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Abstract

We are interested in the description of small modulations in time
and space of wave-train solutions to the complex Ginzburg-Landau
equation

Or¥ = (1+ia)0xV + ¥ — (1+iB)¥|¥|?

near the FEckhaus boundary, that is, when the wave train is near
the threshold of its first instability. Depending on the parameters
«, B a number of modulation equations can be derived, such as the
KdV equation, the Cahn-Hilliard equation, and a family of Ginzburg-
Landau based amplitude equations. Here we establish error estimates
showing that the KdV approximation makes correct predictions in a
certain parameter regime. Our proof is based on energy estimates and
exploits the conservation law structure of the critical mode. In order
to improve linear damping we work in spaces of analytic functions.
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1 Introduction

The complex Ginzburg-Landau (GL) equation
Or¥ = (1+ia)03 ¥+ ¥ — (14+4iB3)V|¥]>, X e R, T >0,9(X,T)€C, (1)

with a, 8 € R can be derived via a multiple scaling analysis as a universal
amplitude equation for the description of pattern forming systems, such as
reaction-diffusion systems or the Couette-Taylor problem, near the threshold
of the first instability of the trivial ground state, cf. [21]. See [25, Chapter
10] for a recent survey.

The GL equation possesses a family of wave-train solutions

Upor(X, T) = Wyl CX 0T (2)

which are periodic in time and space, with ¥y, g € R and ( € (—1,1)
satisfying

W2+ (=1, Qo + aC* 4+ pYs = 0. (3)

As (1) is invariant under the mapping ¥ +— —W¥, we assume without loss of
generality Wy > 0 throughout the paper. Moreover, spatially homogeneous
wave trains lie outside the parameter regime — see §3 — considered in this
paper and so we assume ¢ € (—1,1) \ {0} in the following.

The stability of these solutions was first discussed in [9]. Due to transla-
tional invariance of the family of wave trains in time and space as solutions
to (1), the spectrum of the linearization of (1) about W, touches the origin.
Therefore, in the most stable scenario, the spectrum is bounded away from
the imaginary axis in the left-half plane except for a tangency at the origin.
In such a case, we call the wave train spectrally stable.

It is well-known [9], that in case @« = 8 = 0 wave trains are spectrally
stable if and only if ¢? < 1/3. In fact, for all fixed o, 3 € R with 1 + a8 >
0, there is a critical wave number (g = Cpa(a, 5) € (0,1) — the so-called
Eckhaus boundary — such that spectral stability holds if and only if |{| < (g,
cf. [27]. We note that in case || < (,q spectral stability yields nonlinear
stability of wave-train solutions to (1) with respect to small spatially localized
perturbations [3, 4, 13]. The same result at the Eckhaus boundary || = (pq
for a = = 0 has been established in [10].

It depends on the value of (a, 3) € R? whether the wave train U, desta-
bilizes through a Hopf-Turing or sideband instability at the Eckhaus bound-
ary |¢| = (pq. More specifically, there are disjoint open regions A, A, C R?
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(which can be determined explicitly [27]) satisfying A, U A, = {a, 8 € R? :
1 + af > 0} such that a Hopf-Turing instability occurs at |(| = (pa if
(a, B) € Ay and a sideband instability occurs at [(] = (pq if (o, 5) € Ag —
see also Figure 1.

In [27] various amplitude equations for the description of slow modula-
tions in time and space of the wave-train solutions to (1) have been formally
derived for |C| close to the Eckhaus boundary (,q. One obtains a system
consisting of a Ginzburg-Landau equation coupled to a nonlinear diffusion
equation if (a, §) € A, a Korteweg-de Vries (KdV) equation if («, 5) € Aj
with a # 8 and a Cahn-Hilliard equation if («, 5) € As with o = 3. At the
boundaries of A, and Ay more complicated amplitude equations occur.

In the last decades it has been observed that the Eckhaus boundary plays
an important role in the creation of patterns, especially in the wave number
selection of the pattern, cf. [1]. Thus, for an analytic understanding of these
pattern forming processes, it is important to know which of the aforemen-
tioned amplitude equations occurring at the Eckhaus boundary are valid and
which are not.

l+af <0

A, l+ap <0

Figure 1: The regions A, and A;, in the (o, §)-plane.



It is the purpose of this paper to establish error estimates showing that

the KAV equation

0,A=(f—a) <% 3?144-85(142)) , CeRT>0,A& 1) €eR, (4
makes correct predictions about the dynamics of slow modulations of the
wave-train solution W,e, to (1). Thus, we assume (a, 5) € A, with o # 3
and (| = (pa + O(e?) — where 0 < ¢ < 1 is a small perturbation parameter
— such that for |(| > (pa a small unstable branch of spectrum has entered
the right-half plane after a sideband instability — see Figure 2. In this regime
the underlying structure driving the slow modulations of the wave train in
the dissipative Ginzburg-Landau equation is conservative and governed by
the KdV equation. We exploit this conservative structure to obtain non-
trivial error estimates on an O(1/&3)-time scale for solutions of order O(g?).
Consequently, we do not only employ dissipative methods, but rely instead
on analytical smoothing to improve linear damping in our error estimates.
More precisely, we split the equations for the error into a linearly exponen-
tially damped part and into the rest. For estimating the rest we exploit
improved linear damping due to analytical smoothing and the fact that the
associated nonlinear term is O(k) for k — 0.

Other rigorous approximation results exist away from the Eckhaus bound-
ary. In case « = 8 = 0 and || < (pq the so-called phase-diffusion equation
has been justified [20]. For (a, ) # (0,0) the validity of a conservation
law [19] and, again for |¢| < (pa, of the Burgers equation [5] has been estab-
lished. On the other hand, at the Eckhaus boundary |(| = (pq in the regime
a = [ =0, it is shown in [8] that a waiting time phenomenon occurs.

A theorem about the KAV approximation at the Eckhaus boundary has
already been stated in [5, §7.5]. However, no detailed proof was given. It
was outlined how the proof for the validity of Burgers approximation would
transfer to the KdV approximation at the Eckhaus boundary. When prepar-
ing the manuscript [11] we recognized that a complete validity proof is much
more involved and goes far beyond the sketch given in [5, §7.5]. Therefore, we
decided to give a complete proof for the validity of the KdV approximation
at the Eckhaus boundary of which this paper is the outcome.

The plan of the paper is as follows. In §2 we derive equations for modula-
tions of the wave train in a suitably chosen coordinate system. In §3 we recall
the calculations from [27] to determine the parameter regime which leads to
the region A, in Figure 1 and to the derivation of the KdV equation in §4.
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§5 contains the functional analytic set-up. In §6 our approximation result is
formulated. The proof of this result is given in §7. §8 consists of concluding
remarks in which we discuss the approximation result in the original coordi-
nate system, what happens if we work in Sobolev spaces, and whether other
formally derived amplitude equations at the Eckhaus boundary are valid or
not. Technical results are provided in an appendix.

Notation. Constants which can be chosen independently of the small
perturbation parameter 0 < € < 1 are denoted by the same symbol C'.

Acknowledgement. We gratefully acknowledge financial support by
the Deutsche Forschungsgemeinschaft (DFG) through CRC 1173.

2 The equations for the modulation

We are interested in modulations of the wave-train solution (2) to the GL
equation (1). Thus, we consider the modulated solution

U(X,T) = ero+s(XT)+i((X+QT+¢(X,T)) _ oo (X, T)es(X,T)+i¢(X,T)7 (5)

to (1), where ry € R is defined through ¥, = €™, cf. (2). The conditions (3)
for the existence of wave-train solutions now read

ero 4 (2 =1, Qo+ al?® + Be*™ = 0. (6)

In this section, we derive equations for the modulations (s, ¢) in (5). Thus,
we rewrite the GL equation (1) in polar coordinates of the form ¥ = "%
which yields

Orp = 8§(g0 + 040?(7“ — Be* + a(E)XT)Q — a(@Xg0)2 + 2(0x ) (0xT),
orr = 8%7’ — a@igo +1—e¥+ (8)(7’)2 — (8X<p)2 — 2a(0xp)(0xT),

(7)

where we used

OrV = " (Opr + i0pyp),
DU = " (Dxr +i0xp)? + TP (0% 4 i0% ).

The modulated solution (5) in polar coordinates reads

r(X,T) =710+ s(X,T),  o(X,T)=¢(X,T)+ (X + QT



Substituting this solution into (7) and employing (6) yields equations for the
modulations U(X,T) = (¢, s)(X,T), which are given by

U = LoU + No(U), (8)
where Ly is the differential operator
Lo = Dy0% — 2(D10x + €™ Dy,

with

- 1 « [ a -1 (0 =28
DQ_(—OC 1)7 Dl_(l a)? DO_(O _2)7

and the nonlinearity Nj is given by

No(U) = a(0xs)? — Be*h(s) — a(0x)® + 20x ¢pOx s
() = (Oxs)? — e*h(s) — (Ox9)* — 2a0x pOx s ’

with h(s) := e* — 1 — 2s. Following [27], it is advantageous to switch to a
co-moving frame and to rescale both time and space. Therefore, we introduce

627‘0

==

where we recall that |(| € (0,1). With respect to these coordinates, sys-
tem (8) reads

g

= C_z - 17 t= C2T7 T = C(X - CCT), (9)

oU = LU +N(U), (10)
where £ denotes the differential operator
L = Dy0? + (cI —2D1)0, + oDy,
and the nonlinearity N is given by

[ a(0,8)* — oBh(s) — a(0.0)* + 20,¢Dys
N = (G oy Lo L i)

The modulation equation (10) only depend on z- and ¢-derivatives of ¢ and
not on ¢ itself. This yields translational invariance of the wave train W, i.e.,

any translate W, (X + Xo, T+Tp) = U (X, T) el Ko+ D) with X, Ty € R,
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of the wave-train solution in space and/or time is again a solution to (1).
Consequently, the modulation equation (10) admits constant solutions (0, ¢)
with ¢9 € R. To account for translational invariance, it is beneficial to
introduce the local wave number ¢ = 0,¢ of the modulated wave train.
Then (10) transforms into

o,V = LV + N(V), (11)
where V' (z,t) = (¢, s)(x,t), where L denotes the differential operator

I D2+ (¢ —2a)0, ad? + 20 — 200,
N —a0; — 2 02+ (¢ —2a)d, —20 )

and the nonlinearity N is given by

Oy ((0,8)% — o Bh(s) — arp? + 21)0,5)
N(V) = ( (0,8)* — oh(s) — V? — 2000, s ) '

Due to the introduction of the local wave number v = 0,¢, we obtain a
derivative 0, in front of the first component of the nonlinearity N. Hence,
we gain that the first component of the nonlinearity vanishes like O(k) in
Fourier space at the wave number £ = 0. On the other hand, the introduction
of ¢ yields a third derivative in the off-diagonal entry of the linearity L.
This complicates establishing regularity and damping properties of L in L?-
type spaces, which is required for our analysis in §7. Therefore, we replace
in §7 the derivative 0,¢ in (10) by a local derivative ¥(¢) instead, which is
defined through its action in Fourier space. It holds 9(¢) = F~![0F(¢)] with
@(k) =ik min{1, |k|7'}, where F is the Fourier transform, cf. Figure 4.

(12)

3 Determining the parameter regime

The aim of this paper is to prove that the KAV equation makes correct pre-
dictions about the behavior of modulations of marginally sideband-unstable
wave-train solutions W, to (1). In this section, we establish a parameter
regime that leads to the desired spectral configuration.

The linearization of (1) about the wave-train solution W, in (z,t)-
coordinates (9) corresponds to the linearity £ in the modulation equation (10).



The spectrum of the operator £ on L*(R) is given by the eigenvalues of its
Fourier symbol

£k = —k? + (c — 2a)ik  —ak?® — 280 + 2ik
N ak? — 2ik —k* =204 (¢ —2a)ik )’
Equating det(Z(k) — AI) = 0 gives
0(6 = 20) + o>y (k) (v(k) +28) = 0,

where 0 = —\ — k? + (¢ — 2a)ik and (k) = (ak* — 2ik)/o. Solving this
quadratic equation in @ yields two solutions

0r =0+ /02— o2y(k)(v(k) +26) = 0 + ov(k),

where the quantity v(k) is defined as the principal square root

v(k) = V1 —7(k)* = 28y(k).

Consequently, the eigenvalues of E(k:) are

Ae(k)=i(c —2a)k — k? — o £ ov(k)
= i(c—2a)k — k* — 0 £ /02 — (ak? — 2ik + 200) (ak? — 2ik).

(13)

Thus, the spectrum of £ is given by the union A, [R] U A_[R]. The curve
A_[R] lies in the open left-half plane. On the other hand, A,[R] touches the
origin at £ = 0 implying 0 is in the spectrum of £, which is related to the
translational invariance of the wave train W, in space and time as a solution
to (1). We expand A\, about the origin as

)\+(k> = Clik — CQkQ + C3ik3 - C4k4 + O(’k’5)> (14>
with

cq=c—2a-[),

co=14+ap—2(1+ 3o,

&5 = 21+ ) (a0 — 28)07,

cy = (1+ %) (a?0?/2 — 6aBo + 2(1 + 53%))o .

The coefficient ¢; is the group velocity of the wave train, which corresponds
to the speed at which the envelope of the wave train propagates through
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space. By choosing an appropriate co-moving frame, i.e. by taking ¢ =
2(a— B) in (9), we can factor out this transport. It depends on the sign of
the diffusivity coefficient ¢o whether the curve A, [R] touches the origin as a
left- or right-oriented parabola. Thus, the sign of ¢y determines the stability
of the spectrum close to the origin. For all (a, 8) € R? satisfying 1 + a3 < 0
it holds ¢y < 0, implying the wave train is spectrally unstable. On the other
hand, for (a, 3) € R? with 1 + a8 > 0 we have ¢, > 0 if and only if

2(1 2
O’>0’5::M,
1+ap

or equivalently, using (9),

9 9 o 1+ ap

Hence, as |(| is increased through (, the wave-train solution W, undergoes
a sideband instability. Although such a sideband instability occurs for all
(o, B) € R? with 1+ a8 > 0, the wave train is only destabilized through the
sideband instability if and only if (a, #) is contained in some set A, which
is explicitly determined in [27]. There, one defines the function r: (0,1) —
R U {oo} by r(z) = 272 for z € (0,1/3], by 7(z) = oo for z € [3/4,1) and
by the unique positive real root r(z) to the algebraic equation

4224z = 3) +1r3(52% — 42+ 1)+ 1 =0,
for z € (1/3,3/4). Subsequently, one obtains

AS:{(a,ﬁ)ERQ:(—1<aﬁ<52)\/(ﬁ:0/\a7é0)
V<8l <lal<r(2))},

see also Figure 1. Thus, for any («, ) € A the wave train destabilizes
through a sideband instability as || is increased through (s, which implies
that for such (a, ) the Eckhaus boundary is given by (,q = (5. At the
Eckhaus boundary |(| = (pq, or equivalently at o = o, the expression for c3
simplifies to

c3s=2(a—pB)ot. (15)



So, if (o, 5) € As with a # B, we expect that the leading-order behavior
of 9, — L is dispersive near the Eckhaus boundary |¢| = (pq, which, in the
appropriate co-moving frame, will lead to a KdV equation as an amplitude
equation for modulations of W, solving (10) — see [27] and §4. On the other
hand, in the special case o = 3, c3 s vanishes and a Cahn-Hilliard equation
occurs instead — see again [27].

We are interested in proving the validity of the KdV equation as a mod-
ulation equation for marginally sideband unstable wave trains such that a
small branch of unstable spectrum attached to the origin lies the right-half
plane — see Figure 2 and Remark 3.1.

Re(A4)
O(e") +

Figure 2: The spectral curve A, in the parameter regime (16).

Therefore, we set

(a,f) € A, witha#f8, o=o0,— &= 251:@5;) _2 )

where 0 < € < 1 is a small parameter. Recalling o = (72 — 1 by (9), || lies
just above the Eckhaus boundary (,q in the parameter regime (16), i.e., it
holds 0 < |C‘ — de = O(€2>.

Remark 3.1. For notational simplicity we restrict ourselves to the marginally
sideband-unstable case 0 < |(| — (pq. One readily observes that our analysis
works in the marginally sideband-stable case 0 > [(| — (g = O(e?), too.

By (15) and (16) we have
C3 = C35 + 0(52) 7é 0,
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yielding the desired dispersive dynamics on the linear level. Finally, the pa-
rameter regime (16) leads to the following spectral bounds — see also Figure 3.

Lemma 3.2. Assume (16) is satisfied. There ezists an e-independent con-
stant C' > 0 such that the spectral curves \.: R — C given by (13) enjoy the
following bounds

Os

Re(A () < -2~ Re(A (k) SCKl,  keR

provided € > 0 is sufficiently small.

Proof. Since v(k) is a principal square root, it has positive real part. Hence,
the bound on A_ follows immediately from (13) and (16). The function
f(k,o) = Re(A;(k;0)) depends smoothly on k and o at (k,o0) = (0,05) and
by (14) and (15) it holds

d2£(0,0,) =0, dLf(0,0) =0, j=0,1,3,
(

1 J
Cq5 = —a]%f«)a Us) 1—((116_) ﬂg());’ B)
J(a, B) =1+ 582 +a*(1 — 3B8%) +4aB(B* - 1),

>0,

for all ¢ > 0, where we use that 1 +af > 0 and J(a, 8) > 0 for (o, 8) € As.
Thus, by Taylor’s Theorem there exists a constant C' > 0 such that

|0(0,0)

for £ > 0 sufficiently small. On the other hand, we find — again by Taylor’s
Theorem — an e-independent neighborhood U C R of 0 such that

Rf(0,0) + cu| < CE2,

9

C475k4
2417

1 1
f(k.0) = 5001(0,0)k — 0f(0,0)k"| < ke,

as long as € > 0 remains bounded. Combining the latter two inequalities
yields

N 320V C
“, +20e%kK* < =
4-4! 31 /C4.s

for € > 0 sufficiently small, where we used that for any a,b > 0, the lines
k — +20vbk/(3v/3a) are tangent to the quartic k — —ak* + bk? at k =

fk,o) < — 3|kl keU, (17)
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+4/b/(3a). On the other hand, since we have (o, 8) € Ay, the wave train
undergoes a sideband instability at o = oy, i.e., f(k;o,) is strictly negative
for all k € R\{0} and touches the origin at £ = 0 in a quartic tangency. Thus,
since U is an e-independent neighborhood of the origin, we have f(k,o) <0
for K € R\ U, provided € > 0 is sufficiently small. Combining the latter
with (17) yields the result. O

Figure 3: Spectral estimates established in Lemma 3.2.

4 Derivation of the KdV equation

In this section, we formally show that the KdV equation describes the leading-
order behavior of modulations of the wave-train solution (5) in the param-
eter regime (16). The KdV equation is a long-wave approximation, i.e., in
Fourier space the solutions are localized about & = 0. Thus, we assume (16)
and make the ansatz that small solutions (.., S..)(x,t) to the modulation
equation (11) have the form

Voc(z,t) = *Alem, ), svc(x,t) = e2B(ex, %), (18)

with small parameter 0 < ¢ < 1. We expect that B is slaved by A and so
we refine the ansatz to

B(&,7) = A&, ) + e O:A(E, T) + 82V2852A(§,7') +2u3(A(E, 7)), (19)

12



with coefficients ;23 € R, which will be determined later. Our goal is to
formally derive that A satisfies a KdV equation.
Inserting the ansatz (18) into (11) leads to the system

%O A+ %0, A = e'0; A+ £ B — Bo0((26’ B + 2" B* + O(e"))
+ ag"0:((9:B)?) — 2% a0 A — " (A?)
+ 20 B + 2e°0:(A(0:B)), (20)
—3¢0¢B + %0, B = '0?B — 200: A — 0(2e?B 4 2¢*B? + O(°
3 3 3
+&%(0:B)? — 2e?A — ' A* — 2% B — 26°a A(0:B).

Equating terms at order €%, €3 and €* in the B-equation in (20) to zero,
while assuming for the moment that ¢ is independent of ¢, yields

—201y —2 =0,

-2 + cvyg — a — 2a1y = 0,
avy 0 0 (21>

—20v9 + vy + cvy — 2av, =0,

—20v3 — 2015 — 1 =0.

Similarly, equating terms at order €3, ¢* and & in the A-equation in (20) to
zero leads to

c—2PBovy —2a =0, (22)
1+ 2y — 2Bov; =0, (23)

and to the KdV equation
Or A = Fin 0 A 4 FnonOs (A?), (24)

with coeflicients

Viin = oy — 2Bovs + 2v1,
Ynon = —(2501/3 +a+2B0ov3).

Our aim is to express these coefficients in terms of «, 5 and o by solving (21)
with respect to vy, ..., 3. First, we choose the co-moving frame in (9) such
that (22) is satisfied, i.e., we take the velocity

¢ =2fovy + 2a. (25)

13



With this choice of ¢, system (21) uniquely determines the coefficients vy, . . . , v3.
Indeed, we find

-1

Vg =—0 °,
200 = 280" —
221/; = —ﬂaa_l — 20;;1, (26)
2015 = —20 1 — 1.
Substituting vy = —o ! into (25), we recover the group velocity
c=2(a-p), (27)

of the critical wave number k£ = 0, meaning we have switched to a co-moving
frame in which the envelope of the wave train does not propagate — see §3.
Finally, by our choice o = o, —&? in (16), equation (23) is satisfied to leading
order. Indeed, we find

1+ 2 — 280y =1 — 20, —28% ' +aB + O(e?) = O(e?).

Using (16) and (26), we approximate the coefficient 7;,, of the linear term in
the KdV equation (24) by

Viin = avy — 2B0vy + 21,
=(B—a)ot+2 (52 + 1)1
=2(8—a)o; '+ O(?)
= Vin + 0(52) # 0,

where i, = —c35 = (8 — a@)(1 + af)/(1 + B?) is the leading-order c3-
coefficient in the expansion (14) at the Eckhaus boundary — see (15). Simi-
larly, we approximate the coefficient 7,,, in the KdV equation (24)

Anon = —(2B01V2 + a + 2B013) = Ynon + O(e?) # 0,

where 7,0, := 8 — a. We conclude that with the choice of coefficients (26)
and velocity (27) the equations (21) are satisfied and the equations (22)
and (23) are satisfied to leading order with O(g?) residual. Thus, taking A
as a solution to the KdV equation (4), we find that the ansatz in (18)-(19)
formally solves the modulation equation (11) at least up to order O(g*). In
order to prove that the KdV equation (4) makes correct predictions about
the dynamics of (1) this has to be improved subsequently in §7.4 by adding
higher order terms to the approximation. However, the construction of the
improved approximation will be made in a more adequate coordinate system.

14



5 The functional analytic set-up

In order to state our main result we introduce a number of function spaces
and notations. By (:,-) we denote the Euclidean inner product and by | - |
the associated Euclidean norm in R?. The Fourier transform is denoted by

1 .
Fu) (k) =t(k) = — | e *u(x)d.
W)k = ) = <= [ ufa)
For m > 0 we define the Sobolev spaces
H™ ={uc L*R): (1+|-))?a € L*(R)},

endowed with the inner product

(u,0)n = (@05, = [ (L )" @(h),5(0) .

For any m € N, the induced norm is equivalent to the usual H™-norm.
Finally, for m > 0 we introduce

W,y = {u u=FU(@),a € L'R), |ullw, = /Ru + R [ack)| dk < oo} .

By Sobolev’s embedding theorem the space H™(R) is continuously em-
bedded into W, for each 6 > 1/2. Moreover, every u € W, is [m]-times
continuously differentiable with finite C’bLmJ (R)-norm.

In the parameter regime (16), the wave train is marginally sideband-
unstable, see Figure 2, leading to positive growth rates of the semigroup
associated to the linearization. To account for these growth rates, we work
in the space

HY ={ue L*R):e"l(1+]-)2u e L*(R)},

endowed with the norm

1
2
el = ( [ 1awe+ |k|2>5d/<:) |
R

where 4 > 0 and s > 0. Functions u € Hﬁfo can be extended to functions
that are analytic on the strip {z € C: |Im(z)| < p}. In the following we use
the abbreviation H;° = Hpg. It is readily seen that for any py > ps > 0 and
any m > 0 we have the continuous embedding H;;7, C H; .
Similarly, we define the spaces W, p,.
In our notations of the spaces and norms we do not distinguish between
scalar and vector-valued functions.
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6 Main results

In §4 we formally derived a KdV approximation for small long-wave mod-
ulations of wave-train solutions to the GL equation (1) in the parameter
regime (16). In this section, we state rigorous approximation results showing
that the KdV equation makes indeed correct predictions about the dynamics
of the modulated wave train on a non-trivial time scale.

In order to state our main approximation results, we assume (16) and
switch to a comoving frame (9), where the velocity c is given by (27). We
consider an L*-solution A to the KdV equation (4), which is analytic on a
strip in the complex plane. We emphasize that such solutions exist locally
in time, see Theorem 7.7. The associated long-wave solution (18)-(19) with
coefficients (26) provides a non-trivial approximation of an O(g?)-solution to
the modulation equation (11) on the long O(1/&%)-time-scale.

Theorem 6.1. Let m, pa, 70 > 0 and A € C([0, 7], HX,) be a solution to the
KdV equation (4). Then there exists C, 1,9 > 0 such that for all € € (0, )
a solution V(x,t) = (¢, s)(x, t) to the modulation equation (11) exists with

sup [V ) = Vi ()| < €72,
0<edt<m
where Vo (x,t) = (Vi s ) (2,t) is defined by (18)-(19) and (26). In par-

ticular, it holds

sup  sup |V (z,t) — Voo (x, 1) < CE°.
0<e3t<t; z€R
The error bound in Theorem 6.1 can be improved by adding higher-order
terms to the approximation ansatz (18) —see §7.4. This leads to the following
statement.

Theorem 6.2. Let m, g, 70 > 0, & > 3, and A € C([0,7), HS) be a
solution to the KdV equation (4). Then there exists C, 11,69 > 0 such that
for all e € (0,e0) there exists an approzimation V5= : R x [0,71/¢%] — R?
satisfying

sup  [[Vas (- 8) = Vi ()| < CEY2, (28)

0<e3t<my
where Ve (x,t) = (Vi) s ) (w,t) is defined by (18)-(19) and (26) and there
is a solution V(x,t) = (¢, s)(x t) to the modulation equation (11) satisfying

sup ||V( t) — Ve

| o (2 Dl e
0<e3t<m

< Ce". (29)
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Corollary 6.3. Under the assumptions of Theorem 6.2 it holds

sup  sup |V(z,t) — Voo (o, t)| < Ce”, (30)
0<e3t<rm z€R
sup  sup V5 (a, 1) — Viie(a,1)] < C=% (31)

0<e3t<rm z€R

Proof. The L*-bound (30) follows from (29), since H™ is continuously
embedded into L*°(R) for m > 1/2. The bound (31) follows by construction
of the improved approximation ansatz in §7.4-§7.5 and the calculations in
Remark 7.6, noting that for 0 < 7 < 7y the difference V5°(-/e,7/€%) —

Vie(-/e,7/€%) is of order O(e?) in L(R) for some f14 > 0 — see Theorem 7.8
—and the L°°-norm is invariant under rescaling. ]
Since Theorem 6.1 is a direct consequence of Theorem 6.2 and Corol-

lary 6.3, it remains to prove Theorem 6.2 — see §7.

Remark 6.4. Our approximation result is not optimal in the sense that
in general 71 < 79. However, we still obtain the natural and non-trivial
O(1/&%)-time scale for the approximation time.

Remark 6.5. Above approximation results should not be taken for granted.
There are counterexamples that formally derived amplitude equations make
wrong predictions, cf. [23] and §8.4.

Remark 6.6. To construct the improved KdV approximation V..~ from the

original KdV approximation V-°, we have to solve, additional to the KdV
equation, a number of inhomogeneous linearized KdV equations, cf. §7.4.
Besides in the proof of Theorem 6.1 and Theorem 6.2 the improved approx-
imation V= is utilized to transfer the approximation of solutions to the
modulation equation (11) in Theorem 6.2 to the original modulated solu-
tion (5) to the complex Ginzburg-Landau equation. This is discussed in

detail in §8.1.

7 Proof of Theorem 6.2

Without loss of generality we assume m > 2. The result for smaller m-values
is an immediate consequence. The bound (28) follows by construction of the
improved approximation ansatz in §7.4-§7.5. The error bound (29) will be
proven in §7.6-87.7. Before we do so, we outline below some more details,

17



especially we motivate the change of variables made in §7.2. A reformulation
of Theorem 6.2 in the new variables can be found in §7.3 and the transfer of
the result back to the original variables in §7.8.

7.1 Outline

As already said, it is a non-trivial task to bound solutions V' = (¢, s) to the
modulation equation (11) of order O(£?) on the long O(1/e®)-time interval
or, equivalently, to estimate the error Ry defined by

V= ‘/a’;; + EHRV
in H™ by an e-independent bound on the long O(1/&%)-time scale.

Our approach to tackle this problem is to establish an e-independent
constant C' > 0 and a differential inequality of the form

E'(t) < O(E(t) + 1), (32)

for a suitably chosen energy £(t), which allows to estimate || Ry (¢)| gm. Ap-
plying Gronwall’s inequality to (32) leads then to the desired H™-bound on
Ry (t) on an O(1/&%)-time scale. We outline below that one has to overcome
a number of problems.
Since V solves (11), the error Ry satisfies
atRV = LRV + G(Vﬁ’s Rv) — €7HR€SV(VK’E), (33)

app’ app

where GG contains linear and nonlinear terms with respect to Ry and is given

by

G(Vr Ry) =e " (N(e"Ry + V.52) = N(V,)e)),

app’ ap app

and where the residual Resy (V) is defined by
Resy (V) =0,V — LV — N(V). (34)

Thus, in order to obtain a differential inequality of the form (32), we
require an O(£3%)-bound on the residual. The nonlinear terms with respect
to Ry in G are of order O(£"), so that we require £ > 3. The major difficulty
comes from the linear terms with respect to Ry in G. Because the KdV
approximation V- is of order O(g?), these linear terms are proportional to
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O(g?). In order to extract the properties of our system, which nevertheless
allows to establish an inequality of the form (32) for a suitable chosen energy,
we have to perform additional changes of variables.

To gain the same regularity in both components of Ry, we first modify the
local wave number ¢ = 8¢, which was introduced in §2. We replace ¢ = 0,¢
in (11) by x = ¥(¢), which is defined through its Fourier symbol J: R — R
given by 9(k) = ik min{1, |k|'} and is called local pseudo-derivative in the
following — see Figure 4. After applying this transform, the linearity L in
the error equation (33) is replaced by a linearity that has the same spectrum
as the linear operator £ in system (10). Thus, by the calculations in §3, it
has unstable spectrum close to the origin in the parameter regime (16) — see
also Figure 2 — but also an exponentially damped part. This exponentially
damped part allows us to control O(¢?)-terms in G on the long O(1/e?)-time
scale. The weakly unstable part is of no help in this respect: one has to
use that the corresponding part in GG has a local pseudo-derivative in front
— see also (12). In order to exploit this fact we introduce a time-dependent
exponential weight, which damps at all wave numbers of the weakly unsta-
ble part except for the wave number k£ = 0. This is sufficient to control
the corresponding O(e?)-terms in G that have a pseudo-derivative in front,
since they vanish at £ = 0. Such time-dependent exponential weights are
also employed in the functional analytic versions of the Cauchy-Kowalevski
theorem, cf. [22].

7.2 The change of variables

As outlined in §7.1, we perform some changes of variables to the modulation
equation (11).

First, we replace ¢ = 9,¢ in (11) by the pseudo-derivative xy = 9(¢),
which we define through its Fourier symbol J(k) = ik min{1,|k|~'}, see Fig-
ure 4.

This amounts to a transform Sy, which is defined through its Fourier

symbol g; given by
— min{1, [k|7'} 0

We apply Sy to (11) and find that Y := Sy(V) =: (x, s) satisfies the equation
0Y = LyY + Ny (Y), (35)
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Figure 4: The symbol of the local pseudo-derivative.

with linearity

ro_ (Bt (c=20)0: V(=280 + 20, + ad})
V=0 (<20, —ad?) —20 4 02+ (c—20)d, )

and nonlinearity

Ny (V) = <19 (—Boh(s) + 2(0,5) (0,971 x) + a(0ps)? — a(@xﬁ_lx)2)>
—ah(s) + (0;8)? — (0,971x)? — 200, 5(0, 9 x)
B (ﬁNn(Y >>
"\ Nyo(Y) )7
where we recall h(s) = e** —1—2s. We note that Ly is a differential operator
on L*(R), whose highest proper derivatives are of second order. In addition,
the nonlinearity Ny contains besides local pseudo-derivatives only first order
proper derivatives. By construction, the first component of Ny contains a
local pseudo-derivative in front. . R
Since for fixed k € R the Fourier symbols Ly (k) and L(k) of the operators
Ly and L (note that £ was defined as the linear part of system (10)) are
similar matrices, the spectra of Ly and L coincide. Thus, using the spectral
calculations in §3, one observes that Ly has unstable spectrum close to the
origin in the parameter regime (16) but also an exponentially damped part
— see Figure 2.

The nonlinear terms corresponding to the exponentially damped part
can be controlled on the long O(1/e®)-time scale. For the nonlinear terms

(36)
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corresponding to the weakly unstable part we exploit that they have a local
pseudo-derivative in front.

We introduce a time-dependent exponential weight, which damps at all
wave numbers of the weakly unstable part of Ly except for the wave number
k = 0. We choose a p, € (0, p4), with pg > 0 as in Theorem 6.2. Then we

define the transform S, (t): Hyy, ,, — H™ for t € [0, e/ (ne?)], with p(t) :=

(s — net) /e, through its Fourier symbol S'Z(t, k) = diag(w(t, k), o(t, k)),
where @(t, k) = e#®* and n > 0 is a k-, e- and t-independent constant yet
to be defined. Applying S, (¢) to (35) we find that Y(-,t) := S,(t)Y (-, 1)
satisfies

0y = LyY + Ny(t,)), (37)
with linearity
Ly = Ly — 627]|]{Z|0p,

where the pseudo-differential |k|,, acts in Fourier space through multiplica-
tion by |k|. The nonlinearity in (37) is given by

Ny(t,Y) = Su(t) Ny (Su(t) (V).
The spectrum of Ly is the union Ay [R] U Xy _[R], where Ay 1 (k) := Ay (k) —
e?nlk| and A\i(k) is as in §3. Lemma 3.2 provides the bounds

Re(ho (k) < =2 =K%, Re(hoy(k) < —e0[k, keR,  (38)

provided € > 0 is sufficiently small. Thus, Ly is damped for all wave numbers
except for the wave number k = 0 — see also Figure 5.

Remark 7.1. Note that the decay with —e?n|k| is exploited to control the
O(e?)-terms of G in the error equation (33). For making Re(Az 4 (k)) negative
a decay proportional to £3|k| would suffice.

That the nonlinear terms corresponding to the neutral mode really have a
local pseudo-derivative in front, can be seen after diagonalizing the operator
Ly in Fourier space. We have the spectral decomposition

—

Ly (k) = Suiag(k) ™" Lz (k) Saiag (k).
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Re(A2,4)

Re(A2,—)

Figure 5: The transformed spectral curves using the estimates from
Lemma 3.2.

for k£ € R with

Lz(k) = diag (Ao (k), do—(k)), Kk ER. (39)

and explicit representations for S/dm\g(k) and %(k)_l in Appendix A.1. In
the following we use that Sgq,(k) is of the form

v (su(k) O(k)sia(k)
Siag () = (521(@ s92(k) )’

with smooth and bounded coefficients s;;j(k) and that Sg.,: H™ — H™

given by Sgiqy = f’l[S/ﬁm\gf(-)] is an isomorphism, cf. Lemma A.1. Now,
Z := Sgiag(Y) satisfies a system of the form

Z = LzZ + Nz(t, 2), (40)

with linearity Lz having the Fourier symbol [/;,
So, Lz has, besides the wave number k = 0, no unstable spectrum —
see (38). The nonlinearity in (40) is given by
Nz(t, Z) = SaiagNy(t, Sgias Z)

= S (t)Suiag Ny (S5 (1) S5t 2)

diag
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and has a local pseudo-derivative in front of the first component due to

Stg Ny = (311 19812) (ﬁi\fm) _ (‘9(5&%1 i 812]Y12)> S ()

So1 822 Ny 591U N11 + S22 N12

where we used (36) and suppressed the k-dependency. Writing Z = (24, Z5),
we observe that the Zs-equation is linearly exponentially damped, whereas
the Zi-equation is exponentially damped everywhere except for & = 0.
Therefore, as outlined in §7.1, it is crucial to use the conservation law struc-
ture of the critical modes, i.e., that the first term in the nonlinearity Nz
has the local pseudo-derivative 9 in front to compensate for the fact that
A2+ (0) = 0 at wave number £ = 0 of Lz. By Lemma A.8 the nonlinear
mapping Nz is smooth from H**! to H* for s > 2.

Remark 7.2. The diagonalization operator Sg;,, and the smoothing opera-
tor S;1(¢t) commute. For deriving higher order approximations in §7.4, see
also Remark 6.6, it turns out to be advantageous to introduce Z := Sgjqq(Y),
which satisfies an equation of the form

OZ = LyzZ + Ny (Z), (42)

where Ly is a diagonal pseudo-differential operator with Fourier symbol
diag(Ay(k),A\_(k)), where AL are as in §3. In addition, the first compo-
nent of Nz contains a local pseudo-derivative in front, cf. (41). We refer to
Figure 6 for an overview of all transformations.

Sdiag

Sdiag

Figure 6: Summary of all transformations. In the equations for the variables
in roman no smoothing occurs. In the equations for the calligraphic variables
a smoothing occurs.
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Remark 7.3. The introduction of the time-dependent exponential weight
leads to decay rates of the associated semigroups, which we do not have for
etz . H™ — H™. We obtain now an estimate

”etLZ’ﬁHHmHHm S C(&',??)til, t> O,

Thus, applying e'*Z to the first component of Nz gives a polynomial decay
rate. The latter could possibly be used to obtain the required estimates
on the long O(1/e%)-time scale by using the variation of constant formula
and optimal regularity theory. Instead of doing so we will work with energy
estimates.

Remark 7.4. There is a price we pay for the improved linear damping
properties in the Z-equation (40). Starting from the residual Resy(t), de-
fined in (34), we introduce the residuals Resz(t) = SgiagSw(t)Sy[Resy (t)] and
Resz = SaiagSs[Resy]. In order to have the desired O(e"*?)-residual Resz
in H™ — see §7.1 — we require the residuals Resy and Resz to be of order
O(e"3) in H2Y, , onan O(1/&?)-time scale.

7.3 The approximation result for the Z-system

In order to prove Theorem 6.2 we first formulate the associated approxima-
tion result for the Z-system.

Theorem 7.5. Let m, s, 70 > 0, & > 3, and A € C([0, 7], HS) be a
solution to the KdV equation (4). Then there exists C,,e9 > 0 such that
for all e € (0,e0) there exists an approzimation Z=: R x [0,7/¢*] — R?
satisfying

sup || 252 t) — Suw)SdiagSsV,

) app app(
0<e3t<n

t)l|sm < Ce™2, (43)

where V;’;;(:c t) = (Vrs,, sus ) (@, 1) is defined by (18)-(19) and (26), such that

there is a solution Z to the modulation equation (40) satisfying

sup HZ( t) — Zre (-

oD g <
0<e3t<m

Ce". (44)

24



7.4 The improved approximation ansatz

We construct the improved approximation in system (42), which is of the
form

012y = A (—10,) Zy 4 9(02) 91(Z1, Z2),

45
0Ly = A\_(—10y) Zs + go(Z1, Z), (45)

with g1, g2 being smooth nonlinear terms for which we can compute their
Taylor expansion up to arbitrary order (see Appendix A.2). We choose ¢ as
in (27) and make the ansatz

Zi(x,t) = e*Ag(ex, &%) + ... + N T2 Ay (e, %),

46
Zy(w,t) = e*By(ew, e’t) + ... + NP By_ (ex, ). (46)

Under the scaling £ = ez, using the expansions of Ay (k) about k£ = 0 from
§3, we have the following formal expansion in the parameter regime (16)

A (—i0,) = %ndf + O(e"),
A_(—10,) = =20, + O(e),
19(81«) = 885

with v, = —css as in §4. By substitution of (46) into (45), we therefore
find at O(£°) in the first component of (45) the KdV equation

a7'AAO - VlinagAO + ’ynonaﬁ(Ag)a (47>

with Yn0n = 8 — a as in §4. At O(g?) in the second component of (45) we
find a linear algebraic equation

0 = —20,By + c.(Ap)?,

where here and in the following various coefficients are denoted by the symbol
C-

Remark 7.6. We computed for the ansatz in §4 that B = —0~'A + O(e),
such that

Vi = & ( o ) + O = 52A( o ) + O,
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On the other hand we have
e 1o 1 * 1
Vg =itz =2 (4 D) (g ) 40
224, ( L ) + O,

Therefore, we have formally A = Ay + O(e), and so the coefficients in (24)
and (47) are (to leading order) the same. On the other hand, we note that
B and B, are not equal.

At O(£%) in the first component of (45) we find a linearized inhomoge-
neous KdV equation

O Ar = Yiin0; A1 + 2YmonO¢ (Ao A1) + fa1(Ag),

where f41(Ap) is a function, solely depending on Ay and its &-derivatives,
given by
fA,l (Ao) = 0*852140 + C*agle + C*a§<<A0)2)

The principal structure of the subsequent equations remains the same. For
example at O(£°) in the second component of (45) we find a linear algebraic
equation

0= —20,B1 + fp1(Ao, A1, By),

and at O(g") in the first component of (45) we find a linearized inhomoge-
neous KdV equation

0, Ay = %magAz + 2%on(9§(140142) + fA,2<A07 Al; Bo)7

where fp1 and f4 2 are functions which solely depend on the solutions to the
equations before, i.e., here on Ag, A1, and By and their £&- and 7-derivatives.
For m € {3,...,N} at O(g™"?) in the second component of (45) we find a
linear algebraic equation

0= _QO-SBm—l + fB,m—l(A07 cee 7Am—17 BOJ s 7Bm—2)7

and at O(¢™*°) in the first component of (45) we find a linearized inhomo-
geneous KdV equation

a‘rAm = 7lzna§Am + Q’Vnonaf(AOAm) + fA,m(Aoa ce 7Am717 Bo, ) Bm72)7
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where again fp,,—1 and fa,, are functions which solely depend on the so-
lutions Ag,...,A,._1,Bo, ..., By,_2 and their & and 7-derivative. In this
procedure also the temporal derivatives of B,,-terms occur. They can be ex-
pressed in terms of spatial derivatives of the solutions to the equations before
by differentiating the algebraic B,,-equation with respect to time and then
expressing the temporal derivatives of the solutions to the equations before
by the right hand sides. For instance we find

0= —20587-30 + C*AOaTAO = —QO'SﬁTBO + c*AO(’ylmﬁng + ’ynonag((Ao)Q)).

Hence, if local existence and uniqueness as well as sufficient regularity can be
established for these equations, we can solve them step by step. Before we go
on, we remark that fp,,—1 and fa,, only contain finitely many derivatives.

7.5 Local existence and uniqueness for the extended
amplitude system

In this section we establish local existence and uniqueness in H,

the extended amplitude system

-spaces for

aTAO = VlznagAO + f)/nonaé((A(])Z)a
0-A = W’na?Al + 29000 (Ao A1) + fa1(Ao),

aTAm - 7l7,n8§Am + Q’Ynonaf(AOAm) + fA,m(AOa cee >Am—17 Bo, s 7Bm—2)7

0, Ay = %magAN + 2Yn0n0¢ (A0AN) + fan(Ao, ..., An—1,Bo, ..., Bn_2),
with
0= —QO'SBO + C*(A0)2,

0 - _2UsBm—1 + fB,m—l(A07 oo 7Am—17 B07 R Bm—2)7 (48)

0= —20,By_1+ fn-1(Ao,...,An_1,Bo, ..., Bn_2),
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which we derived in §7.4.

In order to do so we take three numbers 7z, o and ju, with 7z > p > i, > 0.
Let

L m
pmo =0 —(A—p)5  and  pn(7) = pno =07

for 0 < n7 < p — p, where n > 0 is some e-independent constant. Then
we choose A,,|,— € Hp . s sufficiently large, and look for solutions with
An(T) € HYY () . Moreover, we set 1,(T) = pu(T) — 31 (7 — 1) and look for

solutions with By,(7) € H}?  ; — see Figure 7.

= o0 — fp(7), m=0,...,N
\ Un(T), n=0,...,N=2
. 110(7o
3 (
H:MN,O\ v
* M&(To)

Figure 7: The left panel shows a lower bound to the width of the strip of
analyticity of the functions Ag, By, A1, ..., By_2, Ay as a function of time 7.

Since fam = fam(Ao, ..., Am—1,Bo,- .., Bnm_2) only contains finitely many
derivatives, we have for s > 0 that

fA}m . HZZ(T):S X ... X H/ijn—l(T)ys X HSS(T),S X ... X Hsfn_Q(T),s — Hﬁfn(f),s

is a bounded mapping. Similarly, we have that

fB,mfl . HEE(T),S X ... X H/ifn—l(‘r)ys X HSOO(T),S X ... X HS:L_Q(T),S — HOO (T),S

Vm—1

is a bounded mapping. Hence, substituting B, in fa., by fsm/(20s) gives
a system of the form

0:-A) = %mang + %onﬁg(ASL (49)
0 R = 7in0: R + 2¥non0¢ (AgR) + F (Ao, R), (50)
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with R = (Ay,..., Ayn), where F': H® X HX, — HX,, with

1o(7),s 7,89

Heo = Hilmys X X H i)

is a smooth mapping.
We introduce py,(k,7) = e*=(Mlkl and A,,(¢,7) via

A(K,7) = pin (K, 7) A (K, 7). (51)
Moreover, we introduce R = (A4, ..., Ay) and on(7) = diag(pi(7), ..., pn(T))
and have the following local existence and uniqueness results for the KdV
equation and for the extended amplitude system.

Theorem 7.7. Let Agl,—o € Hﬁj(o)’s and s > 3. Then there exists 79 > 0
and a solution Ay to (49) for 7 € [0,70] with Ao(1) € Hpy (), where 0 <

IS}

Nty < pb — e Moreover Aq € C([0, 0], H*) N C'([0, 7], L*(R)).

Theorem 7.8. Let (Ag|r=0, R|-=0) € HES(O)’S x HgS, and s > 3. Then

there ezists 19 > 0 and solutions (Ao, R) to (49)-(50) for T € [0, 70 with
(Ao, R)(T) € H 1y o X H,, where 0 < 1o < pt — .. Moreover, (Ag, R) €

o (T)73 7,87

C([0, 7], H*) N C* ([0, 7o), L*(R)).

Proof. In order to prove local existence and uniqueness of solutions to (49)
and (49)-(50) and to estimate the H7®  -norm and the H° ) X H2*-norm of
these solutions, we proceed as in §7.2 by introducing time-dependent expo-
nential weights via (51). This transforms (49)-(50) into the system

0r Ao(1) = —n| K |opAo(T) + Y1in 02 Ao (T)
+ Ynonpo(T)0((po ' (T)Ao(7)) (95 (7)Ao (7)),
0-R(7) = —n|K|opR(T) + 1in0E R(T)
+ 2%on 0 (7) 9% ((pg ' (7)Ao(7)) (0 (T)R(7))) (53)
+ F(Ao(7)), R(7)),

(52)

with |K/\OP\AO(K) = |K|Ay(K) and where F(Ag, R) is the transformed non-
linearity. Note that F' has a strict upper triangular structure, i.e. F; only
depends on A, ..., A;_;. Moreover, if Ag,..., Ay € C([0, 7], H*) then
F ec(0,m), H®),1<i<N.

System (52)-(53) is a classical quasilinear system in sense of [14]. For (52)
and (52)-(53) we obtain local existence and uniqueness in the space C([0, 7o), H*)N
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CY([0, 7], L*(R)) for s > 3. We remark that since the quasilinear parts of (52)
and (52)-(53) have the same structure the time of existence of the solutions,
which we obtain from our construction, is the same for (52) and (52)-(53). [

Remark 7.9. Alternatively, one can establish local existence and uniqueness
via optimal regularity results. Since the linear semigroup gains one derivative
and since the nonlinear terms lose one derivative, optimal regularity results
in the sense of [16, 17] can be used. We remark that the solutions to the
KdV equation stay analytic for all times [15, 26, 2].

Starting from the solution A € C([0, 7o}, H;% ) to the KAV equation (4) in
Theorem 7.5 and taking . < po(0) < g4 and Aglr—o = A|;=o in Theorem 7.8,
we obtain 7y € (0, 7] and an improved approximation (Ag, A1,. .., Apq)(7)
lying in H? ; such that A(7) = Ag(7) for 7 € [0, 7). Now, define Z* by (46),

where the B; are defined through the algebraic equations (48). As Z[=(t)

lies in HY Je.s for 0 < &3 < 7, the transformed improved approximation

Zhe(t) = S, (t) 25 (t) satisfies the desired estimate (43) in Theorem 7.5 by
construction (taking s > 0 larger if necessary), where we use p(t) > . /e for
0 < &% < 7. All that remains to show is the error estimate (44), which will

be established in §7.7.

7.6 The residual estimates

For the improved approximation Zg defined in §7.4-7.5 we have the following
estimate on the residual terms.

Lemma 7.10. There ezists Cyres > 0 such that for all e € (0,1) we have

sup ||ReSZ(Z”’E(t))||Hx/E < Clese®™™, (54)

0<e3t<7y wp
where we fized p, € (0,114) in §7.2 and Resy is defined in Remark 7.2.

Proof. By the construction of the improved approximation in §7.4 we elim-
inated formally all terms of order O(e3+*1/2) in the residual defined in (34).
In §7.5 we showed that for any fixed s > 0 the improved approximation
Zgsp(t) is in HY?, - and so are the remaining terms small in H;?, - (after
taking s sufficiently large). In detail we use Lemma A.9 and apply it on
Ao (k) + ivnk® = O(|k|*) as k — 0. A straightforward multilinear general-

ization of Lemma A.9 is applied on the associated kernels appearing in the
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representation of the nonlinear terms in Fourier space. As an example, in
Fourier space bilinear terms can be written as

/b(k, k —m,m)u(k — m)u(m)dm
with kernel b, which is smooth at the origin and can be expanded like Ay.. [

7.7 The error estimates

Our starting system is equation (40)
0,2 = LzZ + Na(t, 2), (55)

with linearity Lz having the Fourier symbol I/;(k) = diag (Mg +(k), Ao.—(k)),
and where the nonlinear terms are by Lemma A.8 of the form

Na(t, Z) = V(Byi(t, 21, Z1) + Bo(t, 21, Z5) + Bs(t, 29, Z5) + Hi(t, Z))
z(t, By(t, 21, Z1) + Bs(t, 21, Z5) + Bg(t, 24, 25) + Ha(t, Z) )

in which the bilinear terms B; enjoy the estimate

1B;(t, 2, W)|

e[V

Hs+1, j:].,...,67 (56)
and where the higher order terms H; o obey

[H12(t, Z)|

?_Is ZHH3+1,

for small || Z]

Hs+l .

Remark 7.11. System (55) has the properties of a semilinear parabolic
system and so local existence and uniqueness is clear [18]. The solutions
exist as long as we can bound them with our subsequent error estimates.

The improved long-wave KdV approximation Z;(t) defined in §7.5 for
the variable Z gives via

225(0) = S0 Z550) = 2w = (o) (57

an improved long-wave KdV approximation for the variable Z.
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We introduce the error function R by
Z =W+ ¢"R,
with R = (Ry, R2). The error function R satisfies
OR=LzR+N(t,R)+ e "Resz (W),

with R|;—o = 0, where

N(®)(R) == e 5[Nx (£, W + & R) — Na(t, &2W)] = (%ﬁ;i@)  (58)

We have the expansion

ONI()(R)\ _ (20(2B1(t, Wi, Ry) + Ba(t, W1, RQ))) N <H3(t, R))
NQ (t) (R) 52(234(t, Wl, Rl) + B5(t, Wl, RQ)) H4(t, R) ’
(59)
where Hs 4 obey by Corollaries A.5 and A.6 and Lemma A.8 the estimate

[Hsa(t, R) | < CE|Rllzgmsr + Co(M)e"|| Rl g | R s, (60)

as long as | R||gm < M, with M defined below. More precisely, one observes
from (58) and (59) that the terms in Hs4(t, R) that are nonlinear in R
are estimated by Cao(M)e”®||R|| gm || R|| gm+1, where Cy(M) denotes a constant
depending on M. On the other hand, the terms in Hs4(¢, R) that are linear
in R are either bilinear terms of the form B;(t, Wh, R;) or B;(t, R;, W>) with
j=1,...,6,7=1,2 or they are (at least) quadratic in WW. Consequently,
these terms are estimated by Ce?||R||zm+1 using (57).
The error is estimated by the energy

£(t) 1= S(IRAD] 3 + IRa0) ) = 51 R(E)

We compute
atg - Re ((R, LZR)H’UL + <R,N(R)>Hm + <R, 67ﬁReSZ(€2W)>Hm) . (61)

a) We start with the bound on the linear term (R, Lz R)gm in (61). Using
that Lz has the Fourier symbol (39) satisfying the bounds (38), we obtain
the existence of a constant ¢; > 0 such that

Re ((R, LzR)pm) < —52g|||k|},fR1||§,m — arl| Rel s,
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is satisfied for £ > 0 sufficiently small, where, as above, |/<:](1)1/,2Rj is defined in
Fourier space by F(|k|op’ R;)(k) = |k|*/2R; (k).

b) Next, we bound the residual term (R, Resz(e*W))gm in (61) by em-
ploying the estimate (54). Thus, using that p(t) < p./e and S, (t) maps
H;i?t) continuously into H™, it holds

[(R, Resz(*W)) ym| < C||R||Hm||ResZ||H
<O (14 €),

(t)/e

where we used the Cauchy-Schwarz and Young’s inequalities.
c) Finally, we bound the nonlinear term

(R, N (t, R)) gm = (R, ONI(E, R)) g + (B2, No(t, R)) prom -
cl) Using Corollaries A.5 and A.6, (56), (59) and (60) gives

(R Na(t, R) .|
< (R, Na(t, B)) | + | (RIS Rz, [KI2NG (L R)) s
< 2| Roll g2 N (£, Bl -1/
< | Rell msz (CE* [ Rall smoa + 2| Ball g
+Co (M) | R || Rl gm172)
< Ce|[RolZmanss + ORI sy + Co(M)EN| Rl | Rl 2

under the assumption ||R||g= < M, where we used £2ab < ea® + £3b? in the
last line.
c2) Similarly, we estimate

[(R1, Ha(t, R)) g | < 2||Rall gmsrsz || Ha(t, R)|| grm-1/2
< || Bl gz (C*| R gz + Co(M)e™|| R grm || R| grme12)
< (054 + 02(M)5H) ||R||§{m+1/27

as long as || R gm < M.
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c3) Finally, using that the symbol of |k[_ ' is bounded at the wave
number k = 0, we find by (56)

(R, €20B;(t, Wi, R))) .| < € llIKI07 Rall e ||| KL 20 B (8, Wh, Ry) || e

< 2[RI Ba || |97 By (8, W, Ry) || g2

< |k Rallam 19 Wi lw,, .,
+ CE2 (K2 Rl [Wllw, o 192 R o

< C|||k[ o) Rl m || Rl| 1 + CE2||[K[ 22 Ra || e 1|1 R

< CENEL Rullzm + | Rallpmirs + €| RallFymis2)

1R[] g2

Hm™

Hm™ Hm™ Hm™

where we used that H191/2W1\|Wm+1/2 = O(e'/?) due to Corollary A.10, and
e%/2ab < e2a® + £°b®. The bound on |(R1, eI B;(R;,W1)) ;| is analogous.
d) Before we summarize all estimates we introduce the following notation.
Constants which do not depend on £ are denoted by C}, constants only
depending on the residual are called C,.s, and constants which depend on M
are called, with some slight abuse of notation, again Cy(M).
Applying the above estimates to (61) yields

1
O < =L | K2 Rl — 1| RallFms
+ Cu(E (| |K|5 RullFm + 2| Rall3mrse + | Rullfyman2)
+ Ol Rollfpmire + Cie || Rl Gpmsase + Co(M)e™ | Rl g || Rl Gt 2
+ Crese® (1 + E(2))
Ui .
< (—525 + C1e® 4+ C1e® + Co(M)e HRHHm)Mk]ileH%Im
+(—a1 + Cie® + Cre + Cre® + Co(M)e™ | Rl ) | R || 2y 2
+201% || Ri[[Fpm + Co(M)"||R||3m + Crese® (1 4+ E(1))

under the assumption ||R||gm < M.
Suppose now

— 1+ Cie® 4 Cre + C1% + Cy(M)e"M < 0, (62)
and .
- §+Cl +Cl€+CQ(M)€E72HRHHm < 0. (63)
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Then, we end up with

hE < 2C1°|| R [[fm + Co(M)e™|| Rl|3m + Crese® (1 +E)
< 2C1%E 4+ €36 + Crese® (1 4+ E),

as long as

Co(M)e" M < 1. (64)
Under this condition, (63) simplifies into

—g+201+1<0. (65)

We choose now 1 > 0 so large that (65) is satisfied. Via Gronwall’s inequality
we then deduce

E(t) < CreatePOHIHO) < Oy eCOHIHCred —; 2,

for 0 < &3t < 7;. We are done if we choose gy > 0 so small that (62) and (64)
are satisfied for all € € (0, &) for this definition of M.

7.8 From Theorem 7.5 to Theorem 6.2

By proving Theorem 7.5, we have obtained a KdV approximation result for
the Z-variable. It remains to the transfer this result to the V-variable, i.e.,
to conclude Theorem 6.2 from Theorem 7.5. We have

Z(t) = Su(t)SaiagSsV (1), resp. V() = S5 Sga,90 2 (1)

diag™ w
Combining Lemma A.1, Lemma A.2, and Lemma A.3 shows that S,)SdiagSy
is an isomorphism between H3t, | < H7Y, | and (H™)* as long as u(t) > 0.

Since Hﬁt),mq X Hﬁ‘(’t%m can be embedded in every H*-space for 0 < &3t <
71 the estimates (28) and (29) follow immediately from the estimates (43)

and (44).

8 Discussion

In §8.1 we discuss the approximation result in the original coordinate system,
in §8.2 what happens if we work in Sobolev spaces instead of spaces of analytic
functions, in §8.3 whether other formally derived amplitude equations at
the Eckhaus boundary are valid or not, and finally in §8.4 we explain that
although the KdV equation can also be derived in the parameter region Ay,
it makes wrong predictions in Aj.
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8.1 The approximation result in the original variables

The modulations (¢, s) in (5) satisfy (10) in the coordinates (9). To regain
the phase ¢ from the local wave number ¢y = 0,¢, we have to integrate
the pointwise bound in Theorem 6.2, leading to an error bound on a spatial
interval of length O(¢7?) with arbitrary — but fixed — p > 0, rather than
an R-uniform error bound. Moreover, we have to allow for a global phase
eXoT)  These two restrictions have been observed in other papers before,
see [19, Section 4] and [8, Corollary 2.2]. We consider the Ginzburg-Landau
equation (1) in the original coordinates X, T and with some abuse of notation
we denote the variables depending on the new coordinates x,t introduced
n (9) by the same symbols.
We have to compare the modulated wave-train solution

X

U(X,T) = Wper(X,T) exp (S(X, TY+i | (X, T)dX + z¢(X0,T))

Xo

to (1) with the approximation

Ure (X, T) = Wper (X, T) exp( e (X, T) + i /XX e (X T)dX’) ,

app app app
for some X, € R. By Theorem 6.2 it holds

|exp(—ig(Xo, T))¥(X,T) — Ui (X, T)|

app
X

§C<| (XT)—sgp;XTH/ WX, T) — e (X', T de>

Xo
X
<C (5”+/ 8”dX’>
Xo

< Ce"(1+ X — Xo).

Hence, using the improved approximations Wg-" the approximation result
holds uniformly on intervals larger than the natural O(1/¢) spatial scale of
the KdV equation. However, due to 0r¢(Xy, T) = O(g?), which implies
SUDreo,r /e |9(Xo, T)| = O(1/€), only the amplitude of the modulated wave
train is well-approximated, but not its position. In spaces of sufficiently
spatially localized functions the above estimates may be improved.
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8.2 From analytic initial conditions to Sobolev initial
conditions?

It is a natural question whether we can replace the spaces H;;, by classical
Sobolev spaces H™, i.e., what happens if we give up analyticity in a strip in
the complex plane and choose the solutions to the KAV equation to be only
finitely many times differentiable. We have no answer at this point and have
to postpone the question to future research. The difficulty comes from the
terms in the error equation associated to the nonlinear term 7,0, 0¢(A?) in
the KdV equation, namely

e292(B1 (Wi, R1) + Bo(Wi, Ry))

in (59), which is of O(g?), but its influence has to be estimated O(&?). Due to
the marginal sideband instability, the smoothing of the linear part is too weak
to gain additional powers of . This was the reason why we used the artificial
smoothing through S, (¢). If we do not want use the artificial smoothing, we
have to find an energy in which this term is O(g%).

8.3 Approximation results for other amplitude equa-
tions appearing at the Eckhaus boundary

As explained in the introduction, in [27] various other amplitude equations
for the description of slow modulations in time and space of wave-train solu-
tions to the Ginzburg-Landau equation have been derived near the Eckhaus
boundary.

For a = 3 the coefficients ~;;,, and 7,, vanish simultaneously and so the
ansatz has to be modified to

Voo(z,t) = 2 Alex, e*t), s.c(x,t) = e2B(ex, '),
and a Cahn-Hilliard equation
0,A = y28§2A + u48§2A + VnonOg (A?),

with real-valued coefficients vy, vy < 0, and v,,, can be derived. The justi-
fication of the Cahn-Hilliard approximation is again a non-trivial task since
solutions of O(g?) have to be estimated on an O(1/e*)-time scale. In case
a = [ = 0 an approximation result has been established in [7]. Fora = # 0
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we conjecture that the justification of the Cahn-Hilliard equation, goes very
similar to [24, 6].

For (a, 8) in the parameter region 4, the wave train (2) becomes un-
stable via a Hopf-Turing instability, cf. Figure 1. As explained in [27] de-
pending on the scaling a number of different amplitude systems, such as a
single Ginzburg-Landau equation, can be derived. The instability scenario
is similar to the one of pattern forming systems, with a conservation law,
close to the first instability of the homogeneous rest state. The validity of
the Ginzburg-Landau approximation for such pattern forming systems has
been considered in [12]. We expect that the justification proof given in [12]
can be adapted to cover the present situation.

8.4 Failure of the KdV approximation

Due to its long-wave character, also in the region A, see Figure 1, a KdV
equation can be formally derived, although there is an O(1)-instability at a
wave number k; # 0, cf. Figure 8. Thus, the derivation of the KdV equation
in §4 is independent of whether we are in the parameter region A, or Aj,.
However, the justification analysis is not.

Re(\}) Re(A4)

o)+ o)+

Figure 8: The spectral curve A, in the parameter region A;, before and after
the sideband instability occurred for a wave train which is already Hopf-
Turing unstable.

For solutions to the KAV equation in H/, , the corresponding solution

to the Ginzburg-Landau equation (1) is initially of order O(e™#*/¢) at a
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wave number k. For a wave number k; with O(1) growth rates at ky, cf.
Figure 8, already for ¢t = O(1/¢) the solution is O(1) and for t = O(1/&?) the
growth rate is O(e'/<”). Therefore, the original system is expected to behave
completely different as predicted by the KdV equation. For 27 /k;-spatially
periodic solutions this can possibly be made rigorous with the help of a center
manifold reduction similar to [23].

A Some technical estimates

A.1 Estimates for the change of coordinates

We compute

— ]- _% 8(
B . [s1
Saing(K) = | (auiii _‘( (

k
L) S91 k’) 322(k)
1 L (1+uk) 1—w(k)
Siag(k)™ = 20 (k) (ﬁ(k)—lﬂy(k) 19(/6)_1’}’(@) ’

where we recall from §3 that v(k) = (ak?® — 2ik)/o and v(k) is the principal
square root /1 —v(k)2 — 287v(k). One readily verifies s;; € L>*(R,C) for

— 1
i,j € {1,2} and Sgiag, Sdiag € L (R, Matoy2(C)). As a direct consequence
of these pointwise estimates we find

Lemma A.1. For p > 0 and s > 0 the linear mapping Sgiag H;’?s — Hﬁ?s
15 bijective and bounded with bounded inverse. The similar statement is true
in the W, ,,-spaces.

Proof. We have

/\:tl
1S g tillzize, < [1Saiag || oo @Matara(op el e, < Catiagllull rze,

The estimates in W), ; follow similarly. O
Analogously, we establish

Lemma A.2. For u >0 and s > 0 the linear mapping Sy : Hy% 1 X Hoo —
(H2,)? is bijective and bounded with bounded inverse.

Finally we have
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Lemma A.3. Fort € [0, u./(ne®)] the linear mapping S,(t) : Hyy o — H,
with pu(t) = (u« —nedt) /e is bijective and bounded with bounded inverse. The
similar statement is true in the W, s-spaces.

Proof. This follows immediately from the definitions. O]

A.2 Estimates for the nonlinear terms

Lemma A.4. The spaces H, are Banach algebras for p > 0 and s > % In

detail, there exists a p-independent constant Cs such that

[wv]l g, < Csllullmg,

V|| oo
Hys — HEgs

Jor all u,v € H,.

Proof. Suppose that u and v are in H;%,. Then

vl mge, < 11+ E2)*2(leMa] x e D)) () [ 20
< C (11 + )2 MG (k) | 2o e 0 (k) | 1
e M) | o 11+ B2)* 2 MD(R) || 1200
< Ol (1 + K22 M@k | 2o (1 + £2)* 2 Mo (k) | r2gry
= Csllull e, 10l me,
where we used the continuous embedding L*(R, (1 + |z|?)dz) — L'(R) for
5> % and Young’s inequality. O]
For our error estimates we need the following tame estimates.

Corollary A.5. For 6 >0, u >0 and s > 1/2 we have

[u*llmge, < Csllullz, . lullmg,
Jor alluw € HT,.
Proof. This follows obviously from the proof of Lemma A.4. O

Corollary A.6. For n >0 and s > 0 we have

0l mze
Hys — HEs

Jor allu e W, s and v € H,.
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Proof. This follows obviously from the proof of Lemma A.4. O

Corollary A.7. The entire function h : C — C defined by h(s) = e* — 1 —
25 = > 20, hys? with hy = 27 /5! defines via w = h(u) an entire function in
H for p >0 ands>%.

Proof. The series converges absolutely, since h is an entire function, ~A(0) = 0,
and H 7, is a Banach algebra for 4 > 0 and s > % according to Lemma A .4.

78 D
Lemma A.8. The nonlinear mapping Nz(t) is smooth from H*™' to H® for
s>2andt €0, u./(ne)].

Proof. From the explicit representation (36) of Ny, Lemma A.4 and Corol-
lary A.7 it follows that Ny is a smooth mapping from H ; to H;% for
p>0and s > % From Lemma A.3 it follows that IV is a smooth mapping
H*™! to H?. Finally, Lemma A.1 implies that Nz is a smooth mapping H**
to H* (see also Figure 6). O

A.3 An inequality for the residual estimates

The formal expansion of the curve of eigenvalues and of the kernels in the
multilinear maps can be estimated with the aid of the following lemma.

Lemma A.9. Let ¥y > 0, ¥, € R, and let g : R — C satisfy
lg(k)| < C'min([&]™, (1 + [k])"=).

Then for the associated multiplication operator go,, = F *gF the following
holds. For i) py > ps and my,mg > 0 or ii) puy = pe and my — my >
max (g, Uoo) we have

lgop A zre . < O 2 AC) gy

wu1/e,my T Ho Mo
for alle € (0,1).

Proof. This follows immediately from the fact that the left-hand side of this
inequality can be estimated by

m1—m2

k‘ 2 2
< sup |g(k) <1 + <E> ) el IWVEN I A(e)

keR

< Ce™ e 2 AC) g

H2,mMQ
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where the loss of /2 is due to the scaling properties of the L?-norm. [
In W, ,m-spaces there is no £~1/2 Joss due to the scaling invariance of the
norm and so we have as a direct consequence:

Corollary A.10. Let ¥y > 0, Vo, € R, and let g(k) satisfy
lg(k)] < Cmin([k|™, (14 [k[)").

Then for the associated operator go,, = F 'gF the following holds. For i)
py > e and my,me >0 orii) gy = pe and mg —my > max(dy, Vo) we have

||90pf4(5')”LVﬁ1/sﬂnl < (75ﬁ0||f4(')Hva2ﬂn2

for alle € (0,1).
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