §)dg,

2
it is well known that 1 + zerf(z/v/t) with erf(z) = \/%7 . e=¢7/4d¢ is an exact
solution of 9y = 0%1. It follows that

Vdy  zerf' (y)
b 1+ zerf(y)

v (tw) = 2 F(a/VE) with fa(y) = (18)

is an exact solution of the Burgers equation. Moreover,

Yt z) = & / o=@ Dy () dy = 1+ zexf(x/ViE) + Ot 1/?)

as t — oo, for initial conditions 1y € L*>(R) with lim¢,_1(§) = 1 and with
limg_, o0 ¥(§) = 14 2. Therefore the so called renormalized solution of (1.7) satisfies

t120(t, ¢1%2) = f.(z) + Ot~ 1/?); (1.9)
i.e., it converges towards a non-Gaussian limit. It has been shown in [2] that the
dynamics (1.9) in the Burgers equation is stable under addition of higher order
terms. Similarly, our basic idea is that after a suitable transform (see (3.6) below),
(1.3) in the linearly stable case (d2 > 0 in (1.5)) can be interpretated as a higher
order perturbation of the Burgers equation (1.7).

1.2. The nonlinear stability result. Throughout this paper we denote many
different constants that are independent of 6 and the rescaling parameter L>0
(see below) by the same symbol C. For m,n € N we define the weighted spaces
H™ (n)={u € LA(R) : ] sm(uy <00} with [lulm ) = |up" || srm sy, where p(x) =
(14]2[?)*/? and H™(R) is the Sobolev space of functions with derivatives up to or-
der m in L?(R). With an abuse of notation we sometimes write, e.g., ||[u(t, )| grm ()
for the H™(n) norm of the function x — wu(t,z). For the bounded domain (0, 27)
with periodic boundary conditions we also write 7o,; i.e., szﬁ u(x)dx = fo% u(x)dz.
Fourier transform is denoted by F, e.g., if u € L?(R), then a(k) := F(u)(k) =
5 [ e % u(z) dz. From F(d,u)(k) = iki(k) and Parseval’s identity we have that
F is an isomorphism between H™(n) and H"(m); i.e., the weight in z—space yields
smoothness in Fourier space and vice versa. This smoothness in k is essential for

the proof of the following theorem, where for convenience we take initial conditions
at t = 1.

Theorem 1.2. Assume that the parameters cs,c3,uy, € R and 6 > 0 small are
chosen in such a way that dy > 0 in the expansion (1.5), and Re A\, (¢) < 0 for all
n €N and all ¢ € [-1/2,1/2), except for \1(0) = 0. Let p € (0,1/2). There ezist
C1,Cy > 0 such that the following holds. If |lvo|l 22y < C1, then there exists a
unique global solution v of (1.3) with v|¢=1 = vy, and

sup |v(t,z) —t V2 f,(t7 Y2 (@ — dyt)51(0,2)| < Cot™HP, te[l,00), (1.10)

z€eR

with di = 2uy, +O(9) from (1.5), f.(y) = @% from (1.8), and In(1+2) =
Z Jrvo(2) da.
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Thus we have the asymptotic (H?(2), L°°)-stability of v = 0; i.e., for all ¢ > 0
there exists a >0 such that ||vg||gr(2) < v implies ||v(t)|[z=~ < ¢, for all t>1, and
|v(t)|| L= — O with rate t~%/2. The perturbations decay in an universal manner
determined by the decay of localized initial data in the Burgers equation. Theorem
1.2 is in fact a corollary to the more detailed Theorem 3.1 stated in Bloch space in
§3.3. In §2 we give examples such that the assumption dy > 0 holds. In particular,
we shall see that do > 0 may hold for co > 0; i.e., the critical “Reynolds num-
ber” may be larger than 0 which is the critical Reynolds number in the spatially
homogeneous case. A similar effect is also known in the full inclined film problem
[15].

The remainder of this paper is organized as follows. In §2 we briefly review
the properties of stationary solutions to (1.1), explain the set—up of Bloch waves,
and give examples for A;(¢) from (1.5) for some chosen parameter values. In §3
we review the concept of irrelevant nonlinearities and the idea of renormalization,
give a formal derivation of the Burgers equation as the amplitude equation for
the critical mode 1 (0, z) for (1.3) in the linearly stable case, and introduce Bloch
spaces with weights to formulate our precise result Theorem 3.1. In §4 we set up a
renormalization process to prove Theorem 3.1. In Appendix 5 we give some remarks
on the unstable case (ii).

2. SPECTRAL ANALYSIS

2.1. Expansion of the stationary solutions. To calculate us we expand in 9.
We set

Us (T) = Uy + Ouy(z) + 62ug(x) + O(5°),
where u; for j > 1 is 2m—periodic and has zero mean; i.e., u,, is considered as

an additional parameter. Thus we write us(z) = us(x; 2, c3,0, Uy, ). We obtain a
hierarchy of linear inhomogeneous equations of the form

Louj(z) = g(z), Lou= —0%u — 303U — 02U — 2u,, 0y,

where g(x) comes from the previous step. At O(d) we have g(z) = 2u,, sin(x),
hence we use the ansatz uq(x) = oy cos(z) + (1 sin(z) to obtain the linear system

1 v\ (o1 [ O . 2 3.
(_Vl ,Ul) <ﬁ1) N <2um) =) el vi=c3)t = 2jum,  (21)

with solution

ap _ 1 —(c3 — 2um,)2up, 4 212 3 2
(ﬂl) = dl ( (—1—|—62)2um ) d] - ( ] +cag ) +(C3] 2um]) .

At O(6%) we have g(x) = 2uju; —20,(cos(z)u ), hence u; = s cos(2z) + B2 sin(2z),

which again yields a 2 x 2 linear system for (aa, 32), while at O(83), the right hand

side contains harmonics e7% with j = 1,2,3. Thus we need the ansatz

uz(x) = asy cos(z)+aszz cos(2x) 4+ ass cos(3x)+ B3 sin(x) + O3z sin(2z) 4 F33 sin(3x),

and have to solve a 6 x 6 linear system. This can be continued to any order
in § and the resulting systems can conveniently be solved using some symbolic
algebra package. Moreover, from the diagonals of the linear systems we obtain the
convergence of the Fourier series for us.

The maximum amplitude of us and the phase—shift with the “bottom profile”
cos(z) depend on the parameters cs, cs, d, U, in a rather complicated way. Here,
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instead of giving explicit formulas we plot some solutions us in fig.2 on page 8,
together with eigenvalue curves for the associated linearizations.

2.2. Bloch wave analysis. To calculate the spectrum of the linearization £ of
(1.1) around ug we use the Bloch wave transform. The basic idea is to write

v(z) = /R e* o (k) dk

1/2+45
=> / e** (k) dk

Gen ) —1/2+i

/ > TG0 ) de
1/2

JEZL

1/2
z/ ey ol z)dl = (T '0)(x)

—1/2

(2.2)

where 0(¢,z) = (Jv)({,z) =3,z eYTH(¢ + j). By construction we have
o(l,x) =0,z +27) and (L, x) =+ 1,x)e”. (2.3)

Bloch transform is an isomorphism between H®(R,C) and L?((—1/2,1/2], H*(T2,))
[7], where

) vz , 1/2
10l 2((=1/2,1/2),H5 (Tar)) = </1/2 ||v(£,-)||Hs(7—2W)d€> .

Multiplication u(z)v(z) in z-space corresponds in Bloch space to the “convolution”

1/2
(ax0)(l,x) = / w(l — m,x)o(m,x)dm, (2.4)

—1/2
where (2.3) has to be used for [ —m| > 1/2. However, if x : R — R is 27 periodic,
then J (xu) (¢, z) = x(x)(Tu)(l, x).
In Bloch space the linear eigenvalue problem for £(x) thus becomes
AO)B(6,x) = L£(6,2)5(L, @) := e [L(2)e 5 (0, )]
= [~ (0 +i0)* — c3(05+il)* — c2(Dy+il)? (2.5)
+ 26(cos(2) (9, +il) — sin(z))]| 0 — 2[u}(z) + us(x) (0, +il)] T

over the bounded domain 75,. This yields curves of eigenvalues A, (¢), with ¢ in
(—1/2,1/2) and n € N. To calculate A, (¢) we let

E b 1]:6
JEZ

which yields the infinite coupled system
10(j+0)(1 — 2a1)bj—1 +m;(£)b; +i6(j+£)(1 — 2a1)bj41 + O(62)by, = A(0)bj, (2.6)

g,k € Z, where m;({) = —(j + 0)* + c3i(j + £)> + c2(j + €)% — 2iuy (5 + £) and
a1 = (a1 —iB1) from ug = uy, + 6(as cos(z) + Bisin(z)) + O(62). For § = 0
we have eigenvalues m;(£) with ¢;(¢,z) = e%. In particular, my(0) = 0 with
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¢o(z) = 1. For 6 > 0, and returning to counting A, (¢) with n € N, we still always
have A\;(0) = 0, with

91(0,2) = Oy, us(w; o, 3,0, Upm) = 14+ 5[by(0)e™ +b_1(0)e™ ] + O(6?).  (2.7)
To order 62 the eigenvalue problem (2.6) yields

det(A(£) — A(£)) =0 (2.8)
with
m_1(0)  i6(¢—1)(1 — 2a) 0
A= i(%(l — 2&1) mo(ﬁ) i(%(l — 261)
0 i6(1+0)(1—2a)  ma(0)

The truncated eigenvalue problem (2.8) can again be solved explicitly using some
algebra package, but as mentioned above, instead of giving the explicit formulas,
in fig. 2 we plot us; and A;(¢) for some parameters values.

0.0025 o

0 6 0 0.2

FIGURE 2. Left: parametric dependence of stationary solutions
us(; c2, C3,0, U ) on co for (cs,d,uy) = (0,0.5,1). Top down at
x =0: cog = 0.5,0,-0.5, and 9, us(x;0,0,0.5,1) (dotted curve).
Right: Re A1(¢) as obtained from (2.8) for (0, u,,) = (0.5,1); left
to right at ReA = —0.00125: ¢; = —0.5,0,0.1,0.2, and Remq(¢)
for (tm,c2,c3) = (1,0.1,0) (dotted curve); ug(-,0.1,0.5,1) is still
spectrally stable, while clearly in the homogeneous case (§ = 0) we
have us = u,, unstable for co > 0. The imaginary part of A;(¢)
only depends very weakly on ¢y and § and is given by Im Ay (¢) =
—2Ul — idgﬁs + 0(55) with ds = —c3 + 0(5)

3. NONLINEAR ANALYSIS IN BLOCH WAVE SPACE

3.1. The idea of renormalization. To explain the idea of irrelevant nonlineari-
ties and the renormalization group we consider

0w = 0%v — 0, (v?) + ah(v), vli=1 =vo, h(v) = vP(9v)P2, (3.1)

with p1+2ps > 4. For a=0 we know that ||v(t,z) — t~/2f,(x/t'/?)||p~ = O@Ft™")
as t — oo with In(1 4 z) = — [vgdz. To show a similar behaviour for o # 0 we
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may use the renormalization group. These calculations are well documented in the
literature, but we briefly repeat them here as the template for treating (1.3).

For L > 0 we define the rescaling operators R with Rpv(x) = v(Lx), and for
L > 1 chosen sufficiently large we let

O (T,€) := L"v(L*"1,L"¢) = L"Rp~v(L*"1,§). (3.2)
Then v,, satisfies
Orvn = OZvy+0¢ (V) +ah, (v,)  with  hy(v,) = LETPI72220P19 (vP2) (3.3)
and solving (3.1) for t € [1,00) is equivalent to iterating

solve (3.3) on 7 € [L™2,1] with initial data v, (L™%,¢) = LRv,_1(1,€) € X,
(3.4)
where X is a suitable Banach space. For p; +2py > 4 the term h,, in (3.3) formally
goes to zero. Thus, in the limit n — oo we recover the Burgers equation for v,
with family of exact solutions {v,(7,&) = 7= Y/2f,(¢/V/t) : z > —1}. In particular,
these solutions are fixed points of the renormalization map v(1/L?,-) — Lv(1, L-)
where v solves the Burgers equation.

It turns out that this line of fixed points is attractive in suitable spaces X, for
instance X = H?(2), cf.the definition on p.5. Moreover, this also holds for the
flow of the perturbed Burgers equation. For more details concerning problems of
type (3.1) we refer to [2, 12]. However, two observations are most important: (a)
In (3.3) we see that derivatives in z, corresponding to factors ik in Fourier space
according to F(9,u)(k) = iki(k), give additional factors L1 in the rescaling; (b)
The diffusive spreading in = space corresponds to concentration at k = 0 in Fourier
space according to F(LRpu)(k) = u(k/L). Therefore, only the parabolic shape of
the spectrum \(k) = —k? of the operator 92 locally near k = 0 is relevant, as well as
only the local behaviour of the nonlinearity near £ = 0. For (1.1) Fourier analysis
has to be replaced by Bloch wave analysis, where similar ideas apply: a factor i¢
corresponds to a derivative in z, and spreading in x corresponds to localization at
¢ = 0. This is made rigorous in Lemma 4.2 below.

3.2. Formal derivation of the Burgers equation. In order to (formally) derive
the Burgers equation as the amplitude equation for the critical mode v;(0,x) for
(1.3) in the linearly stable case — and in order to later justify this and rigorously
prove Theorem 1.2 — we consider (1.3) in Bloch space, i.e.

Ou(t, 6, w) = £(0, 2)5(t, 6, 7) + N(5(8)) (6, 2), (3.5)

with
N(@(t))(x) = T (=0:0% (1)) (€, x) = —(9, +1l)(3(2) * () (£, ).
To motivate the next transform we recall that the curve \; (¢) = —id1£—dal?>+O(£3)
with critical mode 91 (¢, -) corresponds to 8;v = (—d10, + d20?)v; i.e., the linear
diffusion equation in the comoving frame y = x —d;t. Thus, it is tempting to simply
go into this comoving frame in (1.3). However, this would give a space and time
periodic operator L(y + dit) in (1.3) which would make the subsequent analysis
more complicated. Instead we introduce
a(t, 0, x) = Nty (t, 0, ) (3.6)

which fulfills

ovui(t, €, x) = M(L,z)o(t, 6, z) + N(©(t) (4, z), M(l,z)=L(,z)+idl. (3.7)
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Clearly, M has the same eigenfunctions @; as £ with eigenvalues 1;(¢) = \;(£)+id;£.
In particular

pr(0) = —dol® + O(£3).
In general, (3.6) does not correspond to a simple transform in z—space. However,
if @ has the special form a(t, ¢, x) = &(t,1)g(x) then

U(t,x):/T =0 (1 ) g(z) dl = alt, 2 — dit)g(x),

which we will exploit to prove Theorem 1.2.

Next we introduce mode filters to extract the critical mode o1 (-, ) from a. Let
p > 0 be sufficiently small such that p;(¢) is isolated from the rest of the spectrum
of £(¢,0,) for |¢| < p, and let x : R — R be a smooth cut-off function with x(¢) = 1
for |¢] < p/2 and x(¢) = 0 for |¢| > p. Then define

E, (@W z) = x(O)((L,-), w1 (L, )01 (£, ).
Here ( fT v( r)dx, and @ is the critical eigenfunction of the L?(75,)-
adjomt operator

M* (U, z) = —(0p+i0) +¢3(0p+i0) — 2(0p+il)? — 2(0p+i0) (6 cos(x)ii—usil) — idy £,
(3.8)

normalized such that (#1(¢), 4 (¢)) = 1. Let Ey = Id —FE,. Moreover, define aux-

iliary mode filters E!(0)u(¢,z) = x(20)(@(l,-), i1 (L, ))01(¢, ) and Eh(ﬁ) (L, x) =

ol xz) — x(€/2)(a(l, ), uy (¢, )0, (¢, ). Thus E'E, = E, and E'E, = E,, which

will be used to substitute for missing projection properties of E. and E,. Finally,

define the scalar mode filter E* by E.(€)a(l,z) = (EX(0)a(l, )1 (L, x).

Thus, if (@, us) satisfies

dea(t,6) = p(O)a(t, €) + E;N(o(t))(0),

)or
Byt (t, 0, 1) = Mi(t, 6, 2) + B, N(0(t) (L, 2),

then a(t,l,z) = v0.(t,¢,x) + us(t, ¢, x) satisfies equation (3.7), where @.(t,¢,x) =
a(t, )01 (¢, z). The idea of this splitting is that @ is linearly exponentially damped.
Thus we may expect that the dynamics of (3.7) and hence of (1.3) are dominated
by the dynamics of &. This will be made rigorous in §4. Here we first formally
derive the Burgers equation for &, ignoring @s. Then the nonlinearity in (3.9) is
given by (suppressing ¢ for now)

(3.9)

EFN (i) (0)
1/2 _
— () /T (0ot /_ | B, )T () i T (62)
1/2
= e K, —m,m)a(fl —m)a(m)dm

with
27
KW, —m,m)= X(E)/O 01 (0 — m, 2)01 (m, z) (il (¢, ) + Oyt (¢, z)) dz. (3.10)

Automatically we have K(0,0,0). This is due to the following abstract argument
(8,9, 10]. If we consider (1.3) over 73, then there exists a one dimensional center
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manifold W, = {v(z) = y01(0,z) + h(7)(x) : v € (—0,7)}, and the flow on W, is
given by the reduced equation

&= PIM@yy 4 b)) + NGy + )] = (~0,(5),w1)7? + hot.

where h.o.t. denotes higher order terms and the projection P, is E*(0). However, W,
coincides with the one-dimensional family of stationary solutions {us(-,c2,d,m) :
m & U, }+, hence %7:0 and the projection vanishes. Alternatively, we can inspect
(3.8) to see that u1(0,x) = const, which implies K(0,0,0) as well.

We expand K (£,£—m,m) = 01 K(0){+ 0K (0)({—m)+d3K(0)m+O((£+m)?).

Ignoring for now the O((¢ 4+ m)?) terms we obtain
EZN (i) (£) = x(0)ibe(a*?)(¢)
with

b=—i(K(0) + %agK(O) + %831((0))

- —i( /7 52(0, 2)(—it (0, ) + 0pdy (0, z)) + (1 (0, )1 (0, )iy (0, 2) dg;>

=14+ 0(6%) € iR,

(3.11)
where we used the facts that 91(0,2) = 1+ O(d) € R, that 4,(0,z) = 1/27 due to
the normalization (91(0, ), @1(0,-)) = 1, and that 10,47 (0, x) € R, see (3.8).

The result of these calculations (ignoring @, and the O((I4+m)?) terms in K (¢, (—
m,m)) is that & fulfills

Ora(t, 0) = py(O)a(t, £) + ibla*?(t, 1), (3.12)

Motivated by §3.1 we may for now also discard the O(£3) terms in p; (£) to see that
a(t,z) = (Jta(t))(z) fulfills the Burgers equation

8,504 = an%CY + bax(OCQ)

In a nutshell, this, combined with §3.1, explains why the “comoving frame Burgers
profile” t=1/2f_ ((x — dyt)/v/t)91(0,2) gives the lowest order asymptotics for (1.3).

3.3. The result in Bloch wave space. To make the formal calculations from §3.2
rigorous and thus prove Theorem 1.2 we need scaled Bloch spaces with regularity
and weights. We first collect a number of definitions and basic properties. Let
p(f) = (1 + |¢|>)*/2. For L > 1 and m,n,b > 0 define

BL(namab) = {@ S Hn((_L/QvL/Q)va(,TQW) : ||5||BL(n,m,b) < 00}7

[Gl[Ar— Z Z 107079)0° 132 ((—1./2.L./2).L2 (T )

a<n B<m

Let B(n,m,b) := Bi(n,m,b). Based on Parseval’s identity we have that J is
an isomorphism between H™(n) and B(n,m,b), with arbitrary b > 0, see, e.g.,
[9, Lemma 5.4]. Indeed, for fixed L > 0 the weight p is irrelevant since due to
the bounded wave number domain all norms || - |[5, (n,m,5,) and || - ||, (r,m,b,) are
equivalent, but the constants depend on by, by and L, see (4.7), which will be crucial
in our analysis. Next we define the scaling operators

Rl/L : B(n7m7b) - BL(n7m7b)7 7zl/Li}(& ZE) = 6(€/L7I)
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Only ¢ is rescaled, and x is not, and as in (3.6) this in general does not correspond
to a simple rescaling in x—space. In Bloch space our main result now reads as
follows.

Theorem 3.1. Assume that the parameters co,c3, Uy, € R and 6 > 0 sufficiently
small are chosen in such a way that dy > 0 in the expansion (1.5) and that
ReA,(¢) < 0 for allm € N and all ¢ € [-1/2,1/2), except for A\1(0) = 0. Let
p € (0,1/2). There exist C,Co > 0 such that the following holds. If ||vo||g2(2) <
Cq, then

(¢, 2) — [0(t, 0/V/t, ) — D! f.()51(0, z)] Hsﬁ(z,z,z) < Cot~ 2P (3.13)

with dy = 2uy, + O(8) from (1.5), f.(6) = F(f.)(€), where f.(y) = ¥z H;g?@)
from (1.8) with z = - [, vo(x) da.

Before proving this theorem we translate (3.13) back into z-space. In L*°(R) we
have

1/2 1/2
v(t,z) = / exp(ilx)o(t, £, x) dl = / exp(il(x — dit))u(t, £, x) dl

-1/2 —-1/2

Vi/2
=¢1/2 / exp (it 2 (x — dyt))a(t, t /20, z) d¢
,\/{/2

Vi/2 3

=¢1/2 / exp(ilt=Y2(x — dit)) f.(0) Ao, (0, z) + Ot~ 1+P/2)
_\/{/2

=t~ V2 (7Y% (2 — dit) 10, 2) + O(t~1HP/2),

This proves Theorem 1.2.

4. PROOF OF THEOREM 3.1

4.1. The rescaled systems. To prove Theorem 3.1 we now start with the system
(3.9). Similar to (3.2) we introduce scaled variables

(1, 8) = Rp-n@(L*1,5) and  wy(7,k,z) = L"U PR _wiig (L2, Kk, ).
(4.1)
Here we “blow up” w,, since by this we can more directly control the terms involving
wy, in the equation for «,,, see Lemma 4.3 below. We obtain

Oran(t, k) = L*"uy (k)L™ (1, k) + L* NE (0, wy,),

- 4.2
Orwy (T, 1, x) = L* MSw,, + L(?’*p)"N;j(an, wy,), (4.2)
where /\;lfl = LQ”RZ"/\;ISRM and
NE(an, wy) (K, x) = Rp-n E.N ((RLnan)ﬁl(m, x) + L_”(l_p)Rann) )
(4.3)

N (i, w) (8, ) = Rp-n ByN <(RLnan)@1(f<a, )+ L‘”(l_p)Rann> .
Similar to (3.4), we consider the following iteration:

solve (4.2) on 7 € [L™2,1] with initial data

(a”) (L7%,K,8) = RuyL (Ll?g;);ﬂ) (1, 5, €). (4.4)

Wn
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As phase space for (4.2) we choose X,, x &, with X,, = By»(2,2,2), where for
a, we can identify X,, with the Fourier space H?(2) since «, is independent of z.
Moreover, supp a,, C {|¢| < L"p}. To treat (4.4) we note a number of estimates.

Lemma 4.1. For by > by > 0 there exists a C' > 0 such that in the critical part we
have

||eL2"u1('/L”)(T—T’) (b1—b2)/2

an’|BLn (2,2,b1) S C(T - 7-/) ||an||BLn(2727bl)' (4'5)

The stable part is linearly exponentially damped; i.e., there exists a vo > 0 such
that

2n A48 _7_/ _ 2n ,7__7_/ _
le™ " M| g, () < Ce™ 2T (77 ) T2 w3y (k- 1,6-1) - (46)

Proof. Inequality (4.5) follows from the locally parabolic shape of L?"u;(k/L™) =
—dyk? + O(k/L") near k = 0. Inequality (4.6) follows from Reo(M;)< — ~o. In
fact, M, is a 4'" order operator and therefore has better smoothing properties than
stated in (4.6), but this estimate is sufficient in the following. 0J

Next we note
IR1 /195, 22,0 < CLT2(3]52,2.) (4.7)
and, for @,v € Br(n,m,0) with n,m > 1/2 and ¢ € (—L/2,L/2),
Rl/L(RLﬁ * RLf})(g, :IJ‘)

1/2
= / w(¢ — Lm, z)v(Lm,x)dm
—1/2

L/2
— ! / a( —m,x)o(m,x) dm =: L™ (a % 0)(¢, z),
—1/2

which will be used to express the rescaled nonlinear terms. Henceforth we will drop
the subscript , in *7,. To estimate the nonlinearity 9, (v?) in Bloch space we need
to exploit the derivative using the following Lemma [8, Lemma 14].

Lemma 4.2. Let K € C2([~1/2,1/2)%, H*(Tz,)) with
1K (kL. )| 12 (75,0) < C(|—L]]])7.
Then
(6721) = (Ml/LK)(f)?a)(’{) = /(Rl/Lf((’i - 67 E,I))@(I{,CC){L(K) - E,I) de

defines a bilinear mapping (M, K) : BL(2,2,2) x BL(2,2,2) — Br(2,2,2). There
exists a C' > 0 such that for all L > 1 we have

(Mo, LK) (0, @)|5, 2224 < CL™™™ 5|5, 2001l 5, (2.2.2)-

Lemma 4.3. Forp € (0,1/2) there exists a C > 0 such that for all (a,,w,) € X,
we have L*"NE(au,, wy,) = 81 + 82 + 83 + 84 with s1(k) = ibral? (k) and

IsellByn (22,20 < CLT 72 a3, (4.8)
Issllpon2.2,0) < CLT" P a2, lwnll ., (4.9)

IsallByn(2,2,1) < CL™2 P |3, (4.10)
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Moreover,
LO=PIMINE (v, wn) || Bm (2,11

o s (4.11)
< C(LY P anl, + ol 2, lwnllx, + L7 lw,|15,).

Proof. Explicitly we have

1/2 .
L2"NE(k) = L*"x(— / / o+ )T dm )iy (——=, ) d
n(’i) X(Lgn) — ( (a + Ln) (/i,m,l') m)ul(Lnax) Z,

m=—1/2
(4.12)
with
., R —n(l—
I(k,m,z) = (Oén</<3 — L”m)vl(ﬁ —m,x) 4+ LRy (ke — L”m))

X <an(L”m)171(m,:1;) + L_”(l_p)”wn(L”m)> :

Thus, substituting L"m — m in (4.12) yields L>"N¢(k) = s1 + 8o + 53 + 84 with

L2 N
sits=tt [ o G S ) = o) i

L"/2
= ibka? + L™ / (Rp-»M(k,m))an(k —m)a,(m)dm,
_Ln/2
where M € C? with M(¢,m) < C((£+m)7) with 1 < v < 2. Now using Lemma
4.2 with v = 2 — 2p we obtain (4.8).
Similarly,

||53("?)||Bm(2,2,1)
K ik I . A~
= LI (0 + ) (w5 (647 Tan(-/L7)),

n

K
ﬁ» HBLn (2,2,1)

which shows (4.9) by again using that 0,1 (£ ) = O(f£), and (4.10) follows in the

same way, as well as the estimate (4.11) in the stable part. O

The terms involving «,, in (4.11) do not decay. However, combining (4.11) with
the exponential decay of the stable semigroup we still get a local existence result
for (4.2) with bounds independent of n.

Lemma 4.4. There exist C1,Co > 0 and Lo > 1 such that for L > Lq the following
holds. Let

pu—1 = [(@n—1,wn—1) (1) x,_, < C1L~/2.
Then there exists a local solution (o, w,) € C([1/L?,1],X,,) of (4.2), with

sSup H(an;wn)HXn S C(21_/5/2,071—1- (413)
T€E[1/L2,1]

Proof. The variation of constant formula for (4.2) yields

o (7) :e(T—L”)LQ”m(n/L”)Rl/L&n_l(l)

T n n 4.14
o [ N () () ds,
1/L2
wy (1) = e(TfL_Q)Mf"Rl/Lwnfl(l) + L(?’p)n/ eT=IML N (0, (), w(s)) ds.
1/L2
(4.15)
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Combining (4.7) with Lemmas 4.1 and 4.3 and applying the contraction mapping
theorem yields the result. Il

4.2. Splitting and iteration. Due to the loss of L°/? in Lemma 4.4 we need to
refine our estimate of the solutions of (4.2). Therefore let

o (1, k) = o2 (1, k) + Y (7, K) (4.16)
Where ( ) = x(k/L™)0, (7, K), 0.(7, k) = f.(77/%k), with z defined by In(z +
1) = Zan(1/L% K)|x=0. Since N(:)(¢,z) in (3.7) vanishes at £ = 0, so do NS and
N s K 0 thh corresponds to the conservation of mass by the nonlinearity
( %) in (1.1). Therefore v, (7,0) = 0 for all n € N and all 7 € [1/L?,/1]. We
obtain
Oryn = L2y (-/ L™y + L2 (NS (e, wy) — NE(?),0)) + Res, (4.17)
where

Res = 0,087 + L¥(u1(-/L™)o’? + NS (al?),0)).

Lemma 4.5. Let |z|<1. There exists a C>0 such that

sup || Res||x, <CL"|z|.

TE[L—2,1] n
Proof. By construction, L*"u;(k/L") = —dak® + O(k3/L™) and L>"NE(a &), 0)) =
(ibk + 0((,€/Ln)2))(a£f> xa'?)). Combining this with 0,0, = —d2020, + ibk(0, *9.)
yields
Res = CL " (O(s*)al?) + O(k%(al?) % al?)))

which can be estimated in X,, = Brn(2,2,2) by CL~"|z| since v, is an analytic and
exponentially decaying function. O

Next write

an(l,k) = aff)(l, K)+ gnc(K), wn(l,k,2)=gpns(k,x).
By construction g, .(0) = 0, and finally we use the contraction properties of the
linear semigroup eL2n“1('/Ln)(1_L2)R1/L when acting on functions g(-) with g(0) =
0, i.e.

||eL2n/“('/Ln)(l_LQ)Rl/LQHBLn(2,2,2) < C'L_l||9||13Ln,1(2,2,2)- (4.18)
Here we need the smoothness in ¢. Using g(¢/L,z) = g(0,z) + (0/L)deg(l, ) =
(¢/L)0eg(l, z) we have

14 14
lg(€/ Ly N m2(1any < T 9l (Tin, 1272y < C 7 llglBLn(2,2,2),

cf., e.g., [10, Lemma 28]. Thus, combining (4.5), (4.7), (4.8)—(4.10) and (4.18) we
obtain in the critical part

Pn,c = ||gn,0||Xn <CL™ , C(|Z|L5/2Pn71 + (L5/2pn71)2 + Lin|z|)»

(4.19)

while in the stable part we have, for L sufficiently large,
Pr,s = ||gn,slx,
< Qe ol (A-L7%) [L5/2||gn—1,8||?€n—1 + L(lip)n(LSﬂpn—l)Q] (4.20)
< L_lpn—l
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Proof of Theorem 3.1. This now follows from a simple iterative argument. Let
po < L™ =: ¢, hence also |z|] < CL™™°, and let L > Ly with Ly sufficiently large
such that CL™! < L=(=P)_ Then (4.19) implies p, , < L=(mn—np) 4 [~n(1=P)|z|
with

my, = min{my,_1 +1,mg +mp_1 —5/2,2m,_1 — 5},

while (4.20) yields p, < L™"(=P). Letting, e.g., mo = 6 yields m; = 7, mg =
8,..., hence p,. < L7"0P)(1 + |2|) and p, < C|z| + L™™. For ,(k,x) :
o(L?", k/L™, x) this yields

Ry ARt

< ||9n,c + L_"(l_p)gn,slm < 2L (7P,

[vn, — PRy pnr || 2, =

This is (3.13) for t = L?", and the local existence Lemma 4.4 yields the result for
all t € [L2", L2(v+1)], O
5. REMARKS ON THE UNSTABLE CASE

In the unstable case dy < 0 in (1.5) we expand A;(¢) further to obtain
)\1(5) = —id¥ — d2€2 — id3£3 — d4£4 + O(ES) (51)

with d3 = —c3 + O(6) € R and dy = —1 + O(0) < 0. Then, with the same ansatz
as in §3.2; i.e.,

o(t, €, x) = e HhlG(t, 0) vy (¢, x), (5.2)
we may formally derive the constant coefficient Kuramoto-Sivashinsky equation
O = (do0? + d30? — dyd¥)a — b0, (a?) (5.3)
as the amplitude equation for the critical mode o1 (¢, z), which gives
O = (—d10y + da0? + d302 — dy03) o — bO,(a?) (5.4)

as the amplitude equation in the laboratory frame. Equation (5.3) (or (5.4)) is only
slightly simpler than (1.1), but, importantly, (5.3) is a well known (at least with
ds = 0), much studied, generic amplitude equation for long wave instabilities; see,
e.g., [, 3] and the references therein, and [4] for recent progress.

However, it is not clear a priori if (5.3) is a useful approximation in our problem,
in contrast to the stable case, where the Burgers equation (1.7) is used to “guess” the
lowest order asymptotics of small localized solutions of (1.1) which is then proved
rigorously a posteriori. In the unstable case no such behaviour can be expected:
solutions of (5.3) are O(1) in general and do not decay but show complicated
dynamical behaviour, see the references above, and [6].

Thus, first of all, already for the formal derivation of (5.3) an amplitude param-
eter € should be introduced. This can be done by defining

€ :=Re )\1(56) with 0y Re )\1|g:gc = 0;

i.e., € is defined as the maximum growth rate in (1.5). Then the so called justifi-
cation of (5.3) as the amplitude equation for (1.1) should be studied, namely: over
what time-scales (relative to ) and in what spaces do solutions of (5.3) via (5.2)
approximate solutions of (1.1)? Here we refrain from this analysis, which would
first require a number of assumptions on the coefficients ¢y, c3,d in (1.1); we refer
to [11] and the references therein for related work in this direction.
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Instead, here we report some numerical simulations concerning the approxima-

tion of (1.1) by (5.2) and (5.4). The full line in Fig.1b) shows a numerical solution
to (1.1) with

(0,c2,c3) = (0.1,—-0.2,—1) and mass u,, =1 (5.5)

domain and initial condition wu,, as noted. For the perturbation analysis with
parameters (5.5) we numerically find that a good 4" order approximation for \; is
A1 (£) = —2i0 +0.186¢2 — if3 — ¢*. Next we approximate b = —1 + O(62) by —1 and
thus consider (5.3) with

(d17d2;d37d47b) = (27_01867_17_17_1) (56)

The KS-equation (5.3) has boost (or Galilean) invariance: if «(t, z) solves (5.3)
then B(t,z) = a(t,z) + ¢ solves 8;3 = (bcdy + d20? + d302 — d403) — b, (5?).
Therefore the amplitude « for the approximation u, can be calculated in two dif-
ferent ways: First we may set «(0,2) = u(0,x) and integrate (5.3). This gives the
dotted line in Fig. 1b), while Fig.3a) compares the solutions «(100, x) and «(100, x)
thus obtained.

T T T
T |a l T
15| b
C - - -
1.5 T
1
1.25 T

05} .- |

\ [ \ /\ /« ! /\ 0!

[ 1 /M: | P

1 \ ]1,“ /\’v 11 '

V| ) Py ”\ A | \J |

Fr ;'\\‘ b

B e SRT

[ r\ ! /»’1» // i
|
\ / /r \ ‘ // // \ \\ / /l\
V/ // \ ‘\ a n ,;\/\“\\// //\\

L L L 0 B _ \/*-\R*// = - 1
0 40 80 120 0 40 80 120

FIGURE 3. (a) the numerical solutions of (1.1) (full line) and (5.3)
(dotted line) from Fig.1b) at ¢ = 100. (b) the solution of (1.1) (a),
of (5.4) with «(0,x) = u(0,2) — 1 (b), and of (5.4) with dy = —0.2
(c), all at ¢ = 500.
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Equivalently, but more in the spirit of amplitude equations, we may set «(0, z) =
u(0,z)—1 such that « represents the amplitude of the perturbation, and integrate
(5.4). The result at t=500 is shown in Fig. 3b) (curve b), together with u|;—500
(curve a) and finally compared with the solution of (5.3) with do = —cy = —0.2
(curve c¢). This last solution corresponds to simply setting 6 = 0 in (1.1). Clearly,
dy = —0.186 gives a much better approximation. The reason is that do=—0.2 gives
a stronger instability than the “effective instability” with do= — 0.186; therefore
the humps in the amplitude curve c are larger and hence travel faster than in
curve b, which over large times in particular leads to the incorrect shift in curve
c. Similar results were obtained in all our simulations which covered a variety of
parameter-regimes and initial conditions, in particular also for larger 9.

In summary, we see that the formal derivation of (5.3) gives a useful amplitude
equation, in contrast to just setting 6 = 0 in (1.1) which can be seen as a (very)
naive averaging. Whether (5.3) allows to show interesting rigorous results for (1.1)
in the unstable case remains to be seen.
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