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Zusammenfassung

Wir betrachten die KdV-Approximation und die Whitham-Approximation fiir
ein rdumlich periodisches Boussinesq-Modell. Wir zeigen Abschétzungen der Dif-
ferenz zwischen der KdV- beziehungsweise der Whitham-Approximation und echten
Losungen des urspriinglichen Modells, welche garantieren, dass diese Amplituden-
gleichungen korrekte Vorhersagen tiber die Dynamik des raumlich periodischen
Boussinesq-Modells iiber die natiirlichen Zeitskalen machen. Der Beweis basiert
auf Blochwellenanalysis und Energieabschéatzungen.

Abstract

We consider the KdV-approximation and the Whitham approximation for a spa-
tially periodic Boussinesq model. We prove estimates of the difference between
the approximations and true solutions of the original model, which guarantee that
these amplitude equations make correct predictions about the dynamics of the spa-
tially periodic Boussinesq model over the natural time scales. The proof is based
on Bloch wave analysis and energy estimates. It is the first justification result of
the KdV or Whitham approximation for a dispersive PDE posed in a spatially
periodic medium of non-small contrast.
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Chapter 1

Introduction

There exists a zoo of amplitude equations which can be derived via multiple scaling
analysis in the long wave limit for various dispersive wave systems possessing
conserved quantities. Among these amplitude equations, we consider two which
are independent of the small perturbation parameter, namely the KdV equation
and the Whitham equation. It is the purpose of this thesis to discuss the validity
of these approximations for a spatially periodic Boussinesq model with non-small
contrast.

1.1 The KAV approximation

The KdV equation occurs as an approximation equation in the description of small
temporal and spacial modulations of long waves in various dispersive wave systems.
Examples are the water wave problem or the equations from plasma physics, cf.
[CeSa98]. For instance for the Boussinesq equation

Ofu(a,t) = Pou(x,t) — Dyu(x, t) + 03 (u(w,t)?) (1.1)
where z € R, t € R, and u(z,t) € R with the ansatz
u(z,t) = 2A(X, T), (1.2)

where X =e(z +1t), T = &%, A(X,T) € R, and 0 < ¢ < 1 a small perturbation
parameter, the KdV equation

OrA — _%a;“}A + %ax(,aﬁ) (1.3)

can be derived by inserting (1.2) into (1.1) and equating the coefficients in front of
g% to zero. There exist various justification results. Estimates that the formal KdV
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approximation and true solutions of the various formulations of the water wave
problem stay close together over the natural KdV time scale have been shown for
instance in [Cra85, SW00, SW02, BCL05, Dul2]. Such results are a non-trivial
task since solutions of order O(g?) have shown to be existent on an O(1/e?) time
scale. For (1.1) a possible approximation result is formulated as follows:

Theorem 1.1.1 Let Ty > 0 and let A € C([0,Ty], H>(R)) be a solution to the
KdV equation (1.3). Then there ezists an g > 0 and a constant C' > 0, such that
for every 0 < e < gy we have solutions u € C([0,To], H'(R)) of the Boussinesq
equation (1.1) with

sup  ||u(-y,t) — €2 A(e(-x + 1), %) || prmy < Ce™/2
tel0,To /3]

For this special problem, the proof is rather short and very instructive for the
subsequent analysis. Therefore, we recall it in Section 2.

The last years have seen some attempts to justify the KdV equation in more
complicated geometrical situations, including periodic media. It has been justified
in [Igu07] for the water wave problem over a periodic bottom with long wave
oscillations of the bottom of magnitude O(¢?). The result is also included in
[Cha09], where general bottom topographies of small amplitude have been handled.
The result is based on [Cha07], where other amplitude systems have been justified.

In case of oscillations of the bottom of magnitude O(1), no approximation
result has been given in existing literature. The situation in this case is much more
complicated due to feared resonances which may occur in the spatially periodic
case and which are not present in the spatially homogeneous case or in case of small
amplitude oscillations of the bottom. As a first attempt to solve this question for
the water wave problem, we consider a spatially periodic Boussinesq equation

Otu(z,t) = 0p(a(z)0pu(x,t)) — 02 (b(2)?u(x,t)) + Op(c(x)0p(u(z, 1))  (1.4)

with x € R, t > 0, u(z,t) € R, and spatially 27-periodic coefficient functions
a,c € C1(S") and b € C?(S?) satisfying

min {inf a(zx), inf b(x)} >C>0.

zeR z€R

Moreover, a, b and ¢ need to satisfy another one-dimensional condition given later
on. It is satisfied, e.g. if ¢ is also a positive function and a,b and c are even. For
this equation, we derive the KdV equation and prove an approximation result,
which is formulated in Theorem 3.4.1. It guarantees that the KdV equation makes
correct predictions about the dynamics of the spatially periodic Boussinesq model
(1.4) over the natural KdV time scale. A common way to prove this would be to
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Figure 1.1: The left panel shows the curves of eigenvalues over the Fourier wave
numbers as it appears for the water wave problem [Cra85, SW00, SW02, BCL05,
Igu07, Du12]. The middle panel shows the finitely many curves of eigenvalues as it
appears for the poly-atomic FPU system [CS11, CCPS12]. The right panel shows
the infinitely many curves of eigenvalues over the Bloch wave numbers as it appears
for the spatially periodic Boussinesq model (1.4). The KdV equations describe the
modes at the wave numbers k = 0 with vanishing eigenvalues. One of the two curves
describes wave packets moving to the left, the other curve wave packets moving to the
right.

generalize a method which has been developed in [CS11] and which has already
been applied to the poly-atomic FPU problem in [CCPS12]. However, for fixed
Bloch/Fourier wave number the present problem is infinite-dimensional in contrast
to the systems considered in [CS11] and [CCPS12]. As a consequence, the normal
form transform, which is a major part of the proof, would be much more demanding
from an analytic point of view.

Interestingly, for the spatially periodic Boussinesq equation we were able to
find an energy which allowed us to incorporate the normal form transform into
the energy estimates. Using these coordinates the dangerous terms can be shown
to be sufficiently small. The presented result is the first justification result of the
KdV approximation for a dispersive PDE posed in a spatially periodic medium of
non-small contrast.

1.2 The Whitham approximation

There is another long wave limit which leads to a non-trivial amplitude system.
With the ansatz
u(z,t) = AKX, T), (1.5)
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where X = ez, T = et, A(X,T) € R, and 0 < ¢ < 1 a small perturbation
parameter, we obtain

03 A = 0% A + 0% F(A), (1.6)

where F'(A) = A% which can be written as a system of conservation laws
8TA - axB, 8TB - axA -+ axF(A), (17)

in the following called the Whitham system. The only rigorous approximation
result we are aware of is [DS09], where the periodic wave trains of the NLS equation
are approximated over the natural Whitham time scale. As mentioned above,
such results are a non-trivial task, since solutions of order O(1) have shown to
be existent on an O(1/e) time scale. For (1.1) a possible approximation result is
formulated as follows:

Theorem 1.2.1 Let Ty > 0 and let A € C([0,Ty], H*(R)) be a solution of (1.6)

such that .
sup (T = < 5.
T€]0,10]
Then there exists a C > 0, such that for all ¢ > 0 we have solutions u €

C([0,Ty/¢e], H'(R)) of (1.1), such that

sup |ju(-,t) — A(e-, et) | mm) < Ce3/2,
te[0,To /<]

As already mentioned, for this special problem the proof is rather short and
very instructive for the subsequent analysis. Therefore, it will be given in Chapter
2, where we examine the situation for constant coefficient functions.

In the beginning of Chapter 3, we give main definitions and statements of the
one-dimensional Bloch wave theory before we prove existence and uniqueness of
local solutions for our spatially periodic Boussinesq system (1.4). The Bloch wave
theory will be used to derive the dispersion relation, which we will use in order to
construct our approximations. We formulate and prove our main approximation
statement for the periodic Boussinesq model. Instead of using the Bloch wave
theory we go back to physical space and construct bounded quantities which give
us the control of the H?(R)-norm of the error term.
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Chapter 2

The Spatially Homogeneous Case

This chapter contains first definitions and a sketch of a proof of Theorem 1.1.1
and Theorem 1.2.1. As already mentioned, it is rather short and very instructive
for the subsequent analysis. For the Boussinesq model (1.1) we have local exis-
tence and uniqueness of solutions in every Sobolev space H® with s > 1/2. In
detail, (u( g, t)]i=0, Ostu(, )|=0) € H*(R) x H*"2(R) implies (u(-y,1), Ou(-¢,t)) €
H*(R) x H*"%(R) as long as the solution exists. The local existence and unique-
ness of solutions combined with the subsequent estimates yields the existence and
uniqueness of solutions for all ¢ € [0, Ty/e%] in the KAV case and all t € [0, Ty/¢]
in the Whitham case. The residual

Res(u)(z,t) = —0u(x,t) + Ou(z, t) — dtu(x,t) + 0% (u(x,t)?)

measures how much a function w fails to satisfy the Boussinesq model (1.1) and
appears later on as part of the inhomogeneity in the equation for the error.
In the beginning we give some fundamental definitions.

2.1 Fourier transform

The spaces L*(R) and L*(S'), are given by the sets of all measurable functions u
on R and S! such that

HuH%z(R) = lu(z)|*dr < oo, and “U/H%2(51) = lu(z)|*dr < oo.
Sl

[e.9]

These spaces are Hilbert spaces with the inner products

(U, v) 2wy = /OO u(x)v(z)dx, and (u,v) 2051y = / u(z)v(x) d.

—00 Sl
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The Schwartz space on R is the function space

S(R) = {ue C*(R) : Va,B€Ny: sup |z*9Ju(z)| < oo}
z€eR

The Schwartz space S(R) is a dense subspace of L*(R). In this work, the continuous
Fourier transform of a function u € S(R) is given by the function

T [~ _.
(Fru)(k) = u(k) := 2—/ e~k (z)dx.
™ —0o0
Since this defines an automorphism on S(R) it is possible to extend the Fourier
transform on L?(R). The discrete Fourier transform of a 2r-periodic function u is
given by the sequence (uy)ren where

~ 1 :
(Foru)y = Uy = — [ e *u(x)dx
2 S1

is called the k-th Fourier coefficient of u. Products of elements u,v € L?(R) or
u,v € L*(S1) are being mapped to the convolution terms

(uxv)(k) = / u(m)v(k —m)dm,
or (WxD)g = Y ey UmUk—m, respectively. For an s € Ry the spaces H*(R) and
H#(S') are given by

H*R) ={u€ L*R): |u|

b = [ (R dk < oo)

and
H(SY) ={ue L*(S"):  Jullhegy = Y _(1+ k) [@]* < oo}
keZ

and are Hilbert spaces with the inner products

(oo = [ (L4 1) ARTR)

o

and

(u, V) gresry = Y _(1+ k) Uy
keZ

For a fixed s > 1/2 these spaces are Banach algebras, i.e., products of elements in
H*(R) or in H*(S'), remain in H*(R) or in H*(S'), and the embeddings H*(R) —
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C(R), and H*(S') < C(S') are continuous mappings. This means that there
exists a C' > 0 such that for every element u of H*(R) or of H*(S'), there exists
a continuous representative u € C(R) or in u € C'(S'), respectively, such that

|ullew) < Cllullgsm)y, or ||[ulloesy < Cllullgssty.

The images of theses spaces under the (continuous or discrete) Fourier transform
are denoted by L?(s) and £?(s). For convolutions of functions defined on the real
line we have the estimates

[@ %] 25y < [[ull i[Ol 25, and  [[ux 0|2 < Cllull L2 [[0]| 225,

where the first estimate holds for every s > 0, while the last estimate requires
s > 1/2. Similarly, with the same conditions to s, on the unit circle we have the
estimates

[@xdllew < lalawleg  and [@xdleg < ClalewBlee.

For natural s the norms on H*(S') and on H*(R) defined above are equivalent to
the norms

1/2 1/2
<Z ||5$U||%2(R)> and (Z ||0§u||%2(51))

n<s n<s

which are easier to handle and hence will be used instead in the appropriate cases.

2.2 Local existence and uniqueness of solutions

In this subsection we show local existence and uniqueness for solutions to the
Boussinesq equation (1.1) for initial conditions (u(0, -,),v(0,-;)) € H*(R) x H*(R)
for s > 1/2 where

v(t,z) == (=02 + 04" V20ult, ).

In order to apply a fixed point argument we write (1.1) as
Ofu = (0, = 9;) u+ (0;(u?))
—_——

——
_A2 F(u)

where A : H*™2(R) — H*(R) is given in Fourier-space by its symbol w(k) =

|k]v/1 + k2 and is a positive self-adjoint operator in L?(R). We remark that, since
FA and F0, are multiplication operators, they commute and so A is self-adjoint
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in every H*(R). The non-linear mapping F : H**2(R) — H*(R) is continuous and
locally Lipschitz continuous (for s > 1/2). Using the new coordinates we have the
first order system

ou = Av,
O = — Au+ A 102 (u?)

in the phase space H*(R) x H*(R). We can write this system as
Ow = iQuw + F(w) (2.1)

where w = (u,v) and

0= (3\ _SA) : H*(R,C) x H*(R,C) — L*(R,C) x L*(R,C)
is continuous and again self-adjoint in every Sobolev space H*(R,C) x H*(R,C).
The nonlinear mapping F(w) = F(u,v) is given by

0
F(u,v) = (Alag(UQ)) :
We recall Stone’s Theorem [P83, Theorem 1.10.8]:

Theorem 2.2.1 (Stone) Let X be a complex Hilbert space. Then the linear op-
erator

iQ:dom(?) C X - X

is the generator of a strongly continuous one-parameter group of unitary operators
T(t) : X — X if and only if Q is a self-adjoint operator in X .

For H*(R,C) x H*(R,C) we define the subspace of real valued functions
Y* .= H*(R,R) x H*(R,R).

By Stone’s Theorem €2 generates a strongly continuous group of unitary operators
T(t) in H*(R,C) x H*(R, C) which in the following is denoted by T'(t) = €**. Note
that Q) is Y*—valued on Y**2. Hence Y* is an invariant subspace with respect to
the flow 7'(¢) such that the restriction T'(t)|y. : Y* — Y*® is a strongly continuous
group of contractions on Y?®. The non-linear mapping F' is a locally Lipschitz
continuous mapping Y* — Y if Y* is a Banach algebra. Hence, for our arguments
s > 1/2 is needed. Next, we show local existence and uniqueness of solutions
in Y. In detail, for an arbitrary initial condition w(0) = (u(0),v(0)) € Y* this
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argument uses the existence of a unique fixed point of the mapping
t
G(w)(t) = e w(0) +/ M= F(w(s)) ds
0

in the complete metric space

M = {we C(1,Y*") :w(0) = (ug,v0) , [wllewys) < 2[w(0)]

v}

where I = [0,t0] with ¢, < 0 suitably chosen below and where the metric in M
is being induced by the canonical norm in C°(Z,Y*). The non-linear mapping F
can be expressed by a continuous linear mapping N such that we have F'(u,v) =
N(0,u?). In a first step we show that G maps M to M. We have

1G(w)llowys) <[lw(0)]

if to < (Cs|IN || Lin(ys)

ve + ol N i Callwlegys < 2w (0)]

Ys

(ug,vo)lys)~*. Next we show the contraction property:

|G(w) — G(w)|lcu,ysy <tol|Nllzinys)Csllw — @[ ¢1,y+)2]| (w0, vo)]

Ys

1 -
§§||w — W,y

if to < (4CS||N|| Liney+)|| (w0, v0)|
and uniqueness statement:

vs) 1. Hence we have the following local existence

Lemma 2.2.2 For every s > 1/2 and every initial condition
(u(0), A'0u(0)) € V¥

there exists a ty > 0, a finite constant C' > 0 and a solution u € C([0,t],Y*) for
the spatially homogeneous Boussinesq equation (1.1) such that

sup | (u(t), A~ Opu(t))]

t€[0,to]

ye < C.

2.3 The KAV case

For the KdV approximation
e2p(x,t,e) = ?Ale(w + ct), e°t)
we find for the residual
Res(c?y) = —e'c?0% A—2c£°070x A—B03 A+ 0% A—%0% A+c50% (A?) = —%02.A
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if we choose ¢ = 1 and A to satisfy the KdV equation (1.3) for ¢ = 1, and the
KdV equation

1 1
OrA = S0%A - S0x(4?)

for the reverse direction ¢ = —1. Using the KdV equation the residual term 9%A
can be expressed as a spacial derivative

DA = %aT(—ai;A +0,(4%) = %aXaT(—ag(A + A?)
— 0 (%4 - 93 (4%) - A@A) + A0 (4% ).

Hence 9, can be applied to the residual and we find

sup ||8;1Res(52¢(-,t))|Hs(R): sup ||8;1€80%A(6('m+0t),63t)|
te[0,To /3] t€[0,Tp/e3]

H5(R) S 0513/2 .

Therefore 9% A € H*(R) is necessary. For this A € H*™(R) is sufficient. The
formal error of order O(¢7) is reduced by a factor e~/ due to the scaling properties
of the L?>-norm. The difference /2R = u — %y satisfies the error equation

O?R = 0°R — 0'R + 220 (WR) + £"20*(R?) + e /*Res(c™)).

Obviously 202(e21)R) is the dangerous term since it seems to lack one e-power in
order to stay bounded. One possible idea is to try to eliminate this term using an
appropriate transformation

U= R+ M(E*VR)

where M is a linear mapping. Unfortunately, as we will see in Chapter 4, using
this ansatz the dangerous terms can not be transformed away completely.

Yet in our case another method can be applied. For simplicity reasons we
restrict ourselves to the case R(0,-,) = 0. We multiply the error equation with
—0,0;?R and integrate it w.r.t.  and find the energy

E(t) = %A(c‘)ﬁ;%f + (14 2e%Y)(R)? + (0, R)*dx. (2.2)

For the time derivative we find
OE = / (0% R* 4 (267*RO,R — 0, ' Res(e%)) - 010, Rdx = O(£%)
where we use 9y = O(e) and 9,90 = O(e) in C([0,Tp/e], C(R)). In detail the
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functional E is an upper bound for the squared H'-norm for

~1/2
0<e<egg:= (2 sup |]A(~X,T)Hco>

T<Tp

and satisfies

OE < C®FE + Ce"PE3? 4 C3EY? < —Ce3(2+ E + E(cE)Y?)

DN | —

where we used the trivial estimate /2 < 1+ x. Note, that if E(t) can be bounded
over the long time interval [0, 7,/ by Sobolev’s embedding theorem we have
a O(1)-bound for R in C(R). Gronwall’s inequality yields in this situation the
required bound.

Lemma 2.3.1 Let E be a non-negative function and C,Ty,e > 0, such that
1
OE < 56’53(2 + E + E(eE)Y?)
is satisfied. Then we have E(t) < e“T0 —1 for all t < Ty/e3.

Proof: For Ty > 0 choose M := €“T0 — 1. Then while E < M we have ¢F < 1 for
all e < % such that F satisfies

OE < C+Ce*E =C(1+ E)

and E(t) < Ot — 1 < eCTo — 1= M for all t < Ty/e* follows.

2.4 The Whitham case

For the Whitham approximation ¢ (z,t) = A(ex,et) we find for the residual
Res(y)) = —e*0% A if we choose A to satisfy the Whitham equation (1.6). Therefore

sup |07 'Res(¢(-,t,€))||gs = sup |07 etk Ale-, et)||gs < OV,

te[0,To/e3] t€[0,To/e3]

such that A € H*™ is necessary. Again, the formal error of order O(&?) is reduced
by a factor e /2 due to the scaling properties of the L*norm. The difference
e32R = u — 1 satisfies

O?R=0’R — 0'R + 20°(WR) + 3/20?(R?) + £ */*Res(v).
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We multiply the error equation with 9,0, %R, integrate it w.r.t. x, and find
o /R (0,0, 'R)* + (1 + 2¢)R* + (0, R)*dx = O(e) (2.3)
where again we used dy1) = O(e). The energy
E= /R(&tale)Q + (1 + 2¢)R? + (0,R)* dw

is an upper bound for the squared H!'-norm for ¢ sufficiently small. In detail

sup sup [¢(z, )] < 1/2
te[0,Ty/e3] v€R

is needed. The energy F satisfies

OE < CeE + Ce*?E*? 4 CeEY? < —eC(2+ E + E(eE)Y/?).

N| —

From now on the argumentation from Lemma 2.3.1 from the KdV case can be
applied:

Lemma 2.4.1 Let E be a non-negative function and C,Ty,e > 0, such that
1 1/2
oE < 505(2 + E+ E(eE)"?)

is satisfied. Then we have E(t) < e“T0 —1 for all t < Ty/e.

Proof: For Ty > 0 choose M := ¢“™ — 1. Then while £ < M we have ¢FE < 1 for
all e < % such that E satisfies

OE < Ce+ CeE =Ce*(1+ E)

and E(t) < et —1 < e — 1= M for all t < Tp/e follows.

In the spatially homogeneous case, justification of the KAV approximation as
well as justification of the Whitham approximation can be done with one single
energy estimate. In both cases multiplying the error equation by 9;0;%R and
integrating it with respect to x yields an energy which gives the control of the
|| - [[zr-norm of the error. For the spatially periodic case we will need to use
another energy, which then will give us the control of the H?-norm of the error.
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Chapter 3

The Spatially Periodic Boussinesq
Model

3.1 Preliminaries

In this section we introduce the Bloch transform. It generalizes the standard
Fourier theory and will be used for the derivation of the dispersion relation.

Definition 3.1.1 The Bloch transform of a function u € L*(R, C) is the function
Bu € [3([-1/2,1/2], L(S",C))
given by

Bu(l)(x) = ) e*u(k + (). (3.1)

keZ
Note that by construction we have Bu(x,l + 1) = e “Bu(z, (). The embedding
Id: L*(S" x [~1/2,1/2]) — L*([-1/2,1/2], L*(S"))

is an isometric isomorphism such that we can define u(z, () := Bu(¢)(z) for sim-
plicity reasons. For fixed ¢ the function u(-,,¢) is in L?*(S') and the k-th Fourier
coefficient of u(-,,¢) is given by u(k + ¢) such that we have

(Fg1 (Bu)(0)(-2))), = (Fru) (k + ).

Therefore, we write uy(¢) := @(k + ¢). Bloch transform maps L*(R, C)-functions
to families of L?(S', C)-functions. Definition (3.1.1) is motivated by the represen-
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tation

u(z) = /R ea(l)de =Y /_ v e n(0) de

kez 7 —1/2tk
vz /2 ,
=> / e Tk + £) de = / e " e*a(k + 0) dr.
kez V —1/2 “1/2 ez
—(x,0)

Lemma 3.1.2 Bloch transform is an isometric isomorphism between L*(R,C)
and _
L? = {ue L*([-1/2,1/2], L*(S",C))}

where the inner product is given by

1/2
<ﬂ7mz2 = / <ﬁ('w76)75('$7€>>L2(517C)d6'

1/2

The inverse mapping is given by

/2
(B-'7) (z) = /_ 15z, 0) de. (3.2)

1/2

Proof: Let u,v be Schwartz functions. Then we have

1/2 1/2
@,7) 12 :/ (40,5, ) 1o c) d£:27r/ S G070 de
~1/2 -1/2%2
1/2 o0 _
—or Y / Ak + 05k + ) dl = 27 / OO Al = (u, 0) 2.
kez ¥ —1/2 -

Using this isometric character the continuity and bijectivity follow from the dense-
ness of S(R) in L*(R). O

Bloch transform maps the derivative of a function u to the shifted derivative (9, +
il)u what motivates the definition

0 := 0, +il.
Due to the isomorphism H*(S!,C) — ¢*(s) the spaces H*(R) and
{{(0)brez € L (R, €%(s)) = W(l+ 1) = Upsr(0)}
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are isomorphic under B. For every s > 0 the Bloch transform is an isomorphism
between H*(R) and

= {ue L*[-1/2,1/2], H*(S",C))}. (3.3)

Lemma 3.1.3 Bloch transform of a product u - v is given by

1/2
B(u-v)(l)(x) = (uxv)(x,l) = / u(z,m)v(z, L —m)dl. (3.4)

1/2

Proof: By construction we have (¢ + 1,z) = e “u(¢,z). Hence

B(u - Zelkxu*v Y(k+0) Z ”“/ v(k+ ¢ —m)dm

keZ kEZ
_Zelka/ u(n +m)o(k+¢—n—m)dm
keZ nez
1/2
/ Z (n+m Zem (k+¢—n—m)dm
2 nez kEZ

=v(l—n—m,z)=e"*Y({—m,)

1/2 ‘
_ / S emeia(n + ) - Bl — 7, ) dif
1/2 neZ
:/ u(m, x)v(l —m,x) dm. O
“1/2

Bloch transform is an invariant mapping with respect to multiplication with
2m-periodic functions:

Lemma 3.1.4 Let u € L*(R). If x € L>®(S') then B maps x - u on x - B(u).

Proof: The statement follows from

1/2

/2 .
Bfl(x ‘u)(z) = / e’em(x(x) ~u(z, ) dl = X(:c)/ el u(x,0)dl = x(z)-u(x). O

—1/2 —-1/2

For justification it is essential that we give a bound not only for the so called
residual Res(g%¢) of the approximation but also for 9 ! Res(¢?1)). Therefore we
will need useful characterizations for the existence of 9; ' Res(g%).
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Lemma 3.1.5 Let 0 € L% Then the equation v = Ow has a solution w € L2 if
and only if g € L*((—1/2,1/2),C) where

30 = % /S ) dr

Proof: Let w be a solution to v = dw. Then we have wy(¢) = mﬁk(ﬁ) and
- 1/2 ) /2 4 ) )
12, = Z/ wrpora = [ G \duZ/ TP
keZ k40

Since ¥ € L2, the last term on the right hand side is bounded, e.g. by 4)19]13,
Hence the left hand side of the equation from above is finite if and only if

1/2 ¢

—|To(0)|? df < oo.

[,.7

This is equivalent to (%)@0(1) =g(-) € L*(—1/2,1/2). O
In Bloch space the periodic Boussinesq equation (1.4) is given by

820(x, 0) = 9(ad)i(z, £) — O2(b(2)0?)i(x, £) + O(cd)((w, ) * U(x, 7).  (3.5)

Before we address the derivation of the approximation for the periodic Boussinesq
equation (1.4), we prove local existence and uniqueness of solutions in physical
x-space. For simplicity reasons, we will restrict ourselfves to the case s € N.

3.2 Local existence and uniqueness

In this subsection we show local existence and uniquiness for the first order sys-
tem corresponding to the periodic Boussinesq equation. Therefore we rewrite the
spatially periodic Boussinesq equation into

D2
2 g \ 2
O;u = Op(a — 0,(b0;))0u + 0,(cOy)u
Here D? = a — 0,(bd,) is a positive definite self-adjoint operator and possesses
a positive self-adjoint square root D : H'(R) — L*(R) which is a continuous

operator and the corresponding quadratic form is equivalent to the square of the
H'(R)—norm. Hence D! is a continuous mapping from L?(R) to H'(R). Setting
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v:= D19, 10,u we find the first order system
Ow = iQuw + F(w)

where

() (LB ) = ()

For this equation we consider the phase space Y* = (H*(R,R))? where the inner
product in Y? is defined by

(wi,we)s == ((I+ 92)8/211)1, I+ 92)8/2w2>L2(R)><L2(R)-

Note that, in analogy to the case of constant coefficients, since €2 is self-adjoint
in Y*+4iY* = H*(R,C) x H*(R,C) by Stone’s Theorem {2 generates a strongly
continuous semigroup of contractions T'(t) =: ¥ in Y* +4Y*, and, with the same
arguments as for the proof for the case of constant coefficients, Y is invariant with

respect to T'(t). In the next step we need the continuity of the non-linear mapping
F:

Lemma 3.2.1 Fors € N the non-linear mapping F' is locally Lipschitz-continuous
as a mapping Y — Y if c € C*71(Sh).

Proof: We have

||D_1003U(u2 — ﬁ2)|

Hs- U

s < ||D_1||Lin(H5*1,HS) Cax“Lm(HS,HS*l)(CHU - ﬁl
< CHD_lan(HS*l,HS)

HS

Hs U+ﬂ|

u — ul

0H0571(51)|

Lemma 3.2.2 For every s € N and every initial condition (u(0), D10, 10,u(0)) €
Y there exists a tg > 0, a C' > 0 and a solution u € C([0,t], H*(R,R) for the
spatially periodic Boussinesq equation (1.4) where ¢ € CY(S') such that

sup ||(u(t), D', du(t))|lys < C.
te[0,to]
Proof: We consider the mapping
t
G(w) = €mtwo+/ eiQ(t_S>F(w)(s)ds (3.6)
0

in the complete metric space

M :={we C(I,Y*): w(0) = (ug,v0) , |wllewys < 2[|w(0)]|ys}
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where I = [0, to] and where the metric in M is being induced by the canonical norm
in C'(1,Y*). Again the non-linear mapping F' can be expressed by a continuous
linear mapping such that we have F(u,v) = (0,D7'(cd,)u*) = N(0,u?) with a

0 y ) € Lin(Ys,Y®)ifcell(s—1). G

continuous linear mapping N = (0 D_l(c&c)

maps M to M:

IG(w)lleys <lw(O0)lly + tollNllzin Csllwlleysy < 2lw(0)]y-

if to < (Csl[ N[ Lin(y+)

(ug,v0)|lys)~*. Next we show the contraction property:

1G(w) = G(@)llow,xs) <tol|N|zineys)Csllw — @l oer,y+)2l| (w0, vo)ly

<— —w s
_2Hw w||C(I,Y)

if to < (4C, [N incre

(uo, vo)[ly=) " O

3.2.1 Spectral properties of the linear operator

For the derivation of the KdV and the Whitham equation, we need the dispersion
relation. We consider the linear operator

in L*(R) and domain H*(R) where a € C'(R) and b € C?*(R) are even positive
periodic functions such that

min {infa, infb} > 0.
St 51

L(0,) is self-adjoint and negative semidefinite, which implies that the spectrum
is a subset of R;. In the case of @ = b = 1 the linear operator can be studied
using Fourier transform and is given by a multiplication operator in Fourier space,
uniquely determined by its symbol —w(k)* = —k?(1+ k?). In case of non-constant
but periodic @ and b the linear operator can be studied using Bloch transform in
the Bloch space N

L* ={ue L*[-1/2,1/2], L*(S*,C))}

with the inner product

1/2
(WD), = /_ (@(0), 5(6)) p2(s1 0 L.

1/2
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Since the non-linearity and the spectrum possess a more complex structure in
the case of non-constant periodic coefficients the derivation of the corresponding
approximations is much more demanding. The Bloch transform B maps L(9,) to
the linear operator

L(9) := BL(0,) = 9(ad) — 8*(bd?) (3.8)
which defines a linear continuous mapping HY = ZZ, where
0=0,+ il

and where H* is defined in (3.3). We also refer to [DAS15] where the multi-
dimensional generalization of the operator d(ad) is being observed as the right
hand side of a second order system. For fixed ¢ € [—1/2,1/2] the operator L(9) is
self-adjoint and negative semidefinite in L?(S') with domain H*(S'). For each pair
(A, f) where \ is an eigenvalue of Z(@x) and f is an eigenfunction corresponding
to A there exist analytic mappings

A [=1/2,1/2] 5 R, f:[=1/2,1/2] — H*(SY),

such that A(0) = A and f(O) = f The curves of eigenvalues A can intersect,
the number of intersecting curves in a given /¢ is equal to the dimension of the
eigenspace of A({). An introduction to general Bloch wave theory is given in
[DLPSW11]. In case of constant a(x) = ag and b(z) = by the eigenfunctions
are given by fi(0)(x) = \/%e““ and the curves of eigenvalues are given by

Me(0) = —wi(0)2 = —(k + 0)*(ao + bo(k + 0)2).

In case of non-constant coefficient functions a and b these curves can split up
(Fig. 3.1). The eigenspace of L(0,) corresponding to the zero eigenvalue is one-
dimensional since the corresponding equation L(0,)f(x) = 0 implies the equation

/Sl a($)|8xf(x)|2 + b(x)|a§]?(x)|2 dr =0

such that 8xf: 0 follows. In order to satisfy the claim ||f|] r2(st,c) = 1 we choose
f(z) = (2m)~"/2. Hence there exist one unique smooth curve

M) = —w()* € C=([~1/2,1/2],R)

25



112 | 112 |

Figure 3.1: The left panel shows a sketch of the curves of eigenvalues over the
Bloch wave numbers as they appear for the case of constant coefficient functions. The
curves cross in |[¢| = 1/2 and ¢ = 0. The right panel shows a possible configuration
of the spectral situation for the spatially periodic Boussinesq model over Bloch wave
numbers. The curves can split up and cross in different ¢. Spectral gaps can occur.

of eigenvalues and one unique curve of corresponding eigenfunctions f(¢)(-,) €
C>([—1/2,1/2],C>=(S*,C)) satisfying

Ve -1/2,1/2: DO = w7 F0). <w<0>,f<o>>=(o,%2_ﬂ).

Due to L(8) = L() we have —w(—0)2f(—¢) = L(@)f(—¢) = L(8)f(—¢) such that

obviously f(—/) is the curve of eigenvalues corresponding to —w(—/)?. The unique

character of these curves then implies —w(—0)2 = —w(¢)? and f(—0) = f({).
Definition 3.2.3 We define the corresponding spaces and generalized projections:

i) Let A(0) = —w(€)? be the unique curve of eigenvalues satisfying A0) =0 and
let f(€) be the corresponding curve of eigenfunctions satisfying || f(€)|| L2(s1,c) =
1. The coordinate function P(-,) € C=([—1/2,1/2], (L*(S*,C)’) is given by

P(O)u = (u, f(£))r2(s1,0)-

The function Q(-) € C*([—1/2,1/2], Lin(L*(S*,C))) is given by



ii) For fized { the subspace V(£) C L? is given by

V(0) = {ve L*S",C): P({)v =0}
and the subspace U(0) C L2(S*,C) is defined by U(€) = V(¢)*r2st0),
iii) The subspace V CL?is defined by
V= {0eLl?: 0,0 c V)
and U = Vi,

Note: We have U = {@i € L* : (-, () € U(£)}. Moreover Z(@)|‘7(4) V() = V()

is an invertible operator. Inserting the second order Taylor polynomial f(0) +
(f'(0) + 22 f"(0) of f(£) with respect to ¢ where

chv(n)(o)(x) = a?f(@(w”f:(]

into the eigenvalue equation L(9) f(£) = —wQ(_f)f(ﬁ) and using w(0) = 0, w(—¥)? =
w(0)?, f(0)(z) = (27)7Y2 and f(—¢) = f(¢), which implies that the even (-

derivatives of f(¢) in ¢ = 0 are purely real functions w.r.t. =z, while the odd
{—derivatives are purely imaginary functions w.r.t. z, we obtain the equations

0 =id,af(0) + L(.) f'(0)

- 1~ ~
0 =(-a-+ 200+ i({a.0) - 200.00.).0.} ) 7 0) + 3L 0)
where {A, B} := AB + BA is the so called anti-commutator of A and B. Since
d.a € V(0) we can rewrite these equations to

J'(0) = = if(0)L(D.) " (9:0). (3.9)
SL@)F(0) = (a— 1) (0) ~ i(D(a) +ad.) F(0) (3.10)

— 2i(0:(b05) + 07(b3:)-) f(0).

The linear operator Z(@x) maps odd functions to odd functions and even functions
to even functions. Since a is even, the right hand side of (3.9) is an odd function and
we find f’(O) to be an odd and, as already expected, purely imaginary function.
Using this information we find from (3.10) that f”(0) is even and, hence, that
896]?” (0) is odd. This will be needed for the derivation of the KdV equation and
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the Whitham equation. Since w(¢)? is smooth and even, there exists a constant
C > 0 such that

W(0)? — W (022 — %w'(())w"'m)eﬂ < Clp. (3.11)
Next, consider
B(tm, 0 —m) = = [ cO(Fm)Fie —m)OF(6)da (3.12)
Sl
This term appears in the non-linear part since we have
1/2
P(0)0(cO)(Pu(-) x Pu(-)) = Bl,m, ¢ —m)u(m)u(f —m)dm.
—1/2

Since df(¢) = ilf(0) + O(f(£) — f(0)) and since B(-,-,-) is bounded, we find
B, m,f —m) = O({). This means that there exists a C' > 0 such that

[B(€;m, £ —m)| < C|]

uniformly in m. Plugging the second order Taylor polynomial into (3.12) after a
straight forward computation we find that there exist smooth functions hj, j, (¢, m)
such that

ﬁ(ﬁ,m,f—m)
14

= — Ly + im0 —m)us + Z hj, s, (€, M) (7 m 2 (3.13)

J1+j2=3

where p; = \/% Jo1 c(@)o? (z)dz and py = [ c(z)a(x)a(z)dr and where

a(z) = f(0) —id,f'(0) and a(z) := 0,(F(0)> = f£(0)f"(0)). (3.14)

The integrand of ps is an odd function such that this term vanishes and so we
have the estimate

(B m, L —m) + pl?)] < O +ml? + m?+m?]. (3.15)

Further computations need the following lemma, which uses the elementary scaling
properties of the L?—norm:

Lemma 3.2.4 Let A € L?(n)(R).
i) Let U(z,0) = ("A(e"0)§(0)(x) where § € C(|—1/2,1/2], L3(S*,C)). Then
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we have

Jallz. <2 sup [lg(O)C) 2o - A2y
te[-1/2,1/2)

i1) Let v(x = A(e"Y)G(0)(z). For a given v € C™([—
) Let o(x,€) = A(e"'0)g(¢)(x). For a given v € C™([~1/2,1/2], L*(S',C))
we have a C, and an €y > 0 such that for all ¢ < gy we have

I <7(‘4) - %V(m)@)) Oz < Cye™ 2| Al L2y -

m<n

3.3 Derivation of the approximations

3.3.1 Derivation of the KdV equation
The residual measures how much a function fails to satisfy the periodic Boussinesq

equation (1.4).

Definition 3.3.1 The (Boussinesq) residual of a function
u € C([0,t0], HY(R,C)) N C?([0, ty], L*(R, C))

is the function Respous(u) € C([0,t0], L*(R,C)), in the following just Res(u),
given by

Respous(u)(z,t) := —0Mu(z,t) + L(0y)u(x,t) + 0, (cOy)u’(x,t). (3.16)

For
7 e O([0, o], HYY N C2([0, 1], L?)

the residual is the function Resg(t) € C°([0,to], L?), in the following just Res(q),
given by

Resp(t)(z,€) == B Res(B™'u)(x, (). (3.17)
The residual of the approximation appears in the equation for the difference be-
tween the true solution and its approximation as an inhomogeneity. Hence, the

aim is to construct an approximation such that the residual is small in a certain
sence. In detail, for our justification the estimates

|Res(e2))|| 2 < Ce¥®?  and  ||0;  Res(e%))]| 2 < Cel®/?
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are needed. In case of constant a and b the ansatz for the KdV-equation is
27 ~(k 3 iw’ (0)kt
e“P(k,t) = €A o€ t)e

where —w?(k) is the symbol of L(d,) in Fourier space. In the spatially periodic
case a first ansatz is given by

Pz, 0,t) = €A (ﬁ,g%) e O £ () x () (3.18)

where x(+¢) is the characteristic function on [—§/2,d/2] and where |§| < 1/2 is so
small that the first curve of eigenvalues is separated from the rest. Plugging (3.18)
into (3.17) gives the equation

Resy(z,0) :< — TR A7, %) — 2w (0)® (e 1) Op A1, £3t) (3.19)

_ %w’(O)w”’(O)E‘E’(5*16)4,1(5’16, )

+ (w/(0)2° + %w'(())w’"(ow* —w(0)?)eA(e"e, g%)) e O F()x(0)

1/2

v -1/2 ptm £ m)g<7:)g<£ —sm>X(m)x(€ —m)dm e O%F(p)

S

—
*
NS

where Resg(x,€) := (u(-2,€), f(£)(-z)) r2(s1,c) and (x) is given by
5/2

(%) = 5(£,m,£—m)2(ﬂ)2<€_m)x(e—m)dm

—6/2 £ g

5/2 - [l —
= / —62/1114(@) A(E m)x(€ —m)dm
—5/2 € 3

+ /5/2 (B, m, € —m) + 1) fl(g)g« — m)x(ﬁ —m)dm

—6/2 €
S e o
e | 6// A(Z) A2 ) )~ x(e = i (3:20)

+/_6/2 (ﬁ(é,m,f—m)+€2u1)ﬁ(?)fl«_m)xw—m)dm. (3.21)

5/2 €
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Lemma 3.3.2 Let s > 1/2 and A € L2(s). Then we have

h X(M)E('é - M> dM

: - < 25 A,
€

L2([-1/2,1/2])

Proof: For M > §/e we have 1 < % such that we can estimate

[e.9]

< gl/2
L2([-1/2,1/2])

e

E(M)E(e - M> dM

/ AMDA(p — M)(6 ;‘4 )dM
d/e L2(R)

< 65—}—1/25—5”121\”%2(5)(1[@)‘ ]

d/e

For (3.21) using (3.15) we find

1/2 - [l —
1(3.21)] < / A(m>A<€ m)‘dm
-1/2 g 9
1/2e 4 3 2 ) R .
<02 L (6) (0w (6) e (S JA (A (E )
—1/2: | \€ € € € €
and so using Lemma (3.2.4) the L*([—1/2,1/2])— norm of (3.21) can be estimated

by Ce'V/2||0% A2| 12wy < Ce'V/2||A||%,.. For (3.20) we have g(¢,m) = x(¢) — x({ —
m) =0 for |¢ —m| < §/2. Hence the L?([—1/2,1/2])—norm can be estimated by

5 52 7 2
/u%é‘*/ A(@>A<€ m)g(ﬁ,m)dm
-6 —5/2 € €
J EIN C—mI\"™ [Im|]\" ~({—m :
< 2p4 M | S 2 -
< [ (LA () () 1A um )

d/e 0/(2¢) _ ~ ?
§052”1+2"2+7/ L* / |A(M)| - |L — M|™|M|"™ - |A(L — M)|dM | dL
—d/e —4/(2¢)

B(evmvg - m) + €2,U’1

dt

00 o] 2
§052"1+2"2+7/ L* (/ |A(M)| - |L — M|™|M]|™ - |A(L — M)|dM) dL

[e.9] —0o0

=C? 2T |B x |O] 2oy < O/ ¥ B2, [|C][2 0,

<O A 2y 1) | All 2 (o 2)
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where B(K) = K™A(K) and C(K) = K™A(K). Putting all together if we
choose n; =ny =2 and A € C([0,Ty], H%(R)) to satisfy the KdV equation

O AX,T) = —2 6(0)

Oy A(X,T) +

H1 2
AY(X,T .22
we find the estimate ||Res, ||z, < Ce'®2. Since we have that P(¢)Res(u) = O(f)

we also find the estimate [|0~!Res,||z. < C’e'¥/2. For the corresponding comple-
mentary part we find

[Resy|[2, = [|QA(cA) (%) * (24)) 12, < 9(cd) (%) * (€*¥)]|3, 2(3-23)
1/2
/1//2 /Sl dx df
/ /Sl
§/e
<[ L,

[ 2Ry A (S ateorFom e - momixe - mam

1/2 €

/6/2 2 ) A (E - m) 0(cd)(f(m) f(£ —m))dm

5/2 €

d/(2¢) A .
/ M)A(L—- M) x

8/(2¢)

2
dx dl

2

(8 + ieL)(c(0y + iL))(f(eM) f(e(L — M)))dM| dz dL

00 0o )
<o [T [ (7 AN A - an 12170000 - 0.7 O ) dsdr+ 0
< C’gQH |A\’ * ’;ﬂ H%Q(l)(R) -+ 0(611) < ng

where we used J}Km)f(ﬁ —m) = f(0)24i€f(0)(0) + higher order terms. In order

to estimate the L?—norm of 97! Res, we can use the following lemma:
Lemma 3.3.3 9(-,)"! : V — L% is a continuous operator.

Proof: Let o € V. We have

|%/ vl x)dz| = \/%/ (¢, x) dx|
17 [ G0 - 70 - Fo)

:|\/—7T (e ,@M)dﬂ
Sl
<vVor swp ||IF (s olF ) a0

£e[-1/2,1/2]
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where we used P(£)v(z,¢) = 0 in L*(S',C). Hence using Lemma (3.1.5) and the
triangle inequality we find

107515 < (ﬁw sip 1P Olleesc + 2) 952 =

£e[-1/2,1/2]

We have ||07'Res,||2 < Ce%? which is too large for our purposes. A better
approximation is needed and will be given in the following subsection.

Improved approximation

In order to find a better approximation we extend our first ansatz to

(. 0, t) = (U(x, (1) +D(x, [,1))e™ O

where u(z,(,t) = <52 <§,s3t) f(ﬁ)(x)) x(0) and (-5, 0) € V(¢) for |[¢| < § and
= (0 otherwise. Since we have that
Res(u 4+ v) = Res(u) + Res(v) + 20(c0)(u x v)
we find
07 Res(0)(x, (,t) = O (Q(@)Res(uew’@)“) (w(0)? + Z(a))aeiw/ww)
+2Q(0)cd (U 1) O 1 Q(0)cd (v » v)e O

+07 (w(0) — Puw ’(0)2) 0e™' O 1 97 P(€) Res(e™ ")
—QZW( )ga 18 0)¢t — 0 182 iw’ O)Zt

If we choose
U(x, 0,t) = <w2(€) + Z(a))l Q0(co) (i )(x, £, 1)x(0)

we find the estimate [[0]| 7. < [|0(c0)(ux)||z.-» < Ce%2 for s > 1/2. The approx-
imation is well defined since the L2-adjoint of the operator (w(f)? +L(0))"10(c) €
Lm(H 2 H 1) possesses a continuous linear extension L2 — L2

Lemma 3.3.4 Lets > 1/2. Then foru,v € H®
and ||, 0| 5. < Clu]| p1=1/2,/2,m 51,0010 7

Hs
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Proof: The first estimate follows directly from the corresponding estimate ||uv||gs <

C||lu||gs||v]|gs in physical space. For the second one we have
[ %0 0l o = M@ xe Ol o(51.0) [l 22(1-1/2.1/2)
< Cllall sy *e 10110y [l 22(=172,1/2)
< O allzs(sr.ey Nz -1/2.172) - 1| 10llssr o) lz2-1/2.1/21)

= Cllullzr =172, /2,855 51 op 10| 7

Using these inequalities we finally find the estimates

1(Qcd) (@ V)| z2 < Cllall s (-1/21 /21,151 cp 10l g < Ce™2,
1(Qed) (@ % 0)l|z2 < ClollLr(-1/2.1/2, 1151, 0p 0l < C™7,
|07 920115 < CllO2 )| < O/
107} (w(0)? = £ (0)%)7]| 72 < Cll() (@ x )|z < 772,
1(-0)0~ 05|72 < CeT/2
and so, taken all together, we can estimate the residual terms in physical space by
|Res(e%))|| 2 < Ce'®? and ||0; ' Res(e®)|| 2 < Ce3/2.
Remark 3.3.5 Note that for the derivation of the KdV equation we only need local
spectral properties, more precisely the values of w'(0) and w”(0) and the quadratic
structure of the non-linearity. The global spectral behavior will be involved in the

gustification part, where we will need the equivalence of the quadratic form corre-
sponding to the linear operator and the squared H?*(R)—mnorm.

3.3.2 Derivation of the Whitham equation

In order to derive a Whitham equation
03U = 05U + 0% F(U) (3.24)
with a continuous mapping F' : H?> — H? we make the ansatz
(x, 0,t) = (5—121 + E) (g,et) FO)x(0) (3.25)

+ (U +¢V) (x g et) (3.26)

34



where U(-,, £) € V(0) and where

. 1 . ~ 1 A
Aw) = 5 [emaway. B = 5 [ Bw
T R 27T R
~ 1 . ~ 1 )
L) = — —iLy L) = —iLy .
U(x, L) 27T/R€ U(z,y)dy, V(z,L) 27T/Re V(z,y)dy

Solving the residual equations

R@Sa(l‘, E’ t) = <R65(7/))(x; ga t)) f(g)('x)>L2(Sl,(C)
= (—68%11 — 523) (g, 5t>
— W'(0)2L(cA + £2B) (g 5t>
+(0(c0) (W * V) (ar £,1), F(O)(-2)) p2(s1.0) + O(E7?)
and going back to the physical y-space we find the equations

2

™

A = WOPRAG) + ) - 20, (A [ Ul untain)

GB) = OPB) + 20BN ~ 20, (BG) [ U]

™

2 (a0 [ Veweio) - o, Fope)

420, (8yA(y) /S 1 if’(O)U(a:,y)’y(x)dm) _o, [ U, y)(a)de

Sl

(3.27)

where v(x) = 0,(c(z)a(x)) and where « is defined in (3.14). The complementary

equations for the residual give for the correctors the equations
0 = L(8,)U + G1(A,B,U,V)
0 = L(,)V + LL'(0)T +

where Gi(g, E, [7, ‘A/) = 8iG(€)(A\, E, U, V)._

(3.28)
(3.29)

G()(A, B,U,V)(T,z,L) = Q(cL)(dy + icL)c(8, + ieL) (¢ x V) (T, z, eL).
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For (3.28) we find in physical space

0 = L(0)U(x,y) + \/%A(y)Q(O)az(Cax)U(Ly) + \/gay(AQ(y))Q(O)v(l’)-

Using Q(0)|v (o) = Id we find the solution

-1

Ulz,y) = —2\/?4(1/)%14(3/) <Id+ \/gA(zDZ(aw)lax(C@r')) (Z(az)”v) (x)
= —Q@A(y)ayfl(y)z<— %A(y)f(ﬁz)‘law(cax-)> (f(ax)‘lv) ().

n=0

Here we used that we have \/>A (c8,L(8,)"") € Lin(L?). Hence its L2-

adjoint \/;A( )L(8,) 10, (cd,-) is a linear continuous operator such that for suf-
ficiently small A in C([0,Tp], C(R)) we have

||\/7 la (cOy) HLm(L2(sl = ||\/7 (€O L )™ l)HLin(L2(Sl)) <g¢g<lL

For the last non-linear term in the equation for A we find

Aly) / Ulw,y)(a)ds =—2\f ( fofi)

n=0

where

ca(y) :/51 (— zA(y)z((%)1090(6890)) L(0:) (@) - y(z)dx

T
< q" 1L002) ™l ponw 0, 22(51 I | 22(31)-
Using this we finally find the Whitham equation

[e.9]

RAW) = WA + 3 (u1A2<y>+§A3<y>ZC"(y)>. (3.30)

n—+3

n=0
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The remaining equation (3.29) for V' can be solved with respect to V' for small A
and B (in C([0,Tp],R)). In detail for
H(A,B,U,V) = LL(0,)U + L(8,)V + G1(A, B, V)
we have H(0,0,0,0) =0 and
H(0,0,6V) = 6L(3,)V + O(82) = 605 H(0,0,0,0)(V) + O(5?).

Since E( 02)|vy = V(0) = V(O) is an invertible operator, for sufficiently small A

N AN AN AN A

information, for B, we ﬁnd a hnear inhomogeneous equatlon.

Lemma 3.3.6 Let Ty > 0 and let A € C([0,T1], H*) be a solution to the Whitham
equation (3.30) such that

2~ _
sup \A(y)\@w@) 0,0 )l nvorvoy Sa <1 (331)

T<T1,yeR

Let Ty < Ty and let B € C([0,Ty), H*) be a solution to (3.27) and let Ty, v and B

be chosen so small that the equations from above can be solved for U and V. Then
there exists a C' > 0 such that for all eps > 0 we have

sup  ||Res(¥)(ar )| z2my < Ce*? and  sup  [|0;  Res(v) (4, )| 2@ < Ce¥2.
t€[0,Tp /&3] t€[0,To /€3]

Remark 3.3.7 Note that, in contrast to the KdV case, in the Whitham case we
have additional conditions || Allcqom),cm) < C and || Bllc(o,m),cmy < C where C
is so small that we can solve the equations for A and B.

3.4 Justification of the KdV approximation and
the Whitham approximation

3.4.1 The main result

Our approximation result for the KAV approximation and the Whitham approxi-
mation is as follows:

Theorem 3.4.1 Consider the spatially periodic Boussinesq equation (3.32) where
a € CY(S') and b € C?(S") are positive even functions and where ¢ € C*(S*,C)
satisfies the condition

/51 c(x)a(x)a(z)de =0
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where o and & are defined in (3.13).

i) Let Ty > 0 and let A € C([0,Tp], HS(R)) be a solution to the KdV equation
(3.22). Then there exists an g > 0 and a C > 0 such that for every 0 <
e < g9 we have solutions u € C([0,Ty/e%], H*(R)) of our spatially periodic
Boussinesq equation (1.4) with

sup  [[u(-g,t) — 2F(0)A(e(-y + ' (0)2), %) || 2 < C>2.
te[0,Tp /3]

i1) There exists a Cy; > 0 such that for all Ty > 0 and every solution A €
C([0,Ty), H*(R)) of the Whitham equation (3.30) with [[A(-x,T)||z~ < C4
we have for all € > 0 solutions u € C([0,Ty/e], H*(R)) of (1.4) with

sup  |[u(-a,t) — F(0)A(e-, et)|| < CE¥/2.

t€[0,T0/e3]

Note, that the condition on c is satisfied, if e.g. ¢ is a positive and even function.
Mind also the difference of the formulations with respect for the dependencies on
the perturbation parameter €.

In the previous section we constructed the KdV approximation and improved
approximations, which allow us to make the residual small enough for our purposes.

3.4.2 Justification of the KdV approximation

We write the solution u of the spatially periodic Boussinesq equation
Ofu(x,t) = Op(a(z)Opu(z, t)) — O2(b(2)0Pu(w, 1)) + Op(c(x)dp(u(z,1)%))  (3.32)

as a sum of the approximation €%¢ plus some error ¢/?R, i.e., u = €% + ¢/?R
where R satisfies the equation

O?R =L(0,) R + 20,(c0,(c*YR)) + €/%0,(cO,(R?)) + ¢ *Res(’)).  (3.33)

Obviously, the underlined term is the dangerous one and may be the generator
of unbounded growth with respect to the perturbation parameter ¢ since it is of
order €2 on a O(e7®)—timescale. The energy from the spatially constant case
cannot be applied directly and needs to be modified in a non-trivial way. In order
to adapt the arguments we need to write the equation for the error as a first order
system 0;Z = AZ + O(&3) such that we can define the energy using the linear skew
symmetric operator A.
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Normal form transform

First, we want to discuss a possible normal form transform in order to choose ap-
propriate coordinates, using which the dangerous terms can be shown to be small.
This is a common way to eliminate disturbing terms, e.g. in the justification of the
non-linear Schrodinger equation for a spatially periodic wave equation considered
in [BSTUO06]. We don’t give an exact proof for the provided statement since the
method using the normal form transform already fails in the much more simple
case of constant coefficients.

As before, for every (—w?, f) C C x (L?\{0}) where L(0,)f = —w2f we have
C>~—curves of eigenvalues —w(¢)? and eigenfunctions f(¢)(-;) with

L(0)[(0)(-2) = =w*(O) f(0)(-2) and (w(0), F(0)(-2)) = (w. [).

Let J be an index set to any complete set of eigenfunctions to E(@x) such that
every u € L? possesses a unique representation

Wt 2,0 = 3 (it 0), O () 2051 0, FO)()

e = (t,f)

In these coordinates the Boussinesq equation is given by

1/2 ) _ _
afaz<x7 K) = _wi(£)2ﬂi(x7 g) + / / Z /6‘;1,]‘2 (67 m, l— m>uj1 (m>uj2 (E - m) de
Y2 j1gaed

where

J1,J2

Lolm,l—m) = ; Fi(m) f3,(€ — m)d(cd) fi(£)da.

Every linear mapping M : L? — L? is uniquely determined by the values on the
corresponding eigenspaces such that we have the generalized matrix representation

MO f:(0) =" mi;(0) [3(0).
]
For the normal form transform we choose the ansatz
R =R+ M(2:*yR).
The coordinate functions
Fi(0) = (R(2, 0,1), i(0)(-2)) 12510 vesD. Toll) = (R, 4,1), fi(0)(-2)) p2(s1 )
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satisfy the relations

) = F0)+ \/gzmw)/ A (T,o) Fo(l — m)dm + O(c%)
in L'([-1/2,1/2]) for i € J. We have
i(0) = Fo(0) + 2(M (%) %0 R(-4, 0, 1)), fi( D)) 12510
=7,(0) + 2(M (Z(&ZW R(ay0,1), fk(g»LQ(Sl,(C)]?k(g)) i) 20

keJ
= F(0) + 200 (i Rz, 0.t D rasie) Y mig(C Fi(0) 1251 )
keJ jeJ
(0)+2D > (0 %0 B(a, £,1), [o(0)) 1251 cymu g (D50, F(0) 1251,
ked jeJd
+2Z e xR (2,0, 1) fk( ) L2(s1,0) Mk (€)
ke

and

<€2J*é §($7 67 t)a ﬁ(€)>L2(517C)
vz

:</_ (eA(e ™ m, &3t) f(m)e™ O™ 4+ O (%)) x

1/2
Z?J@ - m)fj(f —m), J?k(g»m(sl,@)dm

J

2 ~
:/ eA(e™ 'm, %) f(0)7; (¢ — m)dmx
~1/2

(F5(0), (D) r2(s1,0) + O()

== £(0) / v Ale™ m, 0)7; (£ — m)dm + O(£%).

1/2

Hence using £9,A = £*9; A, w;(l —m) = w;(¢) + O(m) and f](ﬁ) = E(O) + O(0)
we find in lowest order the set of equations

027, (0) = \fzs]k UQEA( 0>Tk(£ m)dm + O(e%)

jked 1/2
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where

siu(6) = m0) (w316~ 20)) ~ [ cOF 007 (Do

Here s;;(¢) = 0 is needed to eliminate the diagonal elements, but this implies

[ e on @) s = 0

and hence cannot be satisfied if infgic > 0. As we see, the diagonal elements
cannot be eliminated with our ansatz.

Energy estimates

In this section we give the proof to the main theorem 3.4.1. First we note that the
two terms on the right hand side of (3.33) can be written as

0p(a0, R) — 02(bO?R) + 20, (ce®p0, R) + 20,(c(0,e*Y)R). (3.34)

The last one of these terms is of order O(g%) in L*(R) due to the long wave
character of the approximation e%y). If we choose a + 2cey) > C > 0 uniformly
in time the first three terms can be written as 0,80, R where B is the self-adjoint
positive definite operator

B = (a+ 2ce*y) — 9, (b0y).

Hence there exists a positive definite self-adjoint square root A, that means a
positive-definite self-adjoint operator A with A? = B. The associated operator
norm

- e = A" -l

is equivalent to the H™-norm and A~! is a continuous linear mapping from L? to
H'. In fact for fixed time A2 is a sectorial operator and we have the estimate

1
2\—1 ) < * 3 .
” (A —f— ./4 ) ”LG(LQ,LZ) ~ )\ O*, 20 léllfa( a:)

for A > 0 if we again choose € to be sufficiently small. We can show even more:

Lemma 3.4.2 For A = (a + 2ce*) — 0,(00,))"/? there exists an a € R and an
go > 0 such that for all ¢ < gy we have the estimate

1

37 . 2 2\—1 . -
Vit € [07T0/€ ] : ”(w + A ) HLin(Hz,HQ) < w2+0z2'

41



Proof: Consider the equation u = (w? + A?)v. We have
lull gallvll e > (w,0) g2 = (" + A%, v) g2 > wW?|ollf + (A%, 0) 2
> (w* + o) vl
where we used

[(A%0,0) 7| = ((a + 2ce* — 0,(00,)) A%v, A%v) 2
A
= {(a + 2ce*) A0, A%v) 2 + gb@xfl%, (9xA2v)Li

>0

zeS! zeS! 2€R te[0,Tp /3]

> (inf a(x) —2sup ¢(x) -sup  sup 62|¢(a:,t)\) || A%0]2,
1 ,
§xlnf a(z) - [v[5, >0

if ¢ is chosen such that

infg a(z)
2[5 (t, - <" 3.35
H€077Z)( ) )“CO(R) = QSuqu C(.T) ( )
such that ||v]| g2 = |[(w* + A*) | 72 < (w? + )7 ul| 72 follows. O

The equation for the error is given by
O?’R = 0,(A%0,R) + 20,(c(0,6*0)R) + €720, (c0,(R?)) + e *Res(%). (3.36)

In order to show the boundedness of solutions to (3.36) with respect to the per-
turbation parameter € we use energy estimates. Multiplication of (3.36) by O,R
and integration with respect to x gives

%at / (8,R)*dx = — / Ad,R - Ad,d,Rdx — 2 / c(8,e*)R - 0,0, Rdx
+£7/2 / 0, (cO,)R* - O,Rdx + ¢~ 7/2 / Res(%)) - 8, Rd.

Here for the first term on the right hand site we have

1 1
/ AD;R - ADD, Rz =0, / (A0, R)*d — 5 / 81 A9, R - AD, R + A, R - 0,A0, Rdx

:at% / (A0, R)?dz — % / (OAA + AD,A)D,R - O, Rdx
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~0r; [(A0.Rd — 5 [ (2ed(0)0.R - 0, R
such that we have
%at / (0,R)2+(AD, R)2dz — / (200,(=26))0, R - D, R — 2 / Du(c(0ue0) R) - O, Rz

+£7/? / 0y (cO,)R? - Oy Rdx + ¢ 7/? / Res(%)) - 0, Rdx
<2[|cdie®P| < |R||H2 + 2 [|0:(c(02”Y) R) | 12 (|0 R| 2
%,—/ . /

—
<Ce? <Ce|lcll g1 lIRll g1

+ el | B 2|0 Rll = + £~ 2| Res(e%) 12 |0, Rl 2

Cet

<Ce(|[Rl%2 + 1Rl 2| 0Bl 2
+ 2| RI%20iR] 2 + e[| 0: Rl 12).

The quadratic form on the left hand side of this inequality can not bound every
term on the right hand side, we additionally need control of | R||;2 and of ||O.R|| 2.
Multiplication of both sides of (3.36) with —9;1.4720,; (9, R) and integration with
respect to x gives

%at / (A0 '0,R)*dx = / (0. A MO, ' O:R) - (A710, 0, R)dw

+ /(Alamlaf}%) (A0 'O, R)dx
1

=3 / (0, A0 OR) - (A0, 'OR) + (A9, 'O,R) - (A7)0, 'O, R)da

— / RORdx — 2- / (cOu(e*P)R) - (A0, 0, R)dx
—— N ~~ 4
=LalRI2,  <2sup,cqy s llcda(=20) oo | Bl 2 | A205 ORI 2

— 27/ / cRO,R - (AT207'0,R)dx — e~ 7/? / (0, ' Res(e*¥)) - (A20, 0, R)dx.

(. J/

-~

<3llellzoc 102 RI2 5 |l A=105 O R 2 <Ce3||A=20; O R|| 2
Using the relation 9;(A~!) = —A71(9;.4)A™" and the estimate

|A20, Rl 2 < A0, 0B
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we find

J@a o am A 07 s = [ (0A)A+ A@A) (A0, 0B

=200 (£29))-
x (A720,'0,R)dx
< sup [|edy ()| o< | A0, 1O R 7

tST()/Ed

<Ce¥|| Ao O R|2..

Finally we find
1
300 [(ATO 0R) + R do < €1+ Rlss + [0 RI) - | 470 0.

Again, the quadratic form on the left hand side of this inequality can not bound
every term on the right side, we additionally need control of ||0,R|r2. But, for
the sum of both quadratic forms

1
B(r) = / (A0, R)? + B + (9,R)? + (AD, R)da
we find
OE(t) <Ce*(E + £\PE*? + e BY?) < 3053(2 + E 4 e2E3%),

Now we can apply Lemma 2.3.1: For a given Ty > 0 let M := ¢“7 —1. Then for all
£ < g9 := 17 while E < M we have ¢E < 1 such that F satisfies 9,F < Ce3(1+E).

Hence we have F(t) < eCs’t — 1< M and

sup E(t) < e —1= M.

tSTo/ES
We can extend Theorem 3.4.1:

Lemma 3.4.3 With the assumptions from Theorem 3.4.1 we have

sup |Ju(t, z) — e*f(0)A(e(x + w'(0)t), %)

t<Tp/e3
— 53]7(0)(Z(@x)’la’)GXA(E(-I +w'(0)t), €3t)HC(R) < O3,
Proof: We have

12 .
e2Y(t,r) = / e A(te™, 3t)e™ O £ (0)x (0)dl + O(e7/?)
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_ 12 A
i (0)e /_ i) A(le), 24)dl + O(ET2)

= f(0)e*A(e(z + W' (0)t), %)
+ F0)(L(0,)'a))e*Ox A(e(@ + w'(0)t), %) + O(7/?)

where we used f/(0) = —if(0)(L(d,) " a')(x). O

3.4.3 Justification of the Whitham approximation

In case of Whitham approximation we consider the energy
1 ~ ~
B(t) = 5 (10RI3: + 1 A0 ORIE: + | RII: + | A0, R ) (3.37)

where A% := a+ 2tpc — 0,(b0,) for sufficiently small approximation ¥ is a positive
self-adjoint operator. Note the relationship to the energy used for the KdV case.
Using the estimates from the justification of the KdV equation we find

1
OE =e(E +&Y2E%? 4 cEY/?) < 5Ce@+E+ eV/2 g3/

such that an application of Lemma 2.4.1 gives the boundedness for E on the cor-
responding O(e~!)—timescale. Also note, that we only need estimates we already
proved in the justification part for the KdV equation.

3.5 Straightforward justification using a two pa-
rameter semigroup

Instead of multiplying the error equation by seemingly random terms and integrat-
ing with respect to x, the energy from above can be derived from a skew symmetric
first order representation in a straightforward way using the variation of constants
formula. Consider again equation (3.34) and rewrite this to

07 =NZ+&°F(t,2) (3.38)
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0 0,
where Z = (R, P = A™'9;'0,R), A = (A@m ()A) and

F(t,Z) = G(t,R,P) = (0, H(t, R, P))

where
H(t,R,P) = \2,4‘1(0(%5‘11/))}%)1 —e P A9, AP
I 1T
+ e 2 A7 (2cRO,R) + e 2 A7 0 "Res (%))
1T v
and

(0 a4
A_(Aﬁ)m 0)'

Lemma 3.5.1 Let A € C([0,Ty], H(R)) satisfy the KdV equation (3.22) and
c € CY(SY). Then we have

1H (t, Z) |2 < CU1Z )| m2xrz + €2 2|2 g + 1)
Proof: In H"(R) x H"(R) we use the equivalent inner product
(u,v) gn = (A"u, A"0) 2.

The advantage of this inner product, of course, is, that A is self-adjoint with
respect to it. First of all note that we have the equivalence of the norms uniformly
in time. In detail fix Ty > 0 and let A € C?([0,Tp], H%(R)) be a solution to the
corresponding KdV equation. Next fix g > 0 given in 3.35. Then we have

1 3
Vt < Ty/e*:  min{=infa,infb}-|ul|?: < [Aul?: < max{=supa,supb}-||ull?:
2 st St 2 S1 g1

and the main statement follows by iteration. First note that for () we have

A= (cOue™ )Rl g = Ne(Oe™ ¥)Rllzn < Clicllersyll0ee™ Yllerwl| Rl

< Cliellevshllfee™ ¢llerwllRllmz < CllRlluz < C|Rl|z

since by construction we have ||0,e 9| c1ry < C. For (I11) we find

€42 A QeROR) | s = 260, B2 s < 2 Clclen s Rl
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For the last residual term (/V') the required estimates have already been made in
the previous section. In order to show the estimate for (/1) we recall the formula
for fractional powers of closed operators: For a v € (0,1) the operator B~7 is
defined by

gy = Sn0m) / AT\ + B)"'Ud. (3.39)
0

™

Choosing B = A? and v = 1/2 we find the formulas

o0

> 1
AU = —/ A2+ AH)7WUdN, and AU = —/ (w? + A*) U dw,
™ Jo ™

—00

respectively. Hence we can express A in terms of A2, This is useful since we have
control over the time derivative of A? in H2. In order to estimate (I1) we need to
deal with the time derivative of A=1. We recall that from Id = AA~! we have the
formula 9,4 = —Ad;(A™1).A. Applying this principle twice, first to A~ and then
to (w? + A%)~!, we find

AT 0.AP|| 7o = [|0.(A1) AP 5
/ (2 + A2 (260,(20) (WP + A) L AP)) dw

[e.9]

™

H2

< 1 /_Oo [(w? + A%) 7 (268, (e%0) (w2 + A2) LAP)) || g2 dw (3.40)

Q 00

These terms can be estimated using the following lemmas.

Lemma 3.5.2 For every positive definite self-adjoint operator X in a Hilbert space
H such that
1O+ X)L ani) < A+ 1)

we have || X*(A + X) ™| inry < 2(A+ 1) for e 0,1], X > 0.

Proof: Let Xu = Av 4+ Xwv. Since X is positive and self-adjoint and due to the
assumed estimate, X! is a continuous and also positive definite and self-adjoint
operator in H and possesses a positive definite self-adjoint square root X /2 which
is also a continuous operator in H. Then we have

lollf =(u = AX " v, 0) i = (u, v = MX 20l < Jlullizllvlla
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which proves the case p = 1. Using formula (3.39) in the case 0 < p < 1 we find

XA+ X) =X XA+ X) ! (3.41)
:Sin(ﬂ-(wﬂ /OO Xule(X + X))\ + X)fld}v\
) e (k@0 o 0t @)

+§E@%;ﬁﬁ/“XWHX+XT*CHA+XrﬁdX<3%>

where we can now use the first result in order to estimate the operator norm of

(3.42) by

: A+1 . .
[sin(mp)| / R TETN S .0 R G 1) Py
r o (LFN) S

The operator norm of (3.43) can be estimated by

[sin(mp)| [

MR 1)L < ST /Oo 2y < BTl e,
0 A1 I S WS Tl —p)

Altogether we have

| sin(mp)]

1XHO A X)) <
| X*H( | Lin(a) (1 — )

A+Dt <O+ (3.44)
where C' = % is an optimal choice. O
Generalization of this lemma by scaling of X gives the following lemma:

Lemma 3.5.3 For every positive definite self-adjoint operator X in a Hilbert space
H there exists an o > 0 such that

IO+ X) M lzingn < A+ a)™

and we have a C > 0 such that | X*(X + X) ™ Liny < 2(A+ )7 for p € [0, 1],
A>0.

Proof: Choose

X
o := inf —< U’Z>H
w20 ||v|%

> 0.
The operator Y := éX satisfies the estimate
1A +Y) M pingn < A+ 17
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such that we can use Lemma (3.5.2) and find
XN+ X) iy = Y O™ +Y) " Lincany
<Cao" Ao '+ 1)t =CA+a) O

Finally, we can estimate the right hand side of (3.40) by

(3.40) :% / AW 4 A2) T (260(20) (W + A2 AR) [ oo

1 oo
< / 1A% (w0 + A%) 7| inr2)2[| 4 (€%0) | oo o | (w0 + A*) T AR| 2dw
§Ce3/ |(w® + A*) T AR p2dw = 053/ [(w? + A*) AT R| gadw
§C’53/ (W + ) dw ||R|| g2 = C*||Rllg2 < C| Z || 2wz O

In order to apply the variation of constants formula we need an estimate for the
evolution system. Consider the linear non-autonomous equation

8,2(t) = A(t)Z(t) (3.45)

where \(t) = (A(g)ax 833.,81(15)) For a fixed ty by Stone’s theorem A(tg) is the

generator of a strongly continuous group 7T'(, t) of unitary operators on H?(R, C)x
H?*(R,C). In the terminology from [P83] (p. 134 and following) we have the
stability constants w = 0 and M = 1. Moreover we have ||Z| g2r,c)xm2®ec) <
| Z || gsr.c)xmae,cy and HY(R, C) is A(tp)-admissible, i.e. H*(R,C) is an invariant
subspace of T'(t,to) such that the restriction T(¢, o) of T(t,t,) to H4(R,C) is a
strongly continuous group of unitary operators on H*(R, C).

Lemma 3.5.4 The solution to (3.45) is given by Z(t) = T(t,ty)Z(to) where the
evolution system T(t,s) is a mapping Ry xRS — Lin(H?*(R,C) x H*(R, C)) which
satisfies the following conditions:
i) VZ € H> x H? : limy s+ T'(t,8)Z = Z,
ZZ) Vto S tl S tQ . T(tg, to) = T(tg,tl)T(tl,to).
i) We have ;T (t,s) = A(t)T(t,s), OsT(t,s) = =T (t,s)A(s) and

|T(t, 5) Z|| 2 r,0)x H2(R,C) < 6053(7578)||ZHH2(R,<C)><H2(R,(C)-
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Proof: The first two points and the rules for the derivatives follow directly from
[P83, Theorem 3.1]. In order to show the boundedness of the evolution system
T(t,s) with respect to the O(g%)—time scale, first, we define X? = H?*(R,C) x
H*(R,C) with the inner product (Z,Z)x: = ((Id — At)?)Z, Z) 2(r.cyx12(m.0):
Again we have equivalence of the norms uniformly in time on the O(e®)—time
scale. Using [A(¢),Id — A(#)?] = 0 in a straight forward computation we find

O Z)1 %= = (0:(1d = A(£)*) Z(t), Z(t)) 1212
— (8,(1d — 0, A%0,) R, R) 1> + (0,(Id — AD> A)P, P) >
= —2(c(0,6%0)0, R, 0, R) 12 + (0, AP, 0,(8, A)P) 12 + (0,(0,A) P, 0, AP) 12
< 2||clleqsn |10 llew | Rl + 2102 AP 12(10:(0.A) P| 2
< CENZ(W)|5% + ClZM) | x2 AT APz < O Z(1)]%2

where the last estimate has been derived in the proof for the boundedness of the
non-linearity. U

Mild solutions of (3.38) with Z(ty) = Z, are given by

t
2(8) = T(t, 10) Zo + €° / T(t, $)F(Z(s), 5)ds.
to
For the rest of the proof, for simplicity reasons, we will assume ¢ty = 0 and Z(0) =

Zy = 0. Let 2(t) = ||Z(t)|| g2y f2- In order to apply a Gronwall argument we
estimate z(t) using the formula from above by

z(t):‘/o T(t,s)F(Z(s),s)ds g/ﬂ e || F(Z(s), 8) |l e ds

HsxHS®
t 1 1 t

< / 56053@—5)63(2 + 2(s) 4 £/22%(s))ds < Ce3t + 5053/ (2(s) + '?2(s)%)ds
0 0

where we used exp (Ce3(t —s)) < %0 < C for t,s € [0,Ty/e%]. Choose M :=
e¢T — 1 and ¢ < gy := M2 Then z satisfies the inequality

t
z(t) < 083t+083/ z(s)ds.
0
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as long as z(t) < M. Solutions to this can be estimated using Gronwall’s inequality

by

t
2(t) < Cet + 0256/ 5eC= (=) g
0

Ce3
— eCEBt -1 S M

t t
— O3t + 26 (__SeCES(t—s) + L €C€S(t—s)d8)

3
o Ce* o

for all [0,Ty/e®]. Hence we have shown the boundedness with respect to the long
time interval [0, Tp/e?].

3.6 Discussion

Differences between the KAV and the Whitham case arise already in the case of
constant coefficients, when, in the KdV case, for any T, > 0 and every solution A
to the corresponding KdV-equation the needed conditions for justification can be
satisfied by choosing a sufficiently small €. This is not the case for the Whitham
approximation. Here we need to choose Ty and solutions A such that

sup | A(-x,T)[lcow) < 1/2.
t<Tp

Essential differences between the constant coefficient case and the case of pe-
riodic coefficients come from the increased complexity of the underlying analysis
induced by the use of the Bloch transform. As a result of this need the equa-
tions for the correction term become much more demanding. Moreover, while in
the KdV case the equation for the approximation is uncoupled from the equa-
tions for the correctors, in case of Whitham’s approximation, at first glance, we
have nonlinear coupling of these equations. Nevertheless, the equations can be re-
duced to one autonomous equation for the approximation and a set of autonomous
differential-algebraic equations for the correctors.
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