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Introduction

Consider the initial value problem for a nonlinear wave equation, say, the cubic Klein-Gordon equation
0P = 0%u — u + ud,
where x,t,u = u(z,t) € R, with the initial profile (as depicted in Fig. 0.1) given by

u(xa t)‘t:O = upulse(xa t)‘t:()a

Oru(z, t)|i=0 = Optipuise(, t)|t=0
with
Upuise (2, 1) = A1 (e(x — e1t), e%)e1TTt Lo Ay (e(x — cot 4 d), %t)eR2r Tt e e
where ¢;,kj,w;,d € R,0 < e < 1, and A;(-,t) is a localized function for all ¢ € R.
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Figure 0.1: Initial profile given by two localized structures traveling with different velocities

Now, how does this initial profile evolve in time? How do the localized structures interact? Will a
collision destroy them? What if they travel with the same speed? What if we take more than two?

The present work analyzes all these natural questions in the context of various nonlinear wave equations
which arise in applications such as nonlinear fiber optics and photonics, where the localized structures
represent light pulses which can be used to transport and process digital data (see Ch. 7).

In what follows, we will call these localized structures as “pulses”. They constitute the central theme
of this work.
Brief summary of results

Our main achievement can be stated as follows: By means of perturbation analysis we show that the
two pulses do not interact at all in first order, i.e. they pass through each other undistorted. Hence, at



leading order the interaction is elastic, as one would expect from a linear equation. The nonlinearity
shows its influence only at higher orders through interaction effects like a shift of the pulse carrier
wave, a shift of the pulse envelope and a deformation of the pulse shape (see Fig. 2.3- Fig. 2.5).

We give a very precise analytical description of this interaction behavior by means of a reduction of
the original problem to an initial value problem for a

e recursively solvable, decoupled “modulation system” for the envelopes and their higher order
corrections and

e explicit formulas for the interaction effects.

Consequently, we completely separate the description of the internal dynamics of each pulse and the
description of pure interaction dynamics (well, at least at leading order). At the top of this modulation
system is a Nonlinear Schrédinger equation

agAj = I/jJ@%Aj + Vj,2|Aj|2Aj, Vi1,Vj1 € R,7=1,2,

for each of the two envelopes. The Nonlinear Schrodinger equation has extensively been studied and
is known to exhibit stable, spatially localized solutions — so-called solitons — which can be specified
in terms of elementary functions. This already indicates that the reduced system is much easier to
handle both from an analytical and from a numerical point of view.

Outline of the work

This work is organized in two major parts:

Part I. Concepts of pulse interaction — Separation of internal and interaction dynamics

In Chapter 1 we give an introduction to the main analytical tools that we make use of throughout
the work. We explain how to derive and rigorously justify the Nonlinear Schrédinger equation
for envelopes of one-pulse solutions for the cubic Klein-Gordon equation. Most of the material
has already been discussed in [KSM92].

Chapter 2 presents a refined perturbation approach that leads to the separation of internal and
interaction dynamics for a multipulse in the setting of a cubic Klein-Gordon equation.

Part II. Pulse interaction in “natural coordinates” and applications

Chapter 3 illustrates a frame work which allows one to transfer the results from the first part of
the work to a more general setting. In fact, this chapter forms the central piece of the present
work.

In the next chapters, i.e. Chapter 4-6, we perform exactly this transfer for the Maxwell-Lorentz
system and a nonlinear wave equation with periodic coefficients. We also revisit the cubic Klein-
Gordon case and reproduce the results from Chapter 2 with the new tools developed in Chapter
3. In this sense, Chapter 4 links Part I and Part II of this work.

Finally, we discuss in Chapter 7 the consequences of the presented results for applications.

Note, that every chapter concludes with a “Chapter Summary” that briefly reviews the main points of
the corresponding chapter.



Motivation of the problem

Our research was initiated by the work of Tkeshelashvili et al in [TPB04]| where the above problem
was posed for a nonlinear wave equation with periodic coefficients, which is used as a model for light
propagation in nonlinear “photonic crystals” (see Ch. 7).

Photonic crystals consist of a periodic arrangement of materials with different refraction properties.
They are believed to have the ability to support “standing light pulses” which could be used as optical
storage (however, so far, this phenomenon has not been observed experimentally). But how can such
standing pulses be detected? One of the ideas expressed in [TPB04] is that the detection can be real-
ized through a collision with another pulse, which, however, requires a very deep understanding of the
interaction behavior. For this reason |[TPB04]| contains a formal derivation of explicit formulas for the
leading order interaction effects and a numerical validation of these formulas for special pulse shapes.
Our work is an extension of these results. In particular, we can deal with arbitrary shaped pulses and
derive an explicit formula for an additional interaction effect — the shape deformation.

Another motivation comes from the field of optical communications which is concerned with the trans-
portation of digital data via light pulses (see Ch. 7). To increase the bit rate of the optical fiber that
guides the light pulses, one can simultaneously send pulses on different carrier waves (and, hence, with
different wavelengths), a technique called “Wavelength-Division Multiplexing”. Since optical fibers
exhibit a nonlinear behavior (such as an intensity dependent refraction index), one needs a precise
understanding of the nonlinear interaction both between pulses within one channel and between pulses
from different channels. Such a “Wavelength-Division Multiplexing” scenario can be described by a
multipulse (see Fig. 2.6). In this work we managed to clearly separate the description of the internal
and interaction dynamics associated with such a multipulse and characterize the relation between the
most important parameters that are needed to optimize the multiplexing (see Ch. 2).
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Notation

e All constants that appear which are independent of the perturbation parameter £ are denoted

by C.
e The slow spatial variable is defined by X := ex and the slow temporal variable by T := 2t
e For vectors V the notation [V], means the n-th coordinate.
e Fourier transform is defined by F{u}(k) := a(k) := 5 [ u(x)e ™" da.

e Sobolev spaces H® are equipped with the norm

i = ( [ax |fc|2>8|a<k>|2dk> "

e The spaces C; are equipped with the norm
s .
lulle; = > 10ullco,  Ilullcy = sup u(z)].
=0 zeR
e The expressions 0, f and 9;f denote the partial derivative of a function f = f(z,t) w.r.t. the

first variable x and the second variable t, respectively.

e For functions f = f(z + g(x)) we will have to distinguish between 0, f and 0 f.



Part 1

Concepts of pulse interaction —
Separation of internal and interaction
dynamics






1 Description of basic tools — One pulse
solutions

This introductory chapter explains a method which can be employed for constructing approximate pulse
solutions for partial differential equations. The presented ideas will extensively be used throughout
this work. The approximation is realized by a reduction of the original partial differential equation to
a “simpler” one — the so-called “modulation system”.

The presented method essentially follows the work of Kirrmann, Mielke and Schneider from 1992
[KSM92| (well, with slight modifications).

To keep technicalities on a reasonable level, we make use of the cubic Klein—Gordon equation
Otu=0%u—u+ud, =z tu=u(zt)cR, (1.0.1)

for illustration and also restrict our analysis to one-pulse solutions (see Fig. 1.1). In this sense, this
chapter can be viewed as a warm-up for the more complex setting we encounter when dealing with
multipulse solutions for “more complicated” equations (meaning with a more complicated dispersion
relation, cf. Fig. 3.1). However, the basic concepts introduced here will play a major role throughout
the present work.

Oe™h
Figure 1.1: A pulse consisting of a sinusoidal carrier wave traveling with velocity c,, and a spatially localized
envelope traveling with velocity cg,

A rigorous construction and justification of approximate solutions consists of two steps:

1. The formal analysis, which includes the construction of the approximation — hereafter called
“ansatz” — and the derivation of solvability conditions for its components — the so-called “mod-
ulation system”.

2. The rigorous justification of the approrimation, i.e. giving an error bound (in some suitable
norm) and an estimate for the time scale on which the approximation is valid.

This chapter devotes a section to each step.

Note, that there is no general theory available which would guide the way for the first step. It is usually
based on a lot of experience and intuition, which often comes from the underlying physical problem.



Chapter 1

1.1 Formal derivation of modulations equations

1.1.1 The ansatz — Approximating pulse solutions

By “pulse we mean a solution as depicted in Fig. 1.1, i.e. consisting of a sinusoidal carrier wave and
a spatially localized envelope. Since in practice the nonlinearity of the equation is comparably weak,

we make use of the solutions e’*@e*w k)t of the linearized problem ,whose spatial and temporal wave

numbers are linked through the so-called "dispersion relation‘
wk)? =k +1, (1.1.1)

to construct an ansatz approximating such a pulse, i.e. we take a complex function A = fl(k:) which is
localized around a wave number k; € R with width € where 0 < ¢ < 1 (see Fig. 1.2), and set

uan(w’t) _ Re{/ A(k)eikx-i-iw(k)t dk}
R
= ¢ ei(lﬁx-ﬁ-w(lﬁ)t) / A(kl + €K)ei(€(x+w,(kl)t)5+%e2tw”(kl)52) dK
R
+0(eM) + cc.
= cA(e(z + ' (k)t), e2t)etrztiwlkt L 0 h) 4 c.c. (1.1.2)

with w(k) := VA% + 1 and a spatially localized function
A(€(:E +w/(k1)t),€2t) — / /I(k?l + €K)€i(€(m+w/(k1)t)K+%€2tw“(k1)K2) K.
R

This ansatz approximates what is often referred to as small-amplitude solutions. It describes how the
zero solution of the linear problem evolves under the influence of the nonlinearity.

Now we need to derive conditions for A to make the approximation as good as possible. To this end
we introduce the so-called residual.

4
O(e)
\ <>

Figure 1.2: Left: The dispersion relation w? = k? + 1 of the cubic Klein-Gordon equation vs. the scaling in
Fourier space of A (dashed); Right: Scaling in z-space of the pulse u

14



Chapter 1

1.1.2 The residual — Measuring the quality of the ansatz

Our desire is to construct the ansatz u*” for the cubic Klein-Gordon equation (1.0.1) such that there
is an exact solution u "near by“, i.e. fulfilling

sup  [u—u|| <Ce’, §>1,0>0.
t€[0,Ty /2]

on the natural time scale O(1/¢2). To put this in words, we want the error R := u — u®" to be as
small as possible and, of course, at least smaller than the approximated solution itself (hence § > 1).
Specifying what we mean by “near by“, i.e. specifying norms (resp. functions spaces) at this point
would only distract from the overview we want to convey, so we postpone this discussion to a later
paragraph.

Plugging the representation of a solution in terms of its approximation

u=u"+R
into the cubic Klein-Gordon equation results in the so—called “error equation®
O?R = 9’R — R+ G(R,u"") + Res{u™}

with
G(R, uan) = (uan + R)3 o (uan)3 — 3(uan)2R + 3uanR2 + R3’

and with the so-called “residual®
Res{u®} := —92u™ + 02u™ — u™ + (u)3. (1.1.3)

This shows that the magnitude of the approximation error R is determined by the residual Res{u®"}.
Hence, we will use Res{u®"} to come up with a good construction of u*". Clearly, if u is an exact
solution, then Res{u} = 0. Otherwise, we have to find a way of

1.1.3 Getting the residual small — Derivation of modulation equations

The ansatz (1.1.2) we constructed above leads to

Res{u™} = elw(k))? — k¥ — 1)AE + &2 [~w(k1)w' (k1) + k1](D1 A E
+ [ 2iw(k1 ) A+ (1 — W' (k1)?)02A + 3|APA|E + 3 [3A3E®]
+ e [—20/ (k1) (D1,2A)E] — 5[(93A)E] 4+ O(£%) + c.c..

ik1 {E—I—iw(kl )t

where we introduced the notation E :=e . Now, to diminish the residual, we will successively

set the terms in front of each € order to zero.
At O(e) we get the dispersion relation (cf. (1.1.1))

w(k1)2 = k% + 1,
and at O(g?) we get the formula for the group velocity

k1

W (k) = o0

15



Chapter 1

which are fulfilled by definition due to the construction in (1.1.2). This results into the cancelation

Res{u™} = e w(k) =i = JAE + & [~wlb ) tki) F k] (01 A)E
+ [~ 2iw (k1) A + (1 — ' (k1)*)OPA + 3| APAJE + 3 [3A E]
+ e[ -2 (k1) (D1 2A)E] — 2[(05A)E] + O(°) + c.c..

so we are left with

Res{u®} = &3 [—2iw(k1 )0 A + (1 — ' (k1)*)0? A + 3| AP A|E + 3343 B
+ e[ =2 (k1) (D12A)E] — °[(D3A)E] + O(e%) + c.c.

Choosing A to be a spatially localized solution of the Nonlinear Schrodinger (NLS) equation
—2iw(k1) 0 A + (1 — W' (k1)})O?A + 3|APA =0 (1.1.4)

we get

Res{u®} = &3[—2iw(k;)A 0IA 4 3|APAlE

+ et [—20' (k1) (D12A)E] — €5[(93A)E] + O(£%) + c.c..

Hence, in order to diminish the residual, the ansatz has to be constructed such that the carrier wave
is modulated by a spatially localized solution A of the above NLS — which, in this context, is referred
to as "modulation or “amplitude equation* for obvious reasons.

1.1.4 Canceling higher order harmonics — Algebraic solvability conditions

To further cancel the higher order harmonic term, i.e. the one proportional to E3 = edikrzt3iw(ki)t g
O(£3) we modify the ansatz by

4" = u™ + SaA3E + c.c.,
to arrive at

Res{i"} = &3[(a(9w(ky)? — 9k? — 1) + 1) A3] E?
+ 84[—2w/(]€1)(8172A)E + 3ia(—w(k1)w'(k1) + kl)((‘)lAg)E3]
+ [ (02A + 3ads(A)2)E + (a1 — o (k1)2) (92 As) + 6ads A2 B3 + O(5) + c.c..

Recalling that w'(k1) = k1 /w(k1) and choosing
a = (9w(k)? -9k —1)71 (1.1.5)

we finally get

Res{i™} = *[(a(Iw (k)2 —9kF—1) + 1) A3] E®

+ Y2 (k1) (9124) E + Bia —w(kn (kT T 1) (01 43) E°)

+ [~ (03 A + 30 A3(A)*)E + (a1 — ' (k1)?) (02 A3) + 6 A3|A|?)E3] + O(£8) + c.c..

16



Chapter 1

In summary, we are left with
Res{u""} = 64[—2w/(k‘1)(8172A)E] + O(E%) + c.c.,

which makes the residual — at least formally — of order O(e?).
Note, that the definition of v in (1.1.5) is only well-defined if the so-called "non-resonance condition®

9w (k1)? — 9k — 1| > 0, (1.1.6)

is fulfilled, which is the case for the dispersion relation w of the cubic Klein-Gordon equation. We will
encounter such conditions every time we need to cancel higher order (and also mixed for the two-pulse
case) harmonics. Indeed, in the following chapters we will make extensive use of this mechanism to
cancel terms in the residual which are not proportional to the pure harmonic FE.

The general procedure goes as follows: Sort the residual first for different powers of € and then for
pure and higher order (or mixed in the two pulse case, cf. Sec. 2.2.4) harmonics. Derive modulation
equations by using the terms proportional to the pure harmonics. Then cancel the mixed harmonics by
adding them with real factors — in the above case a — to the ansatz and deriving algebraic equations
— in the above case (1.1.5) — for these factors. Throughout this work, we will call the higher order
(and mixed harmonics in the two-pulse case) in the residual M, ;s and the terms that we add in
order to cancel them M,,zed.q-

Note, that this procedure will always work for cubic nonlinearities. In case of quadratic nonlinearities,
this is different (see [Sch05]).

1.1.5 The choice of norms

The natural spaces for existence and uniqueness for our modulation equation — the Nonlinear Schrédinger
equation — are Sobolev spaces H%4,s4 > 1, (cf. [Sul99]). However, since the modulation equation is
posed in the slow variable X = ex, when bounding the residual w.r.t. the original time scale, i.e. the
fast variable x, we will loose 1/2 in the exponent since

1/2 1/2
4@l = ([ 1aeoRa) " =2 ([la@pax) == 2a0k 01
and, similarly,
|A(e) | s < Ce 2| AC) | s (1.1.8)

Furthermore, it will turn out in the justification proof that we also need to bound the ansatz w.r.t. a
norm which does not "feel” the scaling. Hence, we will also work in C; and make use of the Sobolev
embedding (cf. [Ada07|) to transfer the estimates, i.e.

[AC) a1 < CIAC) a5 (1.1.9)

1.1.6 Modulations system for one pulse solutions — Internal dynamics

Now the question arises if our ansatz can be improved such that the residual becomes even smaller.
The answer is yes!

Remark. In the subsequent Lemma 1.1.1 the superscript (r) is actually an abuse of notation, since
(r) does not refer to derivatives, it only refers to the order of correction.

17



Chapter 1

Lemma 1.1.1. Fiz s,s4 € R for arbitrary rocc € N according to 1 < s < s4 — 3(rgec — 1) — 4. If we
set

Tacc

u™(x,t) = Z e" A (e(z + W' (k1 )t), e2t)etFratiwlk)t 4 Mpized,a + C.C
r=1

where A" € C([0, Ty, H*4~3=1) solves the equation

2w (k1) AT = (1 — W' (k1)")ORAD) — 2 (k1)1 AUV — B3AT 4 G (1.1.10)

internal

with the so-called internal dynamics terms given by

ngzfernal =3 Z (A(Tl))2A(r2) +6 Z A(Tl)A(T’z)A(TS)7
2r14ro=r+2 T'1+7"2+;3=r+2,
r1#£r3

( where we used the convention A =0,r < 0) and Mpized,o s according to Sec. 1.1.4, we have that
IRes{u® (-, t)Hlms < Ce™, res:=rgee+3—1/2,

uniformly in time, with C > 0 independent of €.

Remarks. The system of modulation equations (1.1.10) has the following structure:
e The equation for A only involves AY with { < r. Hence, the system can be solved recursively.
e Since the terms A" are defined recursively, this results in a loss of regularity.

e At O(e3), i.e. 7 =1, we get a Nonlinear Schrédinger equation

2w (k1 )0 AW = (1 — W' (k1)*)02AM) + 3] AM 1240, (1.1.11)
Hence, Gl(iiemal = 3|AM2AM | From the summation in Gz(':L)ternal it is clear that this is the only

nonlinear equation that can occur in the modulation system, since a3 =a4 =7r = a5 =2 —r =
r = 1. For r > 2 only linear Schrédinger equations driven by the solutions of the lower order
equations can appear.

Proof. As already alluded to, the natural spaces for existence and uniqueness for Schrédinger type
equations are the Sobolev spaces H*,s > 1 (cf. [Sul99]).

For r = 1 we get (1.1.11), i.e. a Nonlinear Schrédinger equation, for which spatially localized solutions
with A1) € C(]0, Tp], H*4), 54 > 1 exist (see Rem. 1.1.2).
For r = 2 (1.1.10) has the form

2w (k) A® = (1 — W' (k1)2)92A® — 2 (k1)1 2AD +3(AM)2AP 1 4@ A0 ZD

—a®@

T internal

which is a linear Schrodinger equation with inhomogeneous terms involving derivatives of A1), Dis-
solving temporal derivatives of A by using that it solves the NLS (1.1.11) and combining this with
the fact that the regularity of solutions depends on the regularity of the right-hand side gives existence
and uniqueness with A®) € C([0, Ty, H34~3).

Iterating this procedure gives that for all » = 1,... 74 the system (1.1.10) has unique solutions
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A e ([0, Tp), H5A=30=1D) s 4 > 3(rgec — 1). Moreover, since the equations do not explicitly depend
on ¢, all solutions are O(1).

If A" solve the modulation system (1.1.10) for r = 1,...74e, we canceled all terms up to order
O(g"act3). To make the residual bound rigorous, we have to control all the terms left at order
O(g"a<t3) and higher. This means we have to get, for example,

[01,9ATecc™ D e <€) [|93ATee Y| < O,

for some C' > 0. Now tracking terms involving derivatives in the residual at higher orders finally gives
the condition
s <84 —3(rgec — 1) — 4,

since the highest regularity loss comes from
822A(Tacc)7

which can be seen by recalling that A(ecc) € C([0, Tp], H¥4~3("ecc=1)) and using the equation for A("ece)
to dissolve the temporal derivatives (which gives a loss of 4).
Hence, we get

IRes{u}| s < Cracet3e=1/2,
for some C' > 0, if s4 — 3(rgec — 1) — 4.
Note, that the loss of 1/2 in the exponent is due to the scaling property (1.1.8) of L?-based norms. [

Remark 1.1.2. [t is well-known that for the Nonlinear Schréidinger equation
2iw (k1) AD) = (1 — o' (k1)*)02AM) + 3]AD) 240

the condition 3(1 — w’(k1)2) > 0 ensures that spatially localized solutions exist. If this condition is
fulfilled the equation is called “focussing”. In our case, we have W'(k) = \/k%—i—l <1 forall k € R, so
the condition is fulfilled for arbitrary ki € R.

The most famous localized solution is the so-called “soliton” which can be specified in terms of elementary
functions. It is given by

AW (X, T) = Csech(CoX)eLe®0 | X, :=e(x + o' (k)t), T :=et,

with the constants Cp := 4/ %(kl), Cy = fzo:}‘f%];i%, for arbitrary o > 0 (see [Pol04] for a collection of

solutions).

1.2 Justification of modulation equations for long time scales

In order to construct a good approximation it is crucial to have a clear understanding of the interplay
between the order of the residual, the approximation error and the time scale of validity. We sum up
exactly this trade—off in the following approximation theorem.

Theorem 1.2.1. Given the assumptions of Lemma 1.1.1, for all Ty > 0 there is eg > 0 and a constant
C > 0 independent of € such that

sup (. t) —u™ () |lcom) < Ced, 5 :=res—2, (1.2.1)
te[0,Tp /2] b

for all e € (0,e0), where u is an exact solution of the cubic Klein-Gordon equation (1.0.1).
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Proof. Define u — ugnsat, =: séR, and plug v = ugnsat> + £9R into the cubic Klein-Gordon equation

(1.0.1) to derive the error equation
#PR=0°R— R+ f
with
f=e%(Res{u™} + e® R® + 3P R%u + 3% Ru™?).

Now we turn this equation into a first order system for (R, d; R) and work in the space H' x L? equipped
with the norm

ROz = R +10RIE: = [ B2+ @ + QR da.

Note, that this special choice enables us to use the structure of the linear part. To be precise, with the
notation

2
E(R) := |[(R, 0 R) |51 2
which indicates that this quantity represents an “energy* - hence the term energy estimates - we have

%E(R) —9 / R(O:R) + (9, R) (0,0, R) + (9, R)(O2R) dx

- / R(@:R) — (92R)(OR) + (0. R) (02 R|O; R 12 f) du
- / (OR)F dr < 200R| 12| 12 < 2B(R)2| £ 2.

Now the strategy is to bound f in terms of E such that we get

S B(R) < o+ BE(R) +1E(RY, t€[0.T/)

and thereby conclude with the differential inequality from the subsequent Thm. 1.2.2 and conditions
on a, 3,7 that
E(R) < 07 te [07TO/€2]7

with C' > 0 independent of . This would conclude the proof since ||R||;1 < E(R)Y2. Now the rest of
the proof is devoted to the computation of «, 6 and ~:

We can estimate f using

1fllm < Crese™ ™" + ¥Rl + 3 & Canl| R + 3 £ Con| Rl
where Cap := [[u™[|co and Cres > 0 is defined by [[Res{u™}|z1 < Crese™*. Thus we get (uniformly
in time)

d

—FE(R
EER)
< 2E(R)1/2[Cresgres_6 + Ew”RH?{l +3 ‘56+1CanHR”%Il +3 eCL IRl ]
< 2E(R)V?[Crese™ 0 + ¥ E(R)%? + 3 2Y1Co E(R) + 3 €2C2 E(R)'/?]
= 2[Chese" P E(R)Y? + eXE(R)? + 3 e Con E(R)*? 4 3 2C2 E(R)]
< res—é res—é 2 6+1 2
< Ce + (Ce +3Ce”) E(R) +e°7°(1+3C) E(R)".

= =8 =y
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Now the differential inequality from the subsequent Thm. 1.2.2 gives

2
B(R) < g—T0/"_ omoye? } ;
To/e 2°
B+ ~yadp/e 1 _7#%/566%/5

Since, 8 = O(emin{res=6.2}) and A0/ = O(1), we get as condition 8 = O(¢?) and, hence, res —d§ > 2.
This simplifies the inequality for E(R) to

o)

2

E(R)<C

™

such that we have to demand o = O(e?) and therefore res — § = 2 to finally get
E(R) <C.

Note, that v = O(e%*1) can be chosen arbitrarily and so, indeed, decreasing the magnitude of the
residual will directly translate into an improved error bound. However, there is no way of improving
the length of the time scale of validity.

Finally, using the Sobolev embedding (1.1.9) concludes the proof.

Some remarks about the limitations of the proof

1. Tracking where the exponent 2 in the time scale comes from makes it evident that the time scale
is limited by the order of € that is generated by the nonlinearity. This is a special feature of our
equation. The prove does not work for e.g. quadratic nonlinearities. See [Kal87],[Sch05] for an
improved version.

2. Diminishing the residual improves the accuracy of the ansatz, but cannot increase the time scale

of validity!

A differential inequality. In the proof we used the following differential inequality (see [Pac98§],
Thm. 2.5.1, p.126):

Theorem 1.2.2. Let a,b be continuous and positive functions defined on Ry and w : Ry — Ry be
a continuous, nondecreasing function such that w(0) = 0 and w(x) > 0 for x > 0. If u is a positive
differentiable function on Ry that satisfies

u'(t) < a(t)w(u(t)) +b(t), teRy

u(t) < G™1 [G <u(0) + /0 t b(s)ds> + /0 t a(s)ds} ,

"1
G(r) :/ dz,
o 0(2)
for all t € Ry where the right-hand side is defined.

then we have

with

We have used this inequality in the proof of Thm. 1.2.1 for
d
aE(R) < a+ BE(R) +vE(R)>.

Hence, in our case w(u) = Bu + yu? and a(t) =1, b(t) =a, t<€[0,Ty/e?].

21



Chapter 1

Proof for H* Since for our later results we will need more regularity than H' we also report how
to carry out the proof for H* for arbitrary s > 1. To this end we only have to introduce a slightly
modified energy

B (R) =Y /R (DI0,R)? + (97 R)? + (IR)? da,
7=0

and so

SO (R) = ; [ @am) @i R) + (01 RO R + (GLR)OOLR) da
=3 [ @aR@ER - R+ g - G ROALR) + GLROLR) da
j=0

=3 [ @R@i) o < BRI S+ B R P10u i+

=0
= B (R)2||f = < (L4 E*(R)|fl71=-

1.3 Chapter Summary

This chapter gives an introduction to the main analytical tools that we make use of throughout the
work. We explain how to derive and rigorously justify the Nonlinear Schrodinger equation for envelopes
of one-pulse solutions for the cubic Klein-Gordon equation. Let us briefly recapitulate our findings:

The cubic Klein—Gordon equation
O*u=0%u—u+ud, ztu=u(zt) R,

possesses one-pulse solutions as depicted in Fig. 1.1 which can be approximated to any polynomial
order r4c. > 1 in the perturbation parameter 0 < ¢ < 1 by the ansatz

Tace

uan(x’ t) = Z ETA(T) (E(‘T + w/(kl)t)a €2t)eik1x+iw(k1)t + Mmimed,a +c.c,
r=1

with A fulfilling the recursively solvable modulation system (1.1.10), i.e.

—2iw(k )8, AN = (1 — W' (k1)*) 02 AW + 3] A2 A0
—2iw(k1 )02 A® = (1 — o/ (k1)?)02 A — 20/ (k1)9y 2 AV + 3(AM)2AP 4 64@ 4D,

which is headed by a Nonlinear Schrodinger equation for A®) and followed by a system of linear
Schrédinger equations for A7) > 2. The approximation is valid on time scale of order O(1/?) which
can be proved by a method described in [KSM92| involving energy estimates (or equivalently the right
choice of function space) and a Gronwall type inequality.

The great achievement of this result can be stated as follows: One can reduce the problem of finding one-
pulse solutions for the cubic Klein—-Gordon equation, which is impossible to attack directly, in leading
order to the problem of finding localized solutions of the Nonlinear Schridinger equation, a problem
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that has extensively been studied (cf. [Sul99], [Bou99|) and is easier to attack both analytically
and numerically. In particular, the Nonlinear Schrédinger equation (under some condition on the
coefficients) is known to possess localized solutions — so-called "solitons* — that can be explicitly
specified in terms of elementary functions (see Rem. 1.1.2), which is a very rare situation when dealing
with partial differential equations (see [Pol04] for a collection of explicitly known solutions of the NLS).
From a numerical point of view, the reduced problem is much easier to handle since it only describes
the envelope, i.e. the highly oscillatory part of the pulse, which demands a very high spatial resolution
for the numerical scheme, is removed.
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2 Separation of internal and interaction dynamics
of multipulse solutions

This chapter explains a method which we developed to analyze the interaction of pulses in the setting
of nonlinear wave equations. As in the previous chapter, we will make use of the cubic Klein-Gordon
equation (1.0.1) for illustrations. This will prevent the main notions from drowning in the crowd of
technicalities. Nevertheless, we want to point out that the method is by no means limited to the cubic
Klein-Gordon case, but in fact can be applied in very general settings (see Ch. 3).

We distinguish between two types of pulse interactions (where the names are inspired by applications
in nonlinear fiber optics, see Sec. 2.3 and Ch. 7):

1. Intrachannel interaction, where the interacting pulses travel on the same carrier and are dis-
tributed with equidistant spacing (see Fig. 2.1).

2. Interchannel interaction, where the interacting pulses travel on different carriers and hence with
different velocities (see Fig. 2.2).

Now the first section of this chapter is dedicated to the analysis of intrachannel interaction, while
the second is devoted to interchannel interaction. The third chapter merges these results to a general
N x M multipulse, i.e. N pulse trains each consisting of M equidistant pulses (see Fig. 2.6), which
is a model for so-called “Wavelength-Division multiplexing” techniques in optical communication lines

(see Ch. 7).

Remark 2.0.1. For the analysis of the multipulse in Sec. 2.3 it will turn out that we need an accuracy
of O(e%),6 > 3, for our ansatz to capture the leading order interaction effects (see Rem. 2.2.3).
Expressed in the language of Lemma 1.1.1 and Thm. 1.2.1, we will choose in the following rqce = 3 and
50 the bound on the residual will be res = rqcc+3—1/2 = 11/2 such that the error 6 = res—2 ="7/2 > 3.

2.1 Interaction of pulses with the same carrier wave - Intrachannel
interaction

Two pulses traveling on the same carrier wave (see Fig. 2.1) can be approximated by the ansatz
u(z,t) = Z eAD(X, +ed,, T)Ey + c.c.,
n=1,2
El — eik‘1x+iw(k‘1)t, 11 — 1_‘_ Ew/(kl)t, 1 = ex, I — €2t,
with the spacing
|dy —da]| >0

which is nothing but a superposition of two single pulses as given in (1.1.2). Note, that due to the
localization of the pulses and the assumption |d; — da| > 0, the superposition is feasible (after all, we
are in the weakly nonlinear regime). Hence, this ansatz is really a straightforward generalization of
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the one-pulse ansatz from Ch. 1 to the two-pulse case.

u(-,t)|t=0
()] o

Mﬂ ﬂf\/\w Mﬂ AMA
UUU v\) UU UU v

O(1/e)

Figure 2.1: Initial condition representing intrachannel interaction

Plugging this ansatz into the residual (1.1.3) gives

Res{u'™} = By > | =2iw(k1)02A) + (' (k1)? — 1)07 AL +3] AL PAY
N————

n=1,2
ey

n,internal

+ &8 | 6]A5Y12AY +6]A112AN | + 0t + Mpigea,

=G

intra

where G (r)

ninternal describe the internal dynamics terms already introduced in Ch. 1 for the one-pulse

(r)

ansatz and where G, ., contains all couplings caused by the interaction of the two pulses. The prefix
“intra” should emphasize that both pulses travel on the same carrier and, hence, belong to the same
“channel”.

The interaction of two such pulses is expected to be very weak since they travel with the same speed
and therefore really only interact through their “tails”. Consequently, if they are sufficiently far apart
and their spatial decay is sufficiently fast, the interaction should actually be negligible. We can put
this intuition into formulas by fixing the localization strength I € R of the pulses and make use of
weighted spaces Sobolev spaces

H(1) :={ue H* | ||(1+ ())?u()||gs < oo}, (2.1.1)
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to get

[ASD (X, — ed, 7)PA (X, — edi, 7) | e
1
(1+ (X, —ed)?) (14 (X, — ed)?)/?
1 1/2
(1 + (X, —ed)?)(1 + (X, —edp)?)

1 1
< sup|| A} )H%{s(l) sup [ ALY ||y sup
t t X,€R

1 1
< sup [ ASY s g sup | AT |17y sup
t t X, €eR

1/2
(1) 2 (1) L
= sup||4 <y sup || A s )
tP” 5 I 0 tp” 1 =) ((14-(830)2))

where we introduced the notation dy := |d — da|. If we set dy = O(1/e*), > 1, (the lower bound for
a is due to the fact that the pulse width is O(1/¢)) we can conclude

. 1/2
(i) —ow

l(a—l)—22m021,

and, consequently, if

then

T
sup / |A2(X | — edo, 7) |2 A1 ( Xy, ) || dr = O(™). (2.1.2)
I6[07TO} 0

Hence, we can shift the coupling terms into higher orders in the residual and choose the amplitudes
AS) to solve each an Nonlinear Schrédinger equation (without couplings). For example, if we want to
shift these terms beyond O(e”), we simply choose I(aw — 1) — 2 > 3, i.e. mg = 3 such that the terms
appear at O(g3+3).

To sum up, in first order, the two pulses do not interact at all!

Higher order corrections As already alluded to in Rem.2.0.1 (and will be explained in more detail
in Rem.2.2.3) for the analysis of the multipulse in Sec. 2.3 it will turn out that we need an accuracy
of O(¢%),8 > 3. Now to incorporate higher order corrections, we can employ the following two-pulse
ansatz

3
u(a,t) = Y e AD(X, + edn, T)EL + Miigedo + €.C, (2.1.3)
r=1n=1,2

Ey = etfztiwlk)t X, =X+e(k)t, Xi=ecx, T= e2t,

with the spacing
|dp, — dp| = do >0

where the term M,ized,o in our ansatz (2.1.3) is constructed analogously to the one-pulse case in Sec.
1.1.4.
With the same reasoning as above, we can immediately prove the following residual bound.
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Lemma 2.1.1. Let u® be the two-pulse ansatz (2.1.3) where
A € C([0, Ty}, H#4730=D (1) 0 HA30=DF(0)), 54 > 6,1 > 2,
solve the modulation system (which is actually (1.1.10) for each n =1,2)
— 2w (k)AL = (1 — o (kn)? — 1)02AY) — 20 (k)01 2 AT DO2AT2) 4 G

n,internal’
with
GO e =3 Y (AT2ATY 16 ST A AT 4G
2ri+ro=r—+2 ri+rotrg=r+2,
r17£73

and the convention Aﬁ{”) =0,7<0. Then for 1 <s<s4— 10 we have

[Res{u™}| s < CeM/2 4 CM1/2)| <s—3G§3m +e2G  eT G) ae, (2.1.4)
where
Clua =6 3 APATAD.

r]+rotrz=r+2,

(r1,m1)#(r3,n3)
and if l(a — 1) — 2 > 3, we even get

sup  ||Res{u® Y|z < Ce'/2.
t€[0,to /2]
Proof. The proof follows exactly the proof of Thm. 1.2.1. The only new thing is that we shifted all
coupling term beyond the e-order we are interested in. Now by using the estimate (2.1.2) with mg = 3
(since we want to shift the terms at most three orders higher), and, hence, (o« —1) —2 > 3, we can show
that the shifted terms e 3G

intrar - - -» are O(1) on the long time scale, which concludes the proof. [

Remark 2.1.2. Note, that local existence and uniqueness for weighted spaces can be obtained by a
procedure like in [CKS95], which basically makes use of the fact that the propagator

S(I):=Fle WLF
of the linear Schridinger equation is an isometry from H*(1) N H*TH(0) into itself.

With this estimate for the residual we can immediately formulate the following approximation result
for two pulses traveling on the same carrier wave.

Theorem 2.1.3. Let u® be according to Lemma 2.1.1. Then for all Ty > 0 there is C' > 0 and g9 > 0
such that for all € € (0,e)

sup  |ju(-,t) — u“”(-,t)”cgfl(R) < Ce™?, (2.1.5)
t€[0,Tp /2]

where u is a two-pulse solution of the cubic Klein-Gordon equation (1.0.1).

In summary, by means of weighted Sobolev spaces the trade—off between spacing and decay rates
becomes evident: In order to get a weak interaction, a small spacing, i.e. « > 1 small, demands a high

decay rate, i.e. [ large, and vice versa. Consequently, if we only choose [ and « right, we can neglect
(r)

n,intra

the coupling terms G completely!

Note, that the constants in front of the shifted coupling terms in (2.1.4) become e-dependent, if deal
with M pulses (instead of just two) where M = O(1/¢e7).
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2.2 Interaction of pulses with different carrier waves - Interchannel
interaction

This section is concerned with the propagation of a two-pulse as depicted in Fig. 2.2, i.e. two pulses
with different carrier waves (thus the name “interchannel”) and, hence, traveling at different speeds.
Before we report about the refined perturbation approach that allows a very precise description of
pulse interaction, we first want to point out the failure of the classical approach. We do this not only
to motivate our method, but also to get the reader acquainted to our notation.

u('7t)’t=0

Figure 2.2: Initial condition representing interchannel interaction

2.2.1 Classical approach - The naive ansatz for a two-pulse

To analyze the interaction of two pulses with different carrier waves we can employ the “naive ansatz”

u(z,t) = AV (X, T)Ey + AV (X, T)Ey + Mpiged.a + c.c., (2.2.1)
Ej = ethjutiw k)t X, =X+ed(kj)t, X:=ex, T= £2t,

where the structure of M,,zcq.o Will be discussed at the end of this section (see Sec. 2.2.4).

As we will see, in contrast to the intrachannel interaction case described in the last section, this
straightforward generalization of the ansatz from Ch. 1 will not provide much information on inter-
channel interaction and, thus, will have to be refined!

Plugging the two-pulse ansatz (2.2.1) into the residual (1.1.3) gives rise to a coupled system of Nonlinear
Schrodinger equations (instead of just one as in the one-pulse case)

O@EBE):  —2iw(ky)0AY = (1 — o/ (k)22 AN +3141 1240 46/ 1240, (2.2.2)
~ G ternat =\ uter

OByt —2iw(ky) DAY = (1 — W' (k)22 AN +3]AV 1240 +6|AM 1A (2.2.3)
=G ternat =G hnter

r)

Clearly, understanding interaction means finding a clever way to deal with the coupling terms G S inter-
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Qualitative analysis of coupling terms. Intuitively one would expect that the interaction of two
pulses with a O(1/¢) width, traveling with O(1) speeds is very weak on the long time scale of O(1/£2),
since the interaction time is very short. Inspired by the estimate of the last section, we can employ
the following reasoning to confirm this intuition.

Fix the spatial localization strength of two functions f = f(X;,7),9 = g(X,,T) by demanding that
they lie in a spatially weighted Sobolev space (see (2.1.1)) for some [ > 2. Then for fixed 7 € R we
have

£ (X, 7)9(Xo, T)|| 154

1
(14 (X, + DI)2)2(1 4 X3)1/?

< sup || fll gsa ) sup l|gll gea @) sup
t t X,€R

— sup |l sup lgll (;)W

1
< s s — . 224
<swplieao s lolio ( T pey ) (2:2.4)

where we used the abbreviation D := w’(k1)—w’(k2) for the group velocity difference. As a consequence,
we get

T
/O £ (X0, 7)9(Xs 7)o dr

L 1
< S S e o~ ~ Lo~ d
<swlflisosselalio | (e o

2e D
< sup [flleaq) sup llglzroa @) 75 arctan (2_I>

2¢e

<su s su say—C.
< tprHH A1) tPHQHH A0

So, again, we can shift the coupling terms — exactly as in the last section — with a factor e~! into
the next order to get

Theorem 2.2.1. Let u™ be according to (2.2.1) and let Ag-l) € HsA()NH*A1(0),5 = 1,2,1 > 2,54 >
5, solve the decoupled Nonlinear Schriodinger equations

— 2iw (k)b ALY = (1 — ' (n)?)02 ALY + 34V 241,
— 2w (ke) 0 AN = (1 — W' (ke)2)02 AV + 314 2450

Then there is some C > 0 with

1
Res{u®™}||gsa < Ce™/? 4 727! (77 ),
IRes{u e I

and, thus,

sup  ||Res{u™}|gsa < CE7/2
t€[0,T/e?]
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Hence, for every Ty > 0 there is g > 0 such that for all e € (0,e¢) there is a solution u of the cubic
Klein-Gordon equation (1.0.1) with
lu — u®™ || gs < C3/2,

if1<s<s4—2.

Proof. The proof goes line-by-line as in Ch. 1 for Thm. 1.2.1 with r4.. = 1,7es = 7/2 and 6 = 3/2,
the only additional difficulty being the estimation of the coupling terms. However, we have already
discussed this issue in (2.2.4). O

To put this in words, at first order the two pulses do not feel each others presence, i.e. there is no
interaction at all!

Higher order corrections. Since the two pulses are decoupled in first order, we will have to increase
the accuracy to describe interaction effects (which have to exist due to the nonlinearity). However,
we will see that, when sticking to the classical approach, higher order approximations AR ABG)
will have to satisfy equations that are far too complicated to render a deeper insight into interaction
behavior:

To capture interaction effects of second and third order, we can employ the “naive ansatz*

3
ua,t) =Y Y A (X, TDE; + e, (2.2.5)

r=175=1,2
E; = etkjutiw k)t X, =X+ e (kj)t, X:i=ex, T = £2t.

(r)

Analyzing the corresponding residual, we get the modulation system for Aj ,r=1,2,3,7=1,2 given

by

~2iw(k;)02AY) = (1 — W' (k)22 A — 20 (k)01 AT — 9340 4 GV) +G\)

sinternal Jyinter?

(r)

again with the convention A’ = 0,7 < 0. The internal dynamics terms are given by

J
G ermar =3 > (AT2Af 46 S~ AlIAlDAT, (2.2.6)
2ri+ro=r—+2 r-1+r2+;3:r+2,
r1#£T3

The interaction dynamics terms are given by

G =6 > AT AT A, (2.2.7)
rit+rot+rz=r+2

Note, that we cannot shift all coupling terms beyond O(g°) since the estimate (2.2.4) only allows to
shift the terms at most one order higher (in contrast to the case for intrachannel interaction where
we were able to shift them arbitrarily by choosing mg, see Sec. 2.1). So we are really left with a
highly coupled system of equations which do not disclose anything about the higher order interaction
behavior. Not even the O(1) boundedness of Ay) is clear, since by estimate (2.2.4) the equations
actually depend on ¢ in a singular way.
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2.2.2 Separation of internal and interaction dynamics

Since we deal with a nonlinear equation we anticipate the interaction to cause some effects, as for
example a shape deformation or a position shift. We will incorporate exactly these expectations into
the “naive ansatz” (2.2.5). This procedure has been introduced to us by the work of L. Tkeshelashvili et
al from 2004 [TPBO04|, while it originates in the work of M. Oikawa and N. Yajima from 1974 |[OY74].
We have already discussed this in [CBCSUO0S].

The extended ansatz reads (see the Rem. 2.2.2 below for a motivation for the choice of variables)

3
Uansatz = Z Z ETAg‘T) (ijI)Ej + Mmixed,a +c.c., (2'2'8)
j=12r=1

EJ — eikjw—iw(kj)t-i-i ZT:I,Z 5TQ§T)(K37J_7I) : I — €2t,

X; = e(a +u/(ky)t + €0 (X5, 1)),
where the structure of M,,zeq.o Will be discussed at the end of this section (see Sec. 2.2.4).

Remark 2.2.2. Note, that the new quantities Q§1), Q§2) and \Ilg-l) account for pure interaction effects
(we explain this in great detail in the course of this section) and therefore depend on the position of the
respectively other pulse, i.e.

1 1 1 1
Qg ) = Qg )(52)7 Qé ) = Qg )(51)7

and so on. To be able to use the more compact notation with sums, we write instead
1 1 .
o =0, ), j=12

To convey the notion why this complicated ansatz is indeed very natural and really simplifies the
problem, we go through each new term separately and explain its purpose. We do this by successively
adding le), Q§2) and \Ilg-l) to the “naive ansatz‘ (2.2.1) and tracking the corresponding terms in the
residual.

Remark 2.2.3. The connection between the extended ansatz and classical approach becomes clear, if we
perform Taylor expansion around the “classical variables” X ; = e(x + w'(kj)) and Yj = ikjzx + iw(k;)t

u(z,t) = e[Agl)]eyl + 52[1452) + iAgl)le)]eyl

1
FSAD + @A) + 400 + AP0 - LD @ P 4.

Evidently, the term le) is actually a correction of second order, while Qg), \Ilgl) really embody correc-

tions of third order.

Consequently, keeping in mind the requirements of Thm. 1.2.1 we will need rqec > 3 to assure that
Qg-l),Qgg) and \Ilg-l) are correct.

)
J
count for the internal dynamics of the pulse, we will have to show that A
decoupled equations.

Furthermore, to quarantee that the quantities A’ do not describe interaction effects, but merely ac-

(r)

; can be chosen to satisfy

32



Chapter 2

What effect does Q§-1) describe?

As already discussed, when considering the naive ansatz (2.2.5) we are faced at order O(e*E;) in the
residual with a system of coupled Nonlinear Schréodinger equations

~2iw(kj) 0 AN = (1 — W' (k;))02 A 4 3140 2AN glad) 2V =12,
The computations of the last sections have demontrated that this system is effectively decoupled (cf.

Thm. 2.2.1). But instead of merely shifting the coupling terms one order higher — as we have done it
in Thm. 2.2.1 — we use them to extract more specific information about the interaction:

Adding the terms Qg-l) to the classical ansatz (2.2.5) modifies the coupled Nonlinear Schrédinger equa-
tions to

~2iw (k)0 AV =(1 — W' (k;)?)82 ALY 4 314D A
1 1 1 1
+ 61452 PAP 4 2wk (ks—) = k) (0125 AT,
which leads us to the following natural choice of solvability conditions:
The amplitude Ag-l) can be chosen to solve the decoupled Nonlinear Schrédinger equation

—2iw(k;) 0 A =(1 — W' (k;)?)02 AN + 31401240 (2.2.9)

and Qg»l) has to satisfy a formula reading
ool = 340 2 (2.2.10)
7 w(ky)D;

with the difference of the group velocities denoted by
Dj = w'(ks—;) — w'(k)).

()
Clearly, Qg-l) is a real quantity and, hence, the modification ¢®% has the effect of a carrier phase shift
(1) (1)

(see Fig. 2.3). To give an example, if Aj are sech-profiles, then 2 ; have tanh-profiles.

Figure 2.3: Illustration of the carrier shift after collision. Top: The two-pulse after interaction (solid)
vs. the two pulse traveling by themselves (dashed); Bottom: The carrier belonging to the
slower pulse in the presence of the second pulse (solid) and without it (dashed)
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Some remarks.
1. Note, that making a modification of the carrier of the form

E; = eiij—m(kj)wrm;o)(gg,j,T)

would have resulted in a term 2(w(k;)w’(ks—;) — k:j)(@ng»O))Ag-l) at order O(g?). But since there
are no terms at all at this order, it is tmpossible to derive a solvability condition other than

©) _
Q7 =0.

This is in perfect correspondence with what we have already found out by the qualitative analysis
summerized in Thm. 2.2.1, i.e. at first order the pulses are completely decoupled and the inter-

action effects only become wvisible at second order (and, indeed, Qg-l) 18 a second order effect due
to Rem. 2.2.3).

2. At this point it is not clear if Qg-l) captures all the interaction effects at second order (e.g. the

)

could also

2)

J

entire shift), since - as pointed out before - Q§-1) really lives at second order, so AL

contain a part of the interaction effects. It will turn out that this is not the case, since A
be chosen to solve an equation without any coupling terms (see next paragraph).

can

3. So far, we accomplished to formally cancel all terms in the residual up to order O(e*) (in front
of the pure hamonics).

What effects do Q(-2)

) and \Ilg-l) describe?

Consider the coupled modulation equations for A§-2), 7 =1,2, at order (’)(54Ej) in the residual for the
naive ansatz (2.2.5), i.e. (2.2.6) for » = 2. It is a system of coupled linear Schrodinger equations with
rather nasty inhomogeneous terms

Remember, we added Qg-l), 7 = 1,2 to the ansatz, which helped us to deal with the coupling at third

order. However, this modification also adds terms at fourth order, i.e. the naive ansatz with the terms
le),n = 1,2, added results in

—2uw(k;)idy AV = (1o (k))?)52AY

+ (647 A 134 AP) AL — 20 (k))0y AL

164, A+ A AP ) 208,000 (1 - W' (k)22 AV
+ (201 — W' (ky)o (k3—)) 01 28] ALY
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So it seems that we have gotten us into even more trouble at this order. But this can be elegantly

resolved by introducing \Ifg-l), 7 =1,2, to the ansatz such that the equations read

—2uw(k;)ide AP = (1 - '(k;)?)02A

T (64% A§1> A(l) AD) 4D 9,/ (k;)y , A

+[6(A5, A5, + A AP,

- 2w(kj)a29§.”
+ i1 = (1)) 07051457
+20[(1 = & (k) (k) 2125
+ (kg — w(ky o (k3—)) 0, w0 AT

Note, that in order to emphasize the structure of the equation, we sorted the equation for internal
dynamics and interaction dynamics terms, and then also sorted for terms proportional to Ag»l) and

81A§»1). Now this structure makes

0w = m (1 o' (kj)w' (ks—y)) D10
3
= w(y)D? (1= /() (k) 14525 (2.2.11)

a natural solvability condition. Note, that \Ilg.l) is a real quantity and therefore plays the role of an

envelope position shift (see Fig. 2.4). More specific, if we choose for Agl) sech-profiles, then Qg.l) would
have tanh-profiles.

Figure 2.4: Illustration of the envelope shift after collision. Top: The two-pulse after interaction (solid)
vs. the two pulse traveling by themselves (dashed); Bottom: The envelope belonging to the
slower pulse in the presence of the second pulse (solid) and without it (dashed)
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Through the choice of the above solvability conditions, the above equation reduces to

—2u(k;)idg AT = (1 - (k)07 A
2) ,(1) 1) (2 401 1
+(6AP AN + 3A< A AL 2 k)0, A
+16(A2 A+ AN AP ) — 20(k;)0,0"
+i(l -

1
W' (k)04
Now further adding 95-2) will result in

—2w(k;)i0y A§2) = (1-w'(k))?)0? AP
@40 2 40 4@ 40 ()
+(6A7 AL + 347 A7) A — 20 (k)01 24,
+ 1643, A0+ AP AP ) — 2w (k)00
+i(1 - o/ (k)30
+2(w (k) (k3 —j) — k) 27 AT,

and evidently this structure indicates the formula

1
0P = ————[6(AP A+ A AP ) — 2030 +i(1 — o (k)220 (22.12)
2w(k])DJ

Note, that Q§2) has both a real and an imaginary part. To be precise,

X5 J
Re(0? (X, 1)} = 5 Ja 0, + AL, A2 = 20020216, 1) d
Im{Qg,?)@g_j, T)} = W( W (kj) )819(1)
3 a2 4(1) 2
= W(l —w (k;)7)[A3Z507 (2.2.13)
J

) .

since Q is real and Ag) A( ) = Aél) AP Consequently, Re{Q( } will play the role of a second

J Vil e
order carrier shift, while Im{Q§ } will account for a deformation of the pulse shape (see Fig. 2.5).

Note, that Im{Q§-2)} inherits the spatial localization of A"

3—j°
In summary, by introducing Q§2) and \Ilg-l) we can choose A§2) to satisfy
~2uw(k;)idy AP = (1 -/ (k)07 AT
2) ,(1 1) 42y 401 1
+ (64D AW 1340 AP AD _ 2 ()9, 540, (2.2.14)

which exclusively features internal dynamics terms. Hence, we managed to decouple the system of
Linear Schrodinger equations (much like we have done it at O(£3) for the coupled Nonlinear Schrédinger
equations).

Some remarks.
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Figure 2.5: lllustration of the shape deformation after collision. Top: The two-pulse after interaction
(solid) vs. the two pulse traveling by themselves (dashed); Bottom: The envelope belonging
to the slower pulse in the presence of the second pulse (solid) and without it (dashed)

1. Again, as already explained for Q&O) in the remark of the last paragraph, \P§0) would have shown
up at third order and could have mot been associated with any term since it is proportional to

ALY,

) might not capture all interaction effects, since
@
J
)

J

2. We were worried in the last paragraph that le

it is essentially a second order correction and A~ might also contribute to capturing interaction

effects. Clearly, this is not the case since A~ has to satisfy (2.2.14) which does not contain

interaction terms.

3. We have to worry now about the validity of Q§2) and \Ilg»l) instead, which live at third order (again

®3)

by Taylor expansion). Hence, we have to make sure that A ; does not describe interaction effects,

either. This is discussed in the next paragraph

4. At this point, we are left with a residual of order O(e°) (well, at least for the residual part involving
pure harmonics, see Sec. 2.2.4 a discussion of the mized and higher order harmonics).

Qualitative decoupling

Considering the coupled modulation equations for A§-2), j=1,2 at order (9({—:5Ej) in the residual for the
naive ansatz (2.2.5), i.e. (2.2.6) for r = 3, we see that we have to deal with highly coupled equations.
Hence, we have difficulties to “sort and associate” terms in the spirit of the last sections. Therefore,

we only explain the structure of the equations for A§3) and explain why they actually decouple in first

order.

)

Our extended ansatz (2.2.8) leads to an equation for A§3 of the form

— 20(k))ie AP = (1 -/ (k) RAY) — 20 (k)0 AP — 24" 4 GP)

7 J Jyinternal

+ G(g) + F}',ewtanded

Jyinter

where Fjj cptendeq embodies all the coupling terms that are caused by the introduction of the new

quantities Q§1), Q§2) and \Ilg-l). Note, that these coupling terms are generated by the linear part of the

residual as opposed to GY® and G

inter J internal which are caused by the nonlinear part.
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Due to the mechanism of the coupling term estimate (2.2.4) we can simply demand that Ag.g), ji=1,2,
solves the decoupled modulation equation

—2u(ky)ity A = (1o (k))2)02AY 1 2/ (k;)01 24 — 834D 1+ G (2.2.15)

j internal
and shift the coupling terms

_1(G§37,)nter + Fj extended)
into the next order (exactly as we have done it in Thm. 2.2.1, were we showed that the Nonlinear

(1

Schrédinger equations for Aj are really decoupled).

As a consequence, we are left with a residual of order O(e®) for the residual part involving pure
harmonics! Now, let us turn our attention to the cancelation of the terms involving mixed and higher
order harmonics.

Remark 2.2.4. (Canceling mixed and higher order harmonics) Ezactly as in Sec. 1.1 the
term Mixed,a @ (2.2.1) accounts for terms involving higher order or mized harmonics, i.e. for the
frequencies which are generated by the nonlinearity. Again, we refrain from giving the exact formula
for Myyized,n and rather explain its structure by an example:

At 8E2Ey for example the term (Agl))2Agl) appears. To cancel this term we extend the ansatz by
a2153(A§1))2Agl)E%E2 and get an algebraic equation for asy of the form

(1+ 2iw(kr) + iw(ke))? + (2ik1 + ik2)?) agr = 3.
The procedure is essentially the same for each such term leading to equations of the form
(14 (w (k) + jw(ka))® + (lky + jk2)?) cuj = By

for the unknowns ayj. Now Myizeq,n contains all these extensions. For ay; to be well-defined, we need
to assure the so-called “non-resonance” condition

| (14 (lw(kr) + jw(k2))? + (k1 + jka2)?) | > 0.

Approximation result

Putting everything from this section together we get the extended modulation system given by a system
describing internal dynamics

—2iw(k)0p A = (1 — o/ (k)07 A 1 3|40 12 A0, (2.2.16)
—2w(ky)ionh A = (1 /' (k)))RA? + 2" (k))0124) + G2 (2.2.17)
—2uw(k;)ion A = (1w (k)02 AY + 20 (ky)01247 — 034 +6) (2.2.18)
and a system describing interaction dynamics
Ko} A ————— | 2.2.19
192; w(k]) 1A, ( )
W _ (1= (k) (ks—)) (1)
o = ( 0D, 210, (2.2.20)
. _
a0l = W[G(Agz’_)jAgl_)j + AW AP ) — 20(k) 208 +i(1 - (k) heR]. (2.2.21)
J J

As alluded to before, this choice make the residual formally of order O(£%). Let us make this rigorous:
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Lemma 2.2.5. Fiz s,s4 > 1 with 1 < s < s4 — 10. Let u® be according to (2.2.8) and let
AT e ([0, Tyl H#A 7301 (1) 0 goa=30=DF0)), 54 > 10,1 > 2,

and Qgr), \Ilg-l) fulfill the extended modulation system (2.2.16)-(2.2.21). Then

1
an . < 11/2 11/2 -1
|Res(u™)|| s < Ce''/? + Cel/%e <(1+(D;€)2)>

and hence
sup  ||Res(u®™)|| g < Ce™/2,
te[0,To /2]
Proof. The proof only amounts to verifying formal calculations and use the estimate (2.2.4). O

Theorem 2.2.6. Given the conditions of Lemma (2.2.5), for all Ty > 0 there is eg > 0 such that for
all € € (0,¢9)

sup lul-,t) = u (1)l g1y < C72, (2.2.22)
t€[0,Ty /2]

with C' > 0 a constant independent of € and where u is an exact two-pulse solution of the cubic Klein-
Gordon equation (1.0.1).

Proof. The proof goes line-by-line as in Ch. 1 for Thm. 1.2.1 with r4ee = 3,7es = 11/2and § = 7/2. O

Validity of interaction effect formulas

Since AS),A,(E) and AS’) can be chosen to solve decoupled equations, the terms Qg),Qf) and \I’g)
capture all interaction effects of first, second and third order. In other words, we managed to separate
internal and interaction dynamics up to third order!

Remark 2.2.7. A major difficulty to overcome in our computations was finding the right way of
“sorting terms” at order O(e) such that the formerly coupled equations for A§2),A§2), i.e. (2.2.6) for

r =2 given by

— 2w (k)02 AP = (1 — W' (k)02 AP — 20 (k) Dy 2 AN + G el

l,internal 1,inter>

—2iw (k)P A = (1 — W/ (k)92 ALY — 20 (k) Dy 2 AV + G +GY)

2,internal 2,inter
decouple. We managed to do so by introducing the quantities Q§2) and \Ilg-l)
)

jinter- We have explained this in
great detail in the last paragraphs. Note, that this sorting procedure is very difficult to see at first sight.
However, motivated by numerical simulations of pulse interaction conducted by Christopher Chong, we
were convinced that a decoupling should be possible (see [Ch09]).

Nevertheless, so far there is no indication that the sorting will work in a similar way also for the coupled
equations for Agg), Aé?’).

and associating the corre-

sponding terms in the residual to the interaction dynamics terms G
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2.3 Multipulse solutions

This section will merge the results on inter- and intrachannel interaction to describe solutions which
are important for application in nonlinear optics (see Ch. 7), namely N pulse trains each consisting of
M equidistant pulses, hereafter simply referred to as multipulse.

u(+,t)|t=0 o)
WA RN
E—
w' (k1)
E—
A A A Iy A o VA ﬂ ﬂ h ﬂ h >
v v v v v v i
T
O(1/e%)

Figure 2.6: A multipulse consisting of N pulse trains each consisting of M equidistant pulses

In order to approximate such a multipulse we make the ansatz

N M
no_ Z Z Z rA(r (Xoms L) Enm + Minized,a + c-C., (2.3.1)
m=1

n=1 r=1,2,3

B giknatiw(kn)t+i Y,y 5 U (Y D)
n,m — bl £ -
X, = (@ + o (ka)t + ed, +e0) (V0. 1)),
Xn,m = (... §Xn—1,1= e 7£n—1,M;Xn+1,l7 <o 7Xn+1,M§ )

with |d, — d| = O(1/e%),n # m, and where M,ized.o is constructed as described in Sec. (2.2.4).
() g

The variable Y, ,,, should express, that the functions €2, 7,, U5, 1, depend on the positions of all pulses
except the ones belongmg to the same channel, i.e. they only describe pure interchannel interaction

effects, since we deal with intrachannel interaction differently (see Sec. 2.1).

Plugging this ansatz into the cubic Klein-Gordon equation (1.0.1) gives the following modulation sys-
tem:
The modulation equations for the envelopes Aﬁ{?n, i.e. the internal dynamics equations

— 2iw (k) ALY, = (1 — o (kn)2)OFAL), — 20 (k)01 2 ATV — 93402 4 GU) (2.3.2)

n, n,m,internal’

where we again used the convention A&L )m =0,r <0, and with

G imtema =3 D (ATD2ATR 46 > AUDATRA.
2ri+ro=r+2 r1+rot+rg=r+2,
r17#r3
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The formulas for the effects of interaction, namely the first order carrier shift

1 X

7 ’ (7s,70), Aikn w(kn) Dnm o ’
where Dy, », := W' (k) — ' (k3—m), the first order envelope shift
1— (k) (k3_p) [Zam o
vy, T) = n "/ AW (¢ 12 2.3.4
o I =3 ;7& D, . MamEDF e (23.4)
the second order correction of the pulse shape
2
@) _ (- (k3n) (1)
Im{Qmm(Xmm,I)} 2w(kn)2D%’m 8IQn7m(Xn,m7I)7 (235)
and the second order carrier shift
Re{Q22), (Y 1)}
1 om0 7@, 4@ 40 @) o o)
=-3 > [m | ARnAL AL AL) — =5 0 ] (2.3.6)

(fv) ien

Lemma 2.3.1. Let u® be the multipulse ansatz (2.3.1) such that

A, € € ([0, Tols HA=30 D @) 0 goa=0-00)) sy 10,12 2,

solve the internal dynamics equations (2.3.2) and Qg%, \I’g,)m solve the interaction dynamics equations
(2.3.3)-(2.3.6). Then for 1 <s<s4—10 and (o —1) —2 > 3, we get

IRes{u} |+ < Cnvare'?,
uniformly in time, with Cn ar > 0 independent of €, but depending on the number of pulses.

Proof. Let us first analyze a special case of the extended ansatz, namely with the assumption

0NV, T) = 0N X Xy D= Y (X,
(n,m),n#1

and respectively for all (n,m), i.e. we simply assume that the dependence is additively separable.
This makes it possible to directly generalize our computations from the previous section from two

to arbitrarily many pulses by simply adding the formulas. In detail, we get for each Qﬂ a total of
N(M — 1) formulas

N 3 X m
U ) = Gy L AR TR (237)
and hence
3 Xim
Qﬁ(YLl,T) = Z W/ |A1(al,2h(§>T)|2 dg,
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with Dy, = o'(k1) — w'(ky), and respectively for each ngn Consequently, the total carrier shift is

the sum of the carrier shifts gained through interaction with all pulses traveling on other carrier waves
(remember that we deal with intrachannel interaction in a different way, see Sec. 2.1).

Similarly, assuming the additive separability also for Qg)n and \I/,(q{zn we get by the same reasoning the
corresponding formulas (2.3.4)-(2.3.6).

If we proceed to the general case, i.e. leave the case of additive separability, the only new terms which
appear in the residual are mixed derivatives, for example

0x,,0x, O (V) A

However, since this is again a product of spatially localized functions with different velocities, we can
again shifte it one order higher by using the estimate (2.2.4). O

In the end, by using exactly the proof technique as for Thm. 1.2.1 the following approximation
theorem for multipulses:

Theorem 2.3.2. Given the conditions of Lemma 2.3.1, for all Ty > 0 there are g > 0 and C' > 0
such that

sup |ju(-,t) — u“”(-,t)”cgfl(R) < Ce"?, (2.3.8)
t€[0,Tp /2]

where u is a multipulse solution of the cubic Klein-Gordon equation (1.0.1).

2.3.1 e-dependent number of carriers

The question arises (see Ch. 7 for a motivation) what happens, if N = O(1/¢“Y) for ay > 0. One
way of achieving this is to distribute the wave numbers k,, between some arbitrary, but fixed K; and

K, with K, = O(1). Then, of course, |k, — k| = O(*V) and, so,
W' (kn) — o' (k)| = O(e™).
However, for the carrier shift we have that

1
| (kn) — ' (K1)

ol = o ) = O(1/e™),

and for the envelope shift we have that

1
= Oy — )~ O

Consequently, this choice leads to an increased shift.
Another way of realizing N = O(1/£%N) is by setting |k, — k| = O(1) and choosing K7 = O(1), Ky =
O(1/e*N). However, this will destroy the multiscale character of the modulation equation, since

W'(1/e*N) — 0, & —0.

1/e2onN),

Note, that this is not a problem when dealing with a nonlinear wave equation
Otu = 0*u— adiu —u+ud, a>0,
since its dispersion relation is given by w? = ak?* + k% + 1 and so
W'(1/eN) — Va, &—0.

In summary, in the case of the cubic Klein-Gordon equation an e-dependent number of wave numbers
is not possible if one wants to keep the bounds on the shifts caused by interaction.
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2.4 Chapter Summary

This chapter presents a refined perturbation approach that leads to the separation of internal and
interaction dynamics for a multipulse in the setting of a cubic Klein-Gordon equation

Ou=0%u—u+ud, xt,u=u(zt)cR.

We break down the analysis of the multipulse by separately addressing two different types of pulse
interactions (were we borrowed the terminology from optical communications, cf. Ch. 7). Let us give
a brief account of what we have found:

Intrachannel interaction. Pulses traveling on the same carrier wave (as depicted in Fig. 2.1) can
be approximated on the long time scale of order O(1/£2) by the ansatz

S S A e+ () ) PO Mg
n=1,2r=1

if each Ag) fulfills the recursively solvable modulation system for internal dynamics, i.e.
—2iw(k )02 AN = (1 — W' (k1)*) 02 AW + 3] A2 AN
—2iw(k1 )02 AD) = (1 — W/ (k1)?) 02 AP — 20/ (k1)9y 2 AV + 3(A)2AP) 4 64@ AW ALY,
2w (k1 )it AB) = (1 — W/ (k1)2)02AB) — 20/ (k1)1 2 AP — 9240 + G©)

n,internal’

and if the relation /(1 — ) > 5 between the localization strength [ and the spacing parameter o with
|do — di| = O(1/e?) is respected. Again, we can prove the validity of the approximation for the long
time scale of order O(1/€2) by a slightly modified version of the method in [KSM92].

In other words, we managed to derive a condition that ensures a complete suppression of interaction
effects at leading approximation orders for a long time.

Interchannel interaction. Pulses traveling on different carriers (as depicted in Fig. 2.2) and, hence,
with different velocities can be approximated by the extended ansatz

Uagnsatz = Z ZQTA ) X T E + Mmixed,a + c.c.,
j=12r=1

By = ethm w0 (Ko 1) o g2y

X; =e(z+uw'(k)t + 6\If§-1)(13—j7 1)),

if each A,(I) fulfills the recursively solvable modulation system for internal dynamics, i.e.
—2iw(k;)0p AN = (1 — W' (k))")3AN + 314D 2AY,
~2iw(ky)0p A = (1 — W' (k)07 A — 20/ (k)01 248" + 34 2AP) 1 647 AWAY,
—2u(k))iop A = (1 — W/ (k)R AP — 20 (k)00 2 AP — AV + GP)

jyinternal

i)
i)

and the interaction quantities solve the following equations:
The carrier shift Q§-1) (see Fig. 2.3) has to satisfy the ordinary differential equation

m__ 3 W 2 poe (k) — (s
819] = W|A3_]| s D] .—W(kg_]) —W(kj)
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The envelope position shift \Ilg»l) (see Fig. 2.4) has to satisfy the ordinary differential equation

! (1 - w'(k‘j)w'(k’g_j)) 619(1)

(1)
V= — .
M= LD, )

Furthermore, the second order carrier shift and shape correction are described by the real and
imaginary part of Q§2) which has to fulfill

2 1 2) (1 1) 2 . 2\ 12 (1
Q) = W[ﬁ(AgjjAgjj + AN AP ) — 20(k) 200 +i(1 — o (k) 2520V,
Note, that the for intrachannel interaction both pulse envelopes have to obey the same modulation
system (meaning with the same coefficients), whereas for the interchannel interaction case, each pulse
has its “own” modulation system.

To sum up, the separate description of pure internal dynamics of each pulse given by the modulation

)

system for Ag.r ,7=1,2,3, on the one side and of pure interaction dynamics given by the three ordinary

differential equations for Qg.l), Q§2) and \Ilg.l) on the other side embodies what we hereafter refer to as
“separation of internal and interaction dynamics”. This separation made it possible to merge our results
for intra- and interchannel interaction to the description of a N x M multipulse (see Fig. 2.6), i.e.
N pulse trains each consisting of M equidistant pulses, which is a scenario that models “Wavelength-
Division multiplexing” techniques in optical communication lines (cf. Ch. 7).

Note, that the rest of the present work will be concerned with transferring the “separation of internal and
interaction dynamics of multipulses” to more complex settings than the cubic Klein-Gordon equation.
We will, however, only explain how the analysis for a two-pulse representing interchannel interaction can
be carried out, since this is indeed the major difficulty to overcome for the description of a multipulse.
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Part 11

Pulse interaction in "natural coordinates”
and applications






3 Pulse interaction for a system in “natural
coordinates”

In this chapter we report about the framework that allows us to transfer the “separation of internal
and interaction dynamics” presented in Ch. 2 from the setting of a cubic Klein-Gordon equation to
equations exhibiting a more complex dispersion relation (see Fig. 3.1).

The chapter is organized as follows:
In the first section we introduce the notion of a “system in natural coordinates” and explain how it

helps us to transfer the results from the last chapter to a very general setting.

The second section contains exactly this transfer, i.e. we derive an extended modulation system like
(2.2.16)-(2.2.21) for a two-pulse ansatz like (2.2.8)!. In fact, this is one of the center pieces of our work
and we will make use of the outcome of the calculations in each of the next chapters!

Finally, we briefly display the general strategy for pulse interaction analysis in the context of nonlinear
wave equations with constant coefficients. This will facilitate the exposition in Ch. 4 and Ch. 5.
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Figure 3.1: Left panel: Dispersion relation of a cubic Klein-Gordon equation (1.0.1); Middle panel:
Dispersion relation of a Maxwell-Lorentz system (5.0.1)-(5.0.2); Right panel: Dispersion
relation of a cubic Klein-Gordon equation with periodic coefficients (6.0.1)

'From now on we will only focus on two-pulse solutions representing interchannel interaction, i.e. two pulses with
different carrier waves (see Sec. 2.2), even though we could really transfer all the results from Ch. 2. However, we
refrain from doing this, since it would not involve any new mathematical challenges.
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3.1 Transformation to ‘“natural coordinates”

We motivate the idea of transforming an equation to its representation in “natural coordinates” by
reviewing one of the main aspects of the “method of deriving modulation equations”, in general.

Spectral concentration. Consider the spectral content of a two-pulse ansatz
uan(x7 t) = A (Kla I)eiklx-‘riwl(kl)t + eAq (KQ; I)eikgx—i-iwl (k2)t +ce.

with
X=X+ ew'(kj)t, X :=ex, T:= £2t,

as one would make for the cubic Klein-Gordon (1.0.1) equation (cf. Sec. 2.2). Its spectral content
is concentrated in an e-neighborhood around the corresponding wave numbers (well, that is how we
constructed it in first place, cf. (1.1.2)), and, hence, we can deduce that they really only feel these
local properties of the dispersion relation. Indeed, this is the key observation for the "derivation
of modulation equations", in general, and will lead the way to the desired transfer from the cubic
Klein-Gordon equation to a “more difficult” setting. By “more difficult” we mean a setting where the
dispersion relation is more complex, e.g. it has more branches (see Fig. 3.1) as it happens, for example,
for the Maxwell-Lorentz system (see Ch. 5) or a nonlinear wave equation with periodic coefficients

(see Ch. 6).

The transfer. Now, what we have reported about in Ch. 2 is how to carry out pulse interaction
analysis for the cubic Klein-Gordon equation (1.0.1) whose dispersion relation has just one pair of
branches. But, in fact, a two-pulse ansatz for a more complicated equation will actually also only “feel”
the pair(s) of branches to which the temporal frequencies wy,; (k;) belong (see Fig. 3.2). Intuitively,
one would expect that, regardless of the complexity of the dispersion relation, we can always restrict
the analysis either, if ny = ns, to a two-dimensional subsystem, or, if ny # ns, to a four-dimensional
subsystem belonging to the respective pair(s) of branches. Such a reduction would directly enable us
to carry over the methods from the last chapter. However, in order to implement this reasoning to a
given equation, we will have to perform a transformation that brings it to a form where the branches
of the dispersion relation are explicitly visible. It is this form that we refer to as “system in natural
coordinates”.

For notational simplicity we will restrict ourselves throughout this work to the case where the temporal
frequencies belong to the same branch, i.e. n; = no. The other case, where ny # ns, can also be treated
by the subsequent analysis, but this case is not very well suited for exposition, since it would lead to
a four- instead of a two-dimensional system.

Natural coordinates. The “system in natural coordinates” is assumed to have the structure

- ; 0 . o
ot = (ot D) Vi RllThaen]

- ; 0 - -
0 Vo = < Z(gz —iws >v2 +N2[(Vn)n€/\f]7

or, written in a more compact form,
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Figure 3.2: Concentration of spectral content for two-pulse solutions

for Vi, := (01, 9n.2)" Ong = Ony(k,t) € Con € N,1 = 1,2, where A is an at most countable index set,
with linear part

Dy = Da(k) :=(iw’5(k) —iw(i(k)>’

where w,, : R — R are nonlinear, piece-wise analytic functions, and with the nonlinear operator N,
which is at least cubic and whose k-dependence is also piece-wise analytic. To breathe life into this
abstract setting, we close this section by forestalling for the three equations which will be considered
in the next three chapters the structure of the transformation and the dimension of the corresponding
“system in natural coordinates”.

For the case of the constant coefficient cubic Klein-Gordon equation (1.0.1), we have the index set
N = {1}. Thus, the corresponding “system in natural coordinates” (3.1.1) is two-dimensional,
which is consistent with the fact that the dispersion relation has one pair of branches (see Fig.
3.1). The transformation to natural coordinates is given by u = [F{QV}]; where F is the Fourier
transform and @ is the 2 x 2-matrix that diagonalizes the linear part of the equation converted
into a first order system (cf. Ch. 4).

For the case of the Maxwell-Lorentz system (5.0.1)-(5.0.2), we have the index set NV = {1,2} and, so,
the corresponding “system in natural coordinates” (3.1.1) has two two-dimensional subsystems,
which is consistent with the fact that the dispersion relation has two pairs of branches (see Fig.
3.1). The transformation to natural coordinates is given by u = [F{Q(k)V'}]; where F is the
Fourier transform and Q(kz) is the 4 x 4-matrix that diagonalizes the linear part of the equation
converted into a first order system (cf. Ch. 5).

For the case of a periodic coefficient nonlinear wave equation we have the index set A/ = N and
so the corresponding “system in natural coordinates” (3.1.1) is a countably infinite collection
of two-dimensional subsystems, which is in correspondence with the fact that the dispersion
relation has infinitely many pairs of branches (see Fig. 3.1). The transformation to natural coor-
dinates is a little more involved consisting of Bloch transformation followed by an eigenfunction
representation and a diagonalizing transformation (cf. Ch. 6).
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Note that this brief listing is only meant to appeal to the readers intuition, even though he might not
understand the details, which will be elaborated in the next chapters.

3.2 Derivation of modulation equations

Guided by the ideas from the last chapter, we will construct a two-pulse ansatz yan .= (f/,fm)ne A that
diminishes the residual corresponding to the “system in natural coordinates” (3.1.1), i.e.

Res{V} := (—atf/n + DV, + Nn[f/]) = (ﬁvesn{m) , (3.2.1)

neN neN

with V := (V,,)near and thereby derive a modulation system as (2.2.16)-(2.2.21).

Note that we cannot directly employ the extended two-pulse ansatz (2.2.8) from the last chapter, since
. )

it is not possible to Fourier transform it due to the appearance of nested functions like e (Xa—j),

Hence, we will have to go back to xz-space in order to be able to use the extended ansatz. But before

returning to z-space, we will first make explicit use of the spectral concentration property of pulses

that we have already alluded to in the first section.

Remark on the Fourier transform of pulse solutions Note that when we switch from z-space
to Fourier space, we lose e~ due to the integration involved in the Fourier transform. In detail, we
have

f{EAl(E(' + w/(kj)t)7I)eikl(.)—l—iwl(kl)t}(k) —c / Al(il,I)eiklx+iw1(k1)t€_ikx dx
R
ky—k

-° / A(Xy, D)e ™5 da e (b
R
— 65_1 / Al(il’z)eiﬁlil d&l eiwl(kl)t_i€K1wl(k1)t
R
= A|(K,) E; (3.2.2)

k‘—ek‘l , El = e’iwl (kl)t—iaﬁlw’(kl)t.

where we used the notation X := ez, K, :=

3.2.1 Spectral concentration of pulse solutions

As already illustrated in Sec. 3.1, the spectral content of pulse solutions is concentrated around the
wave number of the carrier wave. Now the heart of the “method of deriving modulation equations”
is taking advantage of exactly this concentration by expanding and truncating the dispersion relation
around the corresponding wave numbers. It is this “expansion and truncation” that causes the reduction
of the original equation to the modulation system. This mechanism also takes place when deriving the
modulation system in x-space directly (as we have done it in the last chapters), however, it is more
transparent when carrying out the derivation in “natural coordinates”.

We want to illustrate how one can exploit the spectral concentration by means of an instructive example
that already has most of the features that will appear for the equations that we deal with in the next
chapters.
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An instructive example.

Let us consider the residual

Res{V} := DV + (B101 + (o)™ ( z; > . V= (ty,8)7, (3.2.3)
with linear part

D) (k) = < i“’é’“) _Z.S(k) >f/(k),

where w : R — R is piece-wise analytic, and nonlinear part
NV](k) := (B1()o1(-) + Ba(-)T2(-))*> (k) < Z;Eg > , (3.2.4)

where o, 3j : R — C are piece-wise analytic.

Let us first focus on the linear part. If we choose for kK € R

_ N k—k
(k) = BuK,), Ky = ——

N ~ k—(=k
Oo(k) = Bo(K,_), K,;:= %

that is, ¥1 and v9 localized in an e-neighborhood around k; and —k; respectively, then

[D(R)V (k)1 = iw(k)o1 (k)

(m) )
=iy ) mgem B (L) + O(),

and similar for [D(k)V (k)]2, but with expansion around —Fk;.
Inverse Fourier transformation then yields

—1 5PN . : W(m)(k‘l) 1/ ik 6
FHDOVO @ =i Yy ———e""(=idx)" [Bi(X)]e™* + O(°),

m)!

with By defined by

ok  k—ky N . ,
F B ( &? SHE :/Bl(Tl)e““dk:&T/Bl(Kl)eZledK1 ek X = er.

=:B1(X)
Hence, for V = (B1e™™? Bye #*1)T we get with the definition
4 oMk
[DV]ji =i #e 1 (—idx )™ [By)e*1*, (3.2.5)

m=0
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and respectively for [D[V]]2, that, formally,
DIF{V}] = F{D[V]} + O(").

As a consequence, we see that, in order to get DV = O(e%), we simply have to find V such that
F{D[V]} = O(&°) or, equivalently,

D{V}=0("),
where the loss in the exponent comes from the scaling caused by the integration in the Fourier transform

(see (3.2.2)). Note that D only involves z-space expressions and is, hence, perfectly suited for our
extended ansatz.

Now let us turn our attention to the nonlinear part. Motivated by the observations for the linear part,
we set

V= FVm), Vs o, e,

with the “classical” two-pulse ansatz (we comment on this choice in a moment)

3
=S Y B (X, )Y

j=1,27=1
Xj =X+ Ewi (k;)t, X_j = kjr +wi(k;)t, X :=ex,

I~
I
™
no
~

In the following we will make use of the notation from (3.2.2), i.e
Fvemy = @ o™ FBP o+ o ()0, Tyt )ty = BVE,

and respectively for the complex conjugate terms.

Note that we will solely focus on the terms occurring in the first component and only at pure harmonics,
since the rest of the terms can be treated by the same ideas.

Plugging this ansatz into the residual gives

NIV = o[y (BOE, + BV By + eBPE + eBR By + )

M) ) a2 () -
+ 62(By, E1+ By FEo+eBy Ei+eBy Eo+...)]".

Dissolving the convolution and making use of the spectral concentration — by first expanding 31, B2
and then oy — this further “simplifies” to

(kB )

[IN{V}]1 =e%Ey (ay(k1) [3(5: (kl) ) (ﬁl(’ﬁ) ) (
681 (k) B x (81 (ka) BY) 5 (B —ka) B )]
1By (o (k)33 (k) BV % (B (k) BY Vs
(1)

)% (B2(—k1)By )
+6(81 (k1) BY) + (B1(k1) BP) + (Ba(—k1) By )
(

681 (k1) BD) x (51 (k) BY) 5 (5ol —ko) By )
L 6(01 (k1) BY) * (B (k) BY) 5 (5o ko) By )
T 6(61 (k1) B?) By’

~ (1)

(
% (B1 (ko) B8 % (B2(—k2) By )]
+ ar (k1) BB, (k1) (K, BM)) + (B1(k1) BY) # (B2(— k1) By )
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130810k (B BO)) 5 (8, (k) (K1 BL)) # (Bo(— k) BL)

3By (k)L BY)) # (B k) BY) 5 (By(—ko) (KB )

o (k) [60, (k) (K1 BY)) % (By (k2) BS) # (Ba( k) By )

681 (k1) B 5 (5 (k) (K B)) # (8ol —ko) By )

T 6(61(k1) BY) 5 (81 (k) B) 5 (Bal(— ko) (B, By )

+aa<k1>K1[<ﬂ1<k1>Bl> (Br(k) BY) = (Ba( k) By )

681 (k0) B x (81 (k) BY) 5 (Ba(—ka)Bo )]

+...,
where we again introduced the notation K ; := K. = k_(;kj) and the prime denotes a derivative
w.r.t. k. Note that by KlBil) we really mean - B(l)( ) Moreover, we used

[ [ B R e s g g

9 9

e < /]R /]R B(Kl—M—L)B(M)B(L) deL> )

Exactly as in our first example, we will define the operator N by truncating the expansion at O(c*)
(in Fourier space) and performing inverse Fourier transformation, to get again

NIF{V}] = FN[V] + O(),

where
IN{VI1 = ey ai (k) B(B1(k1)?Ba(— k)| B 2B + 681 (k)51 (k2) B (— ko) | B 2B

e By (k1)[361 (k1) 2Ba(—k1) B (”B(”F@)
+ 661 (k)* 5o~k ) B B BY
+ 651 (k1) B1(k2)Ba(—k )B(I)B(I)B(z)
+ 64 (k1) B1 (k2) 5o (— ko) B BP BV
+ 661 (k1) 81 (k2) B (ko) B BB
+ a1 (k1) [3081 (k1) B (k1) B2 (—k1)(—idx B( ))Bil)ﬁgl)
+ 381 (k1) B, (k1) B2 (— k1) B (—iox B BYY
+ 361 (k1) B1 (k1) B~ k1) B BV (—iox BY)

+ ay (k1) [68 (k1) By (k2) Ba(—ks) (—i0x B ) BV B g)
+ 681 (k1) B} (k) Ba(—ko) B (—iox BS) BY
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+ 601 (k1)1 (k2) By (—ko) B BSY (—idx BY)

+ (k1) (—i0x) [361 (k1)1 (k1) Ba (k1) B BB
+ 681 (k1) B1 (o) Ba(— ko) BV BB
SR (3.2.6)

Let us point out again that we have not explicitly mentioned all the mixed and higher order harmonics
that also occur. We will treat them exactly the same, the expansion being around 3ki,2k; + ko, .. ..
However, opposed to the nonlinear terms that we have mentioned explicitly in (3.2.6), they do not
really play a major role for our analysis and can be canceled from the residual in the same spirit as in
the last chapters (see Sec. 3.2.2).

Some remarks.

1. It suffices to consider the “classical” two-pulse ansatz for the nonlinearity, since the derivatives
in the nonlinearity only appear at order O(c*) and higher and

Ox (B (X, + 20 (X + ew] (kg )1, T), T)ehsmion ()6 B 100 (bt (ha- i)
_ 8& (B](-T)(XjaI)eiij+iw1(kj)t> + 0(62).
Consequently, the first differences will be visible at O(¢**2), which is beyond the order we are
interested in (recall Rem. 2.2.3).

2. As already explained when we return to x-space we get an additional factor £ (cf. 3.2.2). There-
fore, what formally is O(¢?) and O(g3) in Fourier space will be formally O(e3) and O(e?) in
x-space. This why we truncate the expansion at O(g*). Moreover, we only specified terms up
to O(e*) in (3.2.6), since they will contribute to the modulation equations and interaction ef-
fect formulas. The terms at O(¢%) will only be treated qualitatively (compare Sec. 2.2.2 or the
subsequent Sec. 3.2.3, Remark 3.2.1) and, hence, play a minor role.

In summary, we can introduce the x-space residual
Res{V} == D[V] + N[V, (3:27)
construct an ansatz V" such that Res{V} = O(£%), and then conclude by the relation
Res{FV} = FRes{V} + O(c°), (3.2.8)
that
Res{FV™} = O(£).
Recall that the loss in the exponent is due to the scaling property of the Fourier transform (3.2.2).

Remark 3.2.1. When we carry out formal calculations in Fourier space, we only have to cancel ev-
erything up to O(e®) to have that the corresponding residual in z-space is formally O(e®). Nevertheless,
when rigorously bounding the residual the bounds are the same both in Fourier space and in x-space
since

IRes{FV ™Iz = |IF~ {Res{FV " }} 7= = |[Res{V "} sr= + C'/? < CMV2,
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if

IRes{V*"}|| s < C=M72,
Note that the residual (3.2.4) from this example will reappear in all of the next chapters, since it has
the structure of the “main part” of the residual “in natural coordinates” for all the equations treated
in the next chapters. By “main part” we mean the two-dimensional subsystem which belongs to the
pair of branches in the dispersion relation to which the temporal frequencies of the pulses belong (see
Fig. 3.2 and Sec. 3.1). Hence, after bringing each equation to its “natural coordinates” representation
(3.1.1) and trying to diminish the corresponding l/{;g, we will always reference the above computations
when introducing Res, but then, of course, with specific a,, G,.

Justification of expansion and truncation

The main estimate employed to justify the expansion and truncation of the dispersion relation is given
in the following basic lemma which is often used in the theory of modulation equations.

Lemma 3.2.2. Let 4 : R — R be analytic and

with 0 < e < 1,k € R and where B € H*B. Then
—1 —1 - N(m)(k‘l) m n+1+1/2
[FpFy — (F 0 P kM Fple < C 2 B, (3:29)
m=0 ’

fors<sp—(n+1) and C > 0.

Proof. The proof merely uses Taylor expansion and that F is an isometry between H® and L?(s). In
detail,

n oo m)
T D L TR v
m=0

> (m) .
<ce (Y P m ey B s
m=n-+1 ’

K PR

= e Sup (1 +K%)SB/2

1Bl 225 )
K,€R

< C51/2+(n+1)HB”H5}3,
if s <sp—(n+1). O

Remark. It is actually sufficient to demand that p is sp > 1 times differentiable.

As already explained for the example, we can conclude — and rigorously prove using Lemma 3.2.2 —

that for a two-pulse ansatz (V,¢")nen

Res{(F{V." Vnex} = FRes{ (Vi )nen} + O(?),
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where Res{(V;,)nen} according to (3.2.7) is obtained by expansion of the k-dependent components of
Res, truncation and subsequent inverse Fourier transformation (see the example in Sec. 3.2.1).

We want to point out again, that the necessity of introducing Res{(V,,)nenr} comes from the fact that
it only involves z-space expressions, which enables us to use the extended two-wave ansatz (2.2.8),
which turned out to be the key to understanding pulse interaction, i.e. to the “separation of internal
and interaction dynamics”.

3.2.2 Extended modulation system

Consider the extended two-pulse ansatz (motivated by the results in Sec. 2.2)

Vlan — (Uan ,UW)T van .— ( n. Mni
) ) n *

mized,o’ *“mized,a

on>2, (3.2.10)

with

Z ZETB(r X, T)e iy ; +M1}ﬂmd7w
j=12r=1

X = X +ewf ()t + €20 (X + ewf (ks )1, 1),
Y= kir +wi(k)t+ Y V(X + ewt (ks)t, T),
1=1,2

X :=ex, T:=c¢t,
and the mixed and higher order harmonic terms

n. :(9(53), n>1,

mized,x

whose exact structure will be explained at the end of this section.

Note that this ansatz directly implements the reasoning illustrated in the first section, where we ex-
plained that, no matter how complex the dispersion relation might be, the analysis can by restricted to
the two-dimensional subsystem belonging to the branches where the pulses “live”. Since for a “system in
natural coordinates” the branches are explicitly visible, we can directly employ this reduction through
the two-pulse ansatz (3.2.10).

Plugging this ansatz into the residual Res as introduced in (3.2.8) — i.e. using the spectral concentra-
tion property and inverse Fourier transformation— we can derive solvability conditions exactly as in
the last chapters to get the extended modulation system given by the equations for internal dynamics

0By = i (ij)al () internal gDy, (3.2.11)
"
k.
82B](-2) _ _Z.wl(Z J)a%BJ( ) wlé )al ( ) ]thernal(‘Bj('q))qu7 (3212)
ey " (4) k.
82B](-3) — _iwl(z J)a%BJ(?)) wlé ])83 ( ) wlT('J)a Bj(l) + Nznternal(Bj(q))qS?” (3213)
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and those for interaction dynamics

) ~inter ¥

519?):%]\71; BB, (3.2.14)
J
1 - inter,\ll(-l)

o) = — (N, (B g + Uy @1 241)), (3.2.15)
J

2 1 ~inter,Q(-2) W (k. 1 ) 1
0,0 = D, Mei (BS gt + 17])(8%% )~ i(:0)). (3.2.16)

with the group velocity difference D; := w/(k;j) — w/(k3—;). In addition, we get a system of equations
— and corresponding "non-resonance conditions“ — from the cancelation of mixed and higher order
harmonics (which we will discuss next).

Note that this modulation system is the counterpart to the one derived earlier in Sec. 2.2, namely
(2.2.16)-(2.2.21).

Remark 3.2.3. Since the envelope of pulse solutions is given by spatially localized solutions of the
modulation equations, we will have to make sure that the Nonlinear Schridinger equation (3.2.11)
really supports spatially localized solutions. As mentioned before, for a Nonlinear Schridinger equation

Z@ZA = 1/18%14 + I/2|A|2A, vj € R
the condition
vivg > 0, (3.2.17)

ensures that spatially localized solutions exist (c¢f. Rem. 1.1.2) and it is then called “focussing”. Note
that in the following chapters we will always add a factor v € R in front of the nonlinearity of each
equation. By this, vy is proportional to v € R and, thus, we can tune the sign of v to force (3.2.17).

Mixed and higher order harmonics

The method that we employ to cancel any mixed and higher order harmonics is exactly as described
in Sec. 2.2.4. For the sake of completeness, we illustrate it here again.
To simplify the exposition we will explain the procedure for canceling these terms only

e for the case N = {1, 2},
e for a one-pulse ansatz

V= (" + M?%m 0T+ Mr%m M; M72Tli1‘€d7a

ized,a’ P mized, o

', v .= eBE,

ixed,o)
e and for a very simple nonlinearity given by

N; V] := [.7:_1N[.7-"{V}]]j = sj(a1vi,1 + agvi 2 + azvay + a4v272)3,
with Sj,a;5 € C.

Note that even though the nonlinearity is more complex in general, the procedure is still the same,
even though possibly more lengthy!

n
Let us assume for a moment that ,Mmimd’ o

=0,n=1,2. Then

N, [V"] = &351(3a3as| BI?’BE + i B3E® + ..).
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We have already taken care of all terms occurring at pure harmonics, i.e. we took from N; the term
3e3s1a3as| B> BE

and used it to construct the Nonlinear Schrodinger equation (3.2.11).
Now to cancel, e.g. the term
3¢, 333
€’s1a7B°E

we will modify — exactly as explained in Sec. 2.2.4 — our ansatz to
v + agds1a3 B3 E?
which gives the solvability condition
a3iwy (k) = aiw (3ky) + s1a3
and, hence, the equation for « given by

is1a3

B 3w1(/<;1) — W1 (3k1) ’

o =

which is well-defined if the “non-resonance condition”

3w1(/<;1) 75 w1(3k1)
is fulfilled.

By the same reasoning we can cancel all these terms up to an order O(®) from N, and N,.

Hereafter, all the modifications
ae’s1a3B3E3 + ...
are denoted by
Moized,a-
Next let us turn our attention to N5. Note that we have not derived any conditions here. So we really
have to come up with an ansatz for the third component of V" that takes care of all the nonlinear

terms. Again, if we first assume Mgn-md o = 0 we get, similarly as for the first component,

N3 [V = 353(3a3as|BI*BE + a3 B3E® +...).
Now if we set the third component of V" to
e3s3(3a1atag| B BE + agalB3E® +...)
we get at O(e?) the solvability condition

3iw1(k1)33a1a%a2|B|2BE + 3iw1(k‘1)a2a‘i’B3E3 + ...
= 3iw2(k1)33a1a%a2]B\2BE + 3iw1(3k1)a2a:{’B3E3 + ...
+ 3szaraiag|BI*BE + 3a0ai B3 E? + . ..

which then yields — when sorted for different harmonics E and E3 — the solvability conditions

N z's;;a%ag
1=
wl(k;l) — WQ(kl)’
is3a’
a9 =

_3w1(k‘1) — w1(3k‘1)’
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which again are well-defined if the “non-resonance conditions”

w1 (k1) # wa(k1), wi(k1) # wi(3k1),

are met.
From now on, we denote

Un,1, T > 27
by

" n > 2.

mixed,q’
In summary, the notation My, ., ,.n > 1, should emphasize that these terms are really only higher
order modifications which play a minor role in the analysis of pulse interaction. They merely serve to
diminish the residual.

3.2.3 Separation of internal and interaction dynamics

We have chosen the notation for the nonlinear terms of the modulation system following the reasoning
from Ch. 2 where we achieved the “separation of internal and interaction dynamics” by a “clever
sorting”. Thus, our notation can only be understood from the view point of Sec. 2.2. Without bearing
in mind the mechanisms described in that section, the recipe presented here will seem quite random.

The linear part of the extended modulation system (3.2.11)-(3.2.16) will always have the same form,
regardless which equation is under consideration. The structure of the nonlinear terms, however, might
be very different. Now the notation introduced should indicate the following recipe for treating the
nonlinear terms when dealing with a specific equation:

e Compute [F~'N[F{V}]]1 up to order O(c*).

e Name the nonlinear terms occurring at O(e"),r = 3,4, which only involve the pure harmonic £}

Nr—2,j (B](q)7 Béq_)j)qgr—?

This notation should emphasize the recursive structure of the modulation system and the fact
that the nonlinear terms at O(e") feed the equations of B](-T_2), ji=1,2.

e Further separate the nonlinear terms in two groups: Name those which exclusively feature prod-
ucts of B](-q) the internal dynamics terms

\rinternal (9)
r—2,j (Bj )qST—%

and name the rest the interaction dynamics terms

Vit (B B Yozroa.

)

e In order to derive the formulas for ng) and \Ifg-l further sort the interaction terms at order O(e?)

for those proportional to B](-l) - and name them

~ in‘ter,Qg»z)

2. (B, B, y<a.
)

and those proportional to alB](.l - and name them
~ inter,\llg»l)

2. (B, B)g<a.

—J
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Some remarks.

1.

3.3

In the next chapters we will discuss three equations, whose nonlinearities have a very similar
structure, namely the one that we have already discussed in the example of Sec. 3.2.1. Hence,
we will employ the recipe for sorting terms to (3.2.6) with specific values for oy, By

We do not have to compute the terms in [F-'N[F{V}]1 at O(°) since we will only employ
qualitative estimates for the equations derived from the residual terms at that order. Hence, these
terms do not have to be specified explicitly. All you have to ensure is that these terms meet the
requirements to employ (2.2.4).

By deriving the above solvability conditions, we can formally make the residual (3.2.1) of order

O(£9).

Solution strategy for nonlinear wave equations with constant
coefficients

In this section we present a scheme by which pulse interaction analysis can be carried out for a nonlinear
wave equation with constant coefficients as, for example, the cubic Klein-Gordon equation (which we
have already discussed in Ch. 2 and will revisit in Ch. 4) or the Maxwell-Lorentz system (see Ch. 5).

The analysis essentially consists of four steps:

1. Transformation to “natural coordinates”. This step serves to transform the equation to the

form (3.1.1) which enables us to use the formal calculations from Sec. 3.2.
To this end, we first cast the equation into a first order system

oU = AlU] + N[U] (3.3.1)
and then use Fourier representation to get a system of ODEs
,U = AU + N|U] (3.3.2)

parametrized by the spectral parameter £ € R. At this point, we will try to diagonalize the
linear part A = A(k‘) in order to arrive at a system like (3.1.1). However, this step is in general
not straightforward, since either the diagonalizing transformation is unbounded — see CONDI-
TION 2 below why this is needed — or the system is not even diagonalizable for all values of
the spectral parameter k € R.

After having overcome these difficulties (a nontrivial task as the next chapters will show) we can
transform (3.3.2) into a diagonalizable system

o,U = AU + N,[U] (3.3.3)
whose diagonalizing transformation @ is bounded in k.

Formal derivation of modulation equations. After having performed the diagonalizing
transformation, we can follow the computations of Sec. 3.2 line-by-line, i.e. we only have to fill
in the nonlinear terms for our specific equation and rigorously show that (in some space suiting
the modulation equations)

IRes{(V;"™)jen}llx < C="72,
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if
(Vi™)jen := F{(Vi" Jnen'},

where (V,%),enr is the two-pulse ansatz given by (3.2.10) and Res is the residual corresponding
to the “system in natural coordinates” (3.1.1), i.e. (3.2.1).

3. Approximation result. To justify the extended two-pulse ansatz
U™ = F L QF{(Vi" nen'}

for (3.3.3) over the long time scale of O(1/¢?) (which is the natural time scale for pulses described
by the Nonlinear Schrodinger equation) we will use a proof technique that is very similar to the
one presented in Ch. 1 which is inspired by [KSM92|. The subsequent illustration of the proof
will simplify the exposition in the next chapters, since the proofs of approximation theorems

will only amount to showing that the conditions, that arise to make this proof work, are really
fulfilled!

Using the representation U =: U*" + R we derive the error equation
O:R = Ap[R] + G[R, U] + Res{U""}
with
G[R, U] := N,[U"™ + R] — N,[U*"],

and with the residual
Res{U"} := =0, U + A, [U] + Np[U"],

})&;here Ayl = .7:_1{121;,,7:{-}} and Np[| := j:_l{Np[j:{'}]}'

CONPIATION 1. ~TheAlipeAar part iAs diagonalizable, i.e. it has a representation A,[U] =
FYHAU) = FHQ'DQU) with D a diagonal matrix.

is fulfilled, we have
R = Ay[R] + G[R, U] + F'Q{Res{FV"}}.

Furthermore, if

CONDITION 2. The diagonalizing matrix and its inverse are uniformly bounded, i.e.
for some C' > 0 and for some matrix norm || - || we have

sup QK[ < C, sup 1Rk~ < C.

is fulfilled, we can prove that flp gives rise to a bounded, strongly continuous semigroup (eAPt)tZO
which can be estimated by

le! U] ¢ = 1Qe™' QUL ¢ < CJ10] 4. (8:3.4)
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This enables us then to use the variation of constant formula (with initial condition R(t)|=o = 0)
to get

t
uRmvgjﬁw%“*meﬂﬂ@mxds
0
t "
gc/uﬁwﬂfumUMMﬂuw
0
t
§OAufmaU%Mwu@,

where we used the notation I[R, U] := G[R, U] + FLQ{Res{FV}} and refrained from
specifying the function spaces X, X , since, of course, they depend on the specific equation under
consideration.

From this point on we can essentially proceed as in the justification proof of Ch. 1 to get via a
Gronwall-type inequality that

sup |Rl|lx = sup ||U—=U|xr < Ce2,
te[0,To /2] t€[0,Tp /2]

for some C' > 0 and ¢ € (0,¢¢),e0 > 0,60 = €0(Ly) (see [KSMI2]).

4. Description of pulse interaction. Now the remaining task is to interpret what U :=
FLQF{(V.%),en} reveals about pulse interaction. The ultimate goal is to transfer the “sepa-
ration of internal and interaction dynamics” (that was realized in the second step for the “system
in natural coordinates”) to the original equation.

Note that while the first and the last step involve some ingenious manipulations which take advantage
of the specific structure of the underlying problem, the second and third step are basically the same
regardless of the considered equation. This makes the presented method widely applicable!

3.4 Chapter summary

This chapter forms the center piece of the present work! It illustrates how to employ the “separation
of internal and interaction dynamics” (that we have achieved in the first part of the work for a cubic
Klein-Gordon equation) for a two-pulse of any system

U =AU)+ N(U)
that can be brought via some change of variables U = G~ {(V;,)nenr} to its “natural coordinates form”
a1&‘771 = bnf/n + Nn[(vn)nENL

for Vy, := (9n.1,0n.2)", Ong = Opy(k,t) € C,n € N,1 = 1,2, N some at most countable index set, with
linear part

D= Duti = (™ )

where wy, : R — R are nonlinear, piece-wise analytic functions and the nonlinear operator N,, which
is at least cubic and whose k-dependence is also piece-wise analytic.
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The term “natural coordinates” is motivated by the fact that the quantities w,, are the branches of the
dispersion relation of the general system and the initial construction of pulses was achieved through
an expansion of the dispersion relation in first place (remember (1.1.2)).

This chapter emphasizes that the derivation of modulation equations can be carried out in a much
more transparent way by first bringing the equation to “natural coordinates”

The formal result for interchannel interaction can be stated as follows: A two-pulse solution U of the
above general system can be approximated by U = GF{(V,%"),en } where (V%) enr is the extended
two-pulse ansatz

Vlan — (U‘m,W)T, V;m — ( M

mzmed ) mzxed o

e > 2,

with

Z ZETB(T’ X T 'lY] _|_ MT%’LZ:BBC[,CU
j=1,2r=1

=X +ewj(kj)t + 52\1151)(& + ewl (ks—;)t, T,

Y, = kjx +wi(k;)t + Z Eng»l)(X + ew) (ks—;)t, T),
1=1,2

if its components fulfill the extended modulation system (3.2.11)-(3.2.16), i.e. the recursively solvable
modulation system for internal dynamics

1 w (k ) 1 \interna 1
0nB)!) = —i= B + Nyl (BY),
"
823](2) _ wl (2]{39)81B(2) wl (k’ )81 ( ) Nézternal(B](_Q))qu’
" k n k. (4) k. ~ .
8235»3) _ wl( ])81B(3) wlé ])8%352) + %T('])ai),B(l) +N§Zternal(B}Q))q§37

and the ordinary differential equations for the interaction quantities

1 .~ inter, Q( ) 1
819§ ) — D; N (B?E_)j),
1 - znter,\ll(.l)
81\II§‘1) = H(sz ! (ng,q_)j)qu + wi’(k‘j)(ang.l))),
J
1 znterQ 2) (k. .
MY = - (5" (B)asi + A @2al) — i(an0l)).

with D; := wj(k;j) — w](ks—;). The terms My zed.o are explained in Sec. 3.2.2, but they actually play
a minor role for our analysis.

This modulation system is the counterpart of the one derived earlier in Ch. 2, i.e. (2.2.16)-(2.2.21).
Hence, the “separation internal and interaction dynamics” is accomplished for the system in “natural

coordinates”.

Note that all following chapters will make use of the formal derivation presented here, i.e. the extended
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modulation system (3.2.11)-(3.2.16) will reappear in the next three chapters, but with explicit nonlinear
terms. Furthermore, we will show that the “separation of internal and interaction dynamics” can be
also carried out for the original system.

To simplify the exposition in the next chapters, we presented the solution strategy that can be employed
when dealing with nonlinear wave equations with constant coefficients. We will stick to this scheme in
Ch. 4 and Ch. 5 and use a modified version of it for Ch. 6. The main steps are:

1. Transformation to “natural coordinates”, which brings the system to its “natural coordinates
representation”.

2. Formal derivation of modulation equations, which derives the extended modulation system (3.2.11)-
(3.2.16), but with explicit nonlinear terms, and, hence, realizes the “separation of internal and
interaction dynamics” in “natural coordinates”

3. Approzimation result, which justifies the approximation for the long time scale of order O(1/£?).

4. Description of pulse interaction, which transfers the “separation of internal and interaction dy-
namics” from the system in “natural coordinates” (that was realized in the second step) to the
original equation.

64



4 Pulse interaction for a cubic Klein-Gordon
equation (revisited)

In this chapter we revisit the pulse interaction problem for two pulses traveling on different carrier
waves in the setting of the cubic Klein-Gordon equation

0P = O%u — u + u,

where z,t,u = u(z,t) € R. We have already discussed this in Sec. 2.2.

We reproduce the results from Ch. 2, but this time by means of the new method developed in Ch.
3. In this sense, this chapter links Part I (derivation in z-space) and Part II (derivation in "natural
coordinates”) of this work.

By reproducing the findings of Sec. 2.2 with the new approach we show that the derivation of modu-
lation equations in z-space is equivalent in "natural coordinates” (see Sec. 4.4). However, the latter is
more suited for equations with a more complicated dispersion relation as, for example, encountered in
the case of nonlinear wave equations with periodic coefficients.

Note, that the solution strategy follows the one described in Sec. 3.3:
1. Transformation to "natural coordinates”.
2. Formal derivation of modulation equations.
3. Approximation result.
4. Description of pulse interaction.

The chapter is organized according to this strategy. The last section is dedicated to "bridging” the
z-space method and the one in "natural coordinates” through comparing the modulation systems
(4.2.4)-(4.2.9) and (2.2.16)-(2.2.21) and showing that they are indeed equivalent.

4.1 Transformation to "natural coordinates”

Using the Fourier representation u = F~'{u} yields

which can be converted into a first order system
~ P 0
U = AU + o3

with the definitions U := (4, d;@)T and
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At this point one could simply introduce the transformation Q that diagonalizes A. However, it turns
out that by prefixing an additional transformation (which leaves the subspace of interest {U | [U]y =
0} invariant!) we can get a unitary (even k-independent) diagonalizing transformation, which will
significantly facilitate the analysis.

Note, that this idea has already been used before, for instance, in [BSTUO06] by introducing the scaled
variables U(k) = (a(k), ﬁ@tﬁ(kz))jﬂ,k € R. However, we want to give a deeper insight into this
special choice by formalizing it as a supplementary transformation, since for more complicated settings
this scaling might not be that obvious at first sight.

4.1.1 Polar decomposition

For every regular matrix A one can compute its unique polar decomposition A = PW with unitary
matrix W and a positive definite Hermitian matrix P, such that the system can be written as

U = PWU + N[U]

1 0 0 1
P (L 8) W (90,

Performing the change of variables U := (\/ﬁ)_IU gives the system

with

with

and

N,[U] := (VP)'N[VPU.

Note, that v/ PW+/P is a normal matrix and, hence, can be unitarily diagonalized! Furthermore, v/ P
leaves the subspace {U | [U]a = 0} invariant.

By this preliminary transformation we have "prepared” the system for diagonalization, since the diag-
onalizing transformation has now better properties.

4.1.2 Diagonalizing transformation

Next we perform a change of coordinates V := Q*U where flp = QDQ* with

and arrive at a diagonalized system

9,V =DV + N[V] (4.1.1)
where
~ W 0
D= ( 0 —w >
and
N[V] = (o a0y (71
T PR 1
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with V = (’[)1,’[)2)T.
With this, the first step of Sec. 3.3 is completed, since we arrived at a ”system in natural coordinates”
as (3.1.1) with N' = {1}.

4.2 Formal derivation of modulation equations

This section serves to diminish the residual

Res{V} := -8,V + DV + N|[V] (4.2.1)

which corresponds to (4.1.1).

As explained in Sec. 3.2, we will have to use the spectral concentration property and inverse Fourier
transformation in order to be able to perform pulse interaction analysis as in Ch. 2:

Taking a closer look at the example in Sec. 3.2.1, we see that our residual (4.2.1) is exactly (3.2.3)
with ay jp(k) := :I:#‘k) and (3, = 1. Consequently, we will pursue the same strategy as for (3.2.3) and
define the operators D, N to obtain the z-space residual Res , for which we formally have (3.2.8), i.e.

Res{(F{Vo" nen} = FRes{(Vi)nen'} + O(E7). (4.2.2)

To put this in words, due to the concentration in Fourier space we can expand the k-dependent
coefficients of linear and nonlinear part, which is justified since w and % are analytic in k.
In summary, if we make an ansatz V" such that

[Res{V*"}| s < C"2,
we immediately get

[Res{FV ™} 1200 < CeM/2.

The extended modulation system. Consider the extended two-pulse ansatz
Ver = (v, vt (4.2.3)

with

3

vz t) = Y S BYNX, T)es + Muigeda.
j=12r=1

X=X +ew k)t + 52\115-1)(5 + ew'(ks—j)t,T),

Y= ko +wlk)t+ Y V(X + ew (ks_j)t,T),
1=1,2

X =ex, = €2t

where the mixed and higher order harmonic terms Mized.a = (’)(53) are according to Sec. 3.2.2.

Plugging this ansatz into Res{V*"} defined by (3.2.7) with a; 5(k) = :I:#k) and ;5 = 1 gives the
following extended modulation system:

67



Chapter 4

The recursivley solvable system of internal dynamics equations

" . .
9.B\) = —ZL Uy )8fB(.1) + jnternal (gD (4.2.4)
2 w” k 2) w" k m erna
9,8 = (23)313( ( )al (1) 4 Ngnternal(pla)y (4.2.5)
" (.. (4)
823](-3) — W (kj)alB(ii w ék?j)aisB]@) + w 4('k7 )8 B](l) + Nmternal(B(Q))q<3’ (4.2.6)
with the nonlinear terms
\7internal (1) — 31 (1) 2 (1)
Nl,] (B] ) 4&)(1{3])’B] ’ Bj ’
< 3o 3 S
Nznternal B(Q) = B(2) B(l) 2 B(l)B(l)B(2)
2,7 ( J )q§2 4w(k‘])( J ( j ) + Qw(k‘j) j j
Sik; ()2 g1
B B
4w(l€j)3al(| j | j )7
the interaction dynamics equations
,  ~inter, Q( )
09§ = D, =Ny (BSY,), (4.2.7)
1 1 ~7,nter\I/ 1
o = E(Nw (B§q>])q<2 + W (k) (0:1249)), (4.2.8)
o 9(2) _ L.(Nmterﬂ )(B(II) ) w”(kj) 829(1) — (8 Q(l) 4.2.9
1j—D 3—j)q +—2 (1]')2(2]')), (4.2.9)
with D; := w'(k;) — w'(ks—;), and the nonlinear terms
~inte7‘,Q§1) (1) O 91 1) 20
Nl,j (B3—_7)B] - QW(]{?J)’B —" B;
AN er,Q(z) 31
N BB = (B BB, + B BVBY)
2w (k;)
Jik; (1)
- B B;
o BB

and the algebraic system of equations as described in Sec. 3.2.2 which cancels the mixed and higher
order harmonic terms in the residual.

Lemma 4.2.1. Consider the extended two-pulse ansatz (4.2.3) where
B € ¢ ([0, o] H2 =300+ 0 oo =300 ()) s > 10,1 > 2,

fulfill the extended modulation system (4.2.4)-(4.2.9). Then for all Ty > 0 there exists g > 0 and
C > 0 such that for all € € (0,£9) we have

sup Hf{gé{fvan}”@2(s))2 < C611/2,
te[0,To /2]

if 1 <s<sp-—10.
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Proof. As already pointed out, it suffices to show the bound for Res{V %"}, since the rest readily follows
from (4.2.2) and Rem. 3.2.1. This puts us in the situation where we can use exactly the reasoning
from the proof of Lemma 1.1.1:

By simply computing the residual for the extended ansatz and using the modulation system all terms
up to order O(e%) cancel. The loss of regularity from BJ(.l) to BJ(.B) is due to recursive structure of the
equations and the derivatives appearing on the right-hand sides. Note, that this loss is much more
transparent for the modulation system (4.2.4)-(4.2.9) derived in "natural coordinates”, since we do not
have to dissolve temporal derivatives into spatial ones, as we have done that in the proof of Thm.1.1.1.

For the remaining terms at order O(£%) like

W"(ky) 3 @ @) 4 @)
TalBj T 0B, ...
the O(1) boundedness in the H® norm is guaranteed by choosing s high enough. Since the term causing
most loss of regularity is

W (kj)

4!

we will have to choose 1 < s<sg—6—4=sg—10.
For the coupling terms we employ the estimate (2.2.4) from Ch. 2 to finally get

o8

sup [|[Res{V*" }|(grsy2 < Ce''/?,
te[0,Ty /2]

which concludes the proof. O

By this, we completed the second step of the solution strategy described in Sec. 3.3!

4.3 Approximation result

We are now ready to formulate the approximation theorem.

Theorem 4.3.1. Given the conditions of Lemma 4.2.1 for all Ty > 0 there exists eg > 0 and C' > 0
such that for all € € (0,g9) we have

sup  ||U — (FLQFWV™Y| o1 < CET/2,
te[0,To /2] b

where uw = [U]y is an exact two-pulse solution of the cubic Klein-Gordon equation (1.0.1).

Proof. Since both CONDITION 1 and CONDITION 2 are fulfilled, the proof follows exactly the
third step of Sec. 3.3. Therefore, the only remaining task is to specify the function spaces x, x:
We have

e Tl zzgope <1022y

since X R
eAp(k)t — Qer(k)tQ*

Dp(k)t for every t,k € R. Hence, by choosing

x:=(H*)?, X = (L2(s))%,

we can readily apply the scheme from the third step of Sec. 3.3. O

and @, Q" are isometries and so is e
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Remark 4.3.2. Note, that v = [U"]; = [FQF {V"}]y is - up to scaling constants - ezactly our

ansatz (2.2.8), and hence we have really reproduced the result from Ch. 2 (cf. Sec. 4.4), in particular,
(r)

the interpretation of the quantities Qj ,\Ifg-l) is the same as in Sec. 2.2 where we gave a detailed

explanation of their role.

4.4 The bridge between z-space and spectral methods

To see that the extended modulation system (2.2.16)-(2.2.21) from Ch. 2 and the one derived here,
i.e. (4.2.4)-(4.2.9), are indeed the same, we only need to

e compute the derivatives of w = w(k) explicitly to see that

(W ()2
w”(k‘)zil j)(k;()k)) e

which will make clear the relation between the coefficients of the two modulation systems,

e use at order O(e?) the identity

Oxr AV = 01 (iv;102AV + vy o) AV PAVY) = i, 0840 v 0,140 PAY),

if Ag-l) solves the NLS equation

or AV = iv; 1024 1 i A 2AD,

and similarly for all the other terms as 8%A§-1), 8ﬂA§2), e

Comparing the modulation systems again emphasizes the elegance of the derivation in "natural coor-
dinates”, since the equations have a much clearer structure!

4.5 Chapter summary

This chapter links the first and the second part of this work: We reproduced the findings of Ch. 2
by means of the new procedure illustrated in Ch. 3. This shows that the derivation of modulation
equations in z-space as given in Part I of the present work and the derivation in "natural coordinates”
as employed in Part II are indeed equivalent.

Moreover, since this chapter shows the results from chapter Ch. 2 from the point of view of Ch. 3, this
readily paves the way of transferring them to equations exhibiting multibranch dispersion relations.
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5 Pulse interaction for a Maxwell-Lorentz system

In this chapter we describe the interaction of pulses with different carrier waves in the context of a
Maxwell-Lorentz system

Otu = 02u + 0p (5.0.1)
Ofp = —wip — d*u +p? (5.0.2)
with z,t,u = u(z,t),p = p(z,t) € R and wp,d,y € R some constants. Its dispersion relation (see

middle panel of Fig.3.1) reads

w2

=0+ d——

. (5.0.3)

In the following, we consider w.l.o.g. the case d = wy = 1, since the qualitative features of the dispersion
relation are essentially the same for all d,wy € R. Note, that we do not set v to a specific value, since
it might have to be adjusted such that the Nonlinear Schrodinger equation, that we will derive for this
system, is focussing (see Rem.3.2.3).

The study of pulse interaction for this system is mathematically very challenging, since

e the corresponding dispersion relation features a double zero eigenvalue and a corresponding
Jordan block (which complicates the diagonalization to the “natural coordinates”, see Sec. 5.1.1),

e and the interaction between branches has to be treated (which we have already explained in

Sec.(3.2.2)).

Furthermore, this system is also interesting from the view point of applications, since it is a widely
accepted model for light propagation in dispersive, nonlinear media (see [SB07],|JMR96], [Blo65]).

This chapter is one of the highlights of our work, since the Maxwell-Lorentz system indeed features
most of the difficulties that can be encountered when dealing with pulse interaction analysis for a
nonlinear wave equation. Hence, it is the perfect prototype equation for illustrating the success of our
new approach!

As for the cubic Klein-Gordon case in the last chapter, we will stick to the scheme presented in Sec.3.3:
1. Transformation to ‘“natural coordinates”.
2. Formal derivation of modulation equations.
3. Approximation result.
4. Description of pulse interaction.

This chapter is organized along this strategy.
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5.1 Transformation to ‘“natural coordinates”

Casting the above equations into a first order system for U = (u, yu, p, 9p)” and making use of Fourier

representation we get a system for the corresponding Fourier coefficients

where
0 1 0 O 0
i | —(K*+1) 0 -1 0 D S !
-1 0 -1 0 1

Let us take a closer look at the features of A.

5.1.1 The system for small k£ - The problem with zero eigenvalue Jordon blocks

For k # 0 the matrix A(k) is diagonalizable, i.e.

A(k) = Q(k)D(k)Q(K)~".
The diagonal matrix is given by

D(k) = diagliw; (k), —iw1 (k), iwa (k), —iwa (k)],

with

1
wi(k) = —\/k:2 + 2+ VEkt+4,
V2
1
wa(k) = —\/k:? +2— k44,
V2
and the diagonalizing transformation reads

Qk) = ( fulk) [ Fi(R) | f2lk) | Fo(R) )

where
T(WVEY+ 4+ k)
Foalk) = Trom (VE AR + 1) £ (K + k2 + 2))

4w1/"2(k) (VE*+4 £ (k* +2))

are the normalized eigenvectors corresponding to iw, j5(k).

However, in the limit |k| — 0 the eigenvectors fa(k) and fo(k) approach each other, thus, the trans-
formation ) becomes singular in this limit. Note, that this is in conflict with CONDITION 2 from
Sec. 3.3.

For k = 0 the double zero eigenvalue results in a Jordan block, i.e.

A(0) = QoJoQy !
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with
iw(0) 0 0 0
5 0 —iw0) 0 0
0= 0 0 0 1
0 0 0 0
and o
Q=(ilh|ili)
with
1 1 0
< iv2 < 0 < 1
f1: 5 ; f2: 1 5 f3: 0’

1
iv2 0 -1

where f; is the eigenvector corresponding to wi(0) = ivV2 fa is the eigenvector corresponding to
w2(0) = 0 and fg is the generalized eigenvector corresponding to the double zero eigenvalue. Evidently,
at k = 0 CONDITION 1 from Sec. 3.3 is violated. Furthermore, a zero eigenvalue Jordan block
causes undesired growth:

Dynamics of zero eigenvalue Jordan blocks. The dynamics expected from a zero eigenvalue
Jordan block can best be demonstrated by the first order system of ordinary differential equations

reading
()= (o) (i),
which is nothing but the second order problem
dO2uy = 0.
This is, however, solved by
up (t) = u) (0)t + u1(0) = uz(0)t + uy(0).

Since the solutions, that we are interested in, are bounded in time, one has to set uz(0) = u}(0) = 0
at k = 0 to avoid growth coming from this Jordan block.

Restriction to a subspace at £k = (0. To resolve the just explained difficulties, we use the following
observation: .
The change of variables U = QoU at k = 0 results in the system

iw© 0 0 0 1

- 0  —iw0) 0 0 | - o 1
a0 =| o RO Q0 |
0 0 0 0 0

Hence, we have at &k = 0 the invariant subspace

M= {U|[U)s = [Qy'Us = 0},
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on which the linear part of the system is diagonalized.
The restriction to this subspace can be formalized by introducing U = QoU with

Qo = 0) | £1(0) | f2(0) | 0)
that is Qo with the last column (the generalized eigenvector) set to zero, since
(QoU)|m = QoPmU = QU

with the projection
Py := diag[1,1,1,0].

Now, in order to smoothly approach this subspace for |k| — 0, we employ for small k£ # 0 the change
of variables U = (QoTp)U with
TO(k) = dzag[l, 17 17 k]7

such that we get for small k # 0 the system

iw(0) + iCy k> —iC1 k> —3k% 0 1
~o iC1k? —iw(0) —iC1k? —3k* 0 | - A Aed 1
iCik —iC1k —%k 0 0
Clearly, this system is now diagonalizable and, since
iw(0) 4 iCy k> —iCk? —%k@ 0 iw(0) 0 0 0
iC1k? —iw(0) —iChk* —3k* 0 | 0 —iw(0) 0 0
0 0 o k|| o o oo |TO®
iCik —iC1k —%k 0 0 0 00

we have that the diagonalizing transformation @ for this system has the structure
Q(k) = Id + O(k),

where Id := diag[1,1,1,1] is the identity matrix. In particular, we have that Q(k) is bounded for
|k| — 0, so CONDITION 2 is met.

Note, that QoTo(k;) smoothly approaches QoPy as |k| — 0, and that, even though Tp(k)~! becomes
singular in this limit, this does not create any problems, since this inverse only appears as

@ty =m0t =nm | 2= 2|
0 0

which is independent of k.

5.1.2 The system for |k| — oo

For |k| — oo we have the problem that || f1(k)||cc — oo and ||f2(k)|lcc — 0, which again is in conflict
with CONDITION 2. This can easily be fixed by introducing for large k the change of variables

U= T U with
Too(k) == diag[1, v/ k2 + 1,1, 1],
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which results in the “balanced” system matrix

0 VE2 +1 0 0
~ o _ 2 1 _ 1
Ag (k) = Tu(k) Vg Too() = | VR TT 0 P O
0 0 0 1
—1 0 -1 0

which converges for |k| — oo to

0 kK 0 O
-k 0 0 O
0 0 0 1
-1 0 =1 0
Since we have for the diagonalizing transformation Q for flTw that in the limit |k| — oo
11
ii ? 0 0
~ —% £ 0 0
2 32
0 0 35 —3

we arrived at a system whose linear part can be diagonalized by a bounded transformation also for
large values of k£ and, so, CONDITION 2 is fulfilled.

5.1.3 The diagonalizable system

Merging the results from the last sections, we can construct a piece-wise smooth, global transformation

Qo k=0

QoTo(k) ko < |k[ < ko+1
Tk = (ko + 1 — k)Qo + (k — ko)Id k=0

Id 2 < k| < koo

(koo + 1 — k) Id + (k — koo) T (k) koo < k| < koo + 1

Too (k) koo +1 < |K|

with fixed, but arbitrary ko > 0, ks > 0, such that the change of variables U = T—1U results in the
System

U = AU + T7IN,[TU] (5.1.1)

whose linear part can be diagonalized by a transformation Q that meets CONDITION 2. In fact,
through the above construction we have Q(0) = Id and Q(k) = Q(k) for all ky < |k| < kso. Therefore,
we will refrain from specifying Q(kz) For our pulse interaction analysis we will simply assume w.l.0.g.
that the wave numbers of the interacting pulses are k1, ke € (ko, koo]. To put it in a different way, we
can simply choose ki, ks and then adjust kg, ko since they can be chosen are arbitrarily.

Note, that we will have to translate the restriction to the subspace M to xz-space and include it as
condition for our approximation result. This subspace is characterized in x-space by

/R(E?tu) dx = /R((‘)tp) dzx.
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5.1.4 Diagonalization

With these preparations we can now diagonalize the system by setting V := Q_lff, V = (f/l, ‘72)T,
such that

DV + Nu[V], n=1,2, (5.1.2)

S
=
I

with linear part

R

and with o o

NulV] = hQ QVIFyln-
Evidently, this is exactly the setting (3.1.1) with A/ = {1,2}, i.e. we have brought the system to its
representation in ‘natural coordinates”.

5.2 Formal derivation of modulation equations

This section serves to diminish the residual

Res{V} := Res, {V 12, V= (Vi,Wa)7, (5.2.1)
Resp{V} := =8V, + DpV + No[V], n=1,2,

which corresponds to (5.1.2).

Following the strategy from Sec. 3.2.1, we will again introduce an auxiliary residual Res that involves
only x-space expressions and is, hence, amenable to the extended modulation ansatz (3.2.10) (which
we cannot Fourier transform due to the nested functions).

As already explained in great detail in Ch. 3, we will only employ our two-pulse ansatz for the two-
dimensional subsystem which corresponds to the pair of branches, to which the temporal frequencies
of the pulses belong (see Fig. 3.2 for an illustration and Sec. 3.1 and Sec. 3.2.2 for an explaination).
In the following we will assume w.l.o.g. that the pulses belong to the pair of branches given by wy, —w
and, hence, the main part of the residual is really Resl{f/}. Taking a closer look at it, we see that it is
exactly (3.2.3) with oy, (k) = G, (k) + @4 (k),n = 1,2 and B,(k) := G3n(k),n = 1,2 with the notation
Q(k) = ((Gim(k)))im and Q(k)~! =: (G- (k)))im.- Since Q is piece-wise analytic, we can define exactly
as in Sec. 3.2.1 the xz-space residual

Res {V} := D, [V] + N, [V], (5.2.2)

For the other part of the residual, namely R/,\e/SQ{V} the procedure is essentially the same, the expansions
being around 3k1, 2k + ko, ... since the ansatz for this part will only involve mixed and higher order
harmonics (cf. Sec. 3.2.2). Denoting these expanded, truncated and inverse Fourier transformed
operators by Dy and N, we can analogously define

Reso{V'} = Dy[V] + No[V],
and, putting the two parts together,

Res{V} = (Res, {V})or (5.2.3)
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In summary, in the following we will construct an ansatz V" such that
IRes{V"} |- < O/,
which will immediately give us the desired bound

IRes{FV Y| 125y < Ce/2.

The extended modulation system. Consider the extended two-pulse ansatz

Ve = (v o, M2, M2 a)” (5.2.4)

ixed,a

with
3 .
vz, t) = > S B (X DY + Mo

X=X +ew(kj)t + 52\I/§»1)(£ + ewi (ks—;)t, ),

Y, = kjx + wi(k;)t + Z Ele) (X + ew(ks—;)t,T)
1=1,2

where the mixed and higher order harmonic terms M". . = O(3),n = 1,2, are according to Sec.
3.2.2. Plugging this ansatz into Res{V "} as defined in (5.2.3) gives the following extended modulation
system:

The recursivley solvable system of internal dynamics equations

" . .
8QBJ(1) _ _Z.wl ;kj)é)%Bj(l) + Nzn'ternal(B(ll)) (525)
"
8235»2) _ Wl (2]{7J)81B(2) é ) B + Nznternal(Bj(Q))qu’ (526)
w” k wi' (k w(4) k; m erna
9,B% = 1(2 y)alB(s) 1é i) 53 9B #8;)3](1) jternal(B@) . (527)

with the nonlinear terms

Nliztewnal(B](l)) = 38]qb]( [7]\2 ) |Bj(1) |2B](-1),

Nézternal(B](Q))qu = 38]q[]]( [j ]) [Bj(z)(B(l)) j(l) j( )BJ(Q)]
+33' [J}( [J}) — i (‘B ’ B( ))
+ Gs]qm qu]ng |B(1 | ( Z@lB](-l))

+3S]q1m( [J}) (— ialB](-l))(B](-l))z,
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the interaction dynamics equations

) ~inter,Q(.1)
ol = SN (B, (5.2.8)
J
1 1 ~ inter, \I/( 1
) = (W5 (B o + o () @), (5.2.9)
1 ~inter, Q( ) o (k )
a0 = D, N2 (BS )<t + i ])(319( ) —i(@:0")), (5.2.10)

with D; := w/(kj) — w/|(k3—;) and the nonlinear terms

~ inter,Qg-l) (1)

l 3 3 1)
Nl,j (B3—j)B](‘) = 0s; qgj]qg_ g ]]’B( ’ B( )
~inter,Q 1 1 3—j] [3— 1 1 2 1) (1
2. J (Bé_)j)q§2B](' ) = Gs]qm [3—7] [ ]](B:g )]B]( )B( ) Bé )]B]( )B( ) )
165 qgﬂq?_ J} [3 Jl (—idh |Bg_j| )B](l)
1 65500P P BO (—ioy BY,) B
+ 65,0 > P BB (—io B,
~inter,\I/(- ) . 1
2 (BY)gea(BY) = 655017 a1 gl (—ion B BSY B,

+ 65 gE g B B0 (ig, BUY),

where we used the notation

Q(k) = (@m(k))lma Q(k)_ly = (gl(k))ly
qu] = q31(ky), qﬁ’l = qz2(—kj), sj:=y51(k;),

the prime denotes a k—derivative, and, finally, the algebraic system of equations as described in
Sec.3.2.2.

Lemma 5.2.1. Let V" be the two-pulse ansatz (5.2.4) where
B € ¢ ([0, o) B0 0 om0 (@) sp 210,12 2,

fulfill the extended modulation system (5.2.5)-(5.2.10). Then for all Ty > 0 there exists g > 0 and
C > 0 such that for all € € (0,&9) we have

sup  |[Res{FVI}| 12y < O/,
te[0,To /2]

where the residual is given by (5.2.1).

Proof. The proof follows the proof of Lemma 4.2.1 line-by-line. It is merely a little more intricate
due to the additional technicalities introduced by the branch interactions. However, we have already
discussed how to treat those in (3.2.2). O

By this, we completed the second step of the solution strategy described in Sec.3.3!
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5.3 Approximation result

We are now ready to formulate the approximation theorem.

Theorem 5.3.1. Given the conditions of Lemma 5.2.1, for all Ty > 0 there exists ¢g > 0 and C > 0
such that for all € € (0,e9) we have

sup  flu— [(FLQFNV™]1}H|por < CET/2,
te[0,To /2] b

where u solves the Mazwell-Lorentz system (5.0.1)-(5.0.2) restricted to the subspace

{(w,p)| /R (Oyu) do = /R (Oup) dz}.

Proof. Since both CONDITION 1 and CONDITION 2 are fulfilled (after the preliminary trans-
formation T'(k)), the proof follows exactly the third step of Sec.3.3. So, the only remaining task is to
specify the function spaces:

X = (L%(s))*, &= (H*)

5.4 Description of pulse interaction

(r)
'] ~
sight what role they will play for the corresponding pulses in x-space, i.e. for U = F-1QF{V}.
Surprisingly, it turns out that the interpretation coincides with the one given in Ch. 2. This can be

seen as follows:

So far, we referred to the quantities €2 ,\Ilg»l) only as interaction quantities, since it is not clear at first

Let us take our extended two-pulse ansatz (5.2.4) and expand it around the "classical perturbation
variables“ (much as we have done it in Ch. 2 to analyze the accuracy 7, we require to ensure the
validity of the interaction effect formulas, see Rem. 2.2.3). The expansion yields

—.B®
=B,

+O(€4)) + Mmimed,a-
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If we perform the change of variables U*" = F _1C~2tmnc]~" {Veny where thnc contains only the
expansion of the coefficients ¢, of Q, we get

u" = Z eYi( e [qu(ky) ~9('1)]

71=1,2
e [qu (k) B + idhy (k) (01 B)]
+2% (g (k) B + idhy (k) (01 B) — @ (k) (03 BV)]

+O(E4)) + Mmiwed,a-

If we now dissolve the definition of B") we get

w =" Y e [qu(ky)BY)

7j=1,2
+e lau (k) (B} + 1B,V + iy (k) (015,

+e% [qu(ky)BY +iBVal? +iB

(2) (1) 1)y, (1) (1)
: 2ol @Bl - @

J J
gy (y)on [BY +iBOOW] — g1, (k) (02 BY)
+O(E4)) + Mmixed,a-

In conclusion, with the definitions

- . 1.
AP = (k) B + id (k) (@01 B1) = S (k) (97 B]Y),
O . o
Q7 =,
7 ._ g
=5
QY = 0 + iy, (k) (0101),

we get
u = 3" ei( e [AD] 4+ e? (AP 4 iaDad)
j=12

@) AWa@ L A@a0 Dy EpPYe)
+e% [AY AT +iAT 0 + (014;) 8 — S AT (Q57)7)

J

+ 0(54)) + Mmimed,ay (5.4.1)
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which becomes — when undoing the expansion — the extended two-pulse ansatz

Z Z ) X JI)E; + Myiged,o + c-c.
r=1j=1,2

EJ _ eikjw-i-iwl(kj)t-i-i 27":1,2 5TQ;T')(£37J_7I)’ X — ex, I o €2t,

X, =e(x+wi(kj)t+ E‘i’y)(ii%—ﬁz))'

Therefore,the interpretation of the quantities as given in Sec. 2.2 still holds!

5.5 Chapter Summary

We managed to give a separate description of the pure internal dynamics of the individual pulses and
the pure interaction dynamics between them in the context of a system that exhibits a multibranch
dispersion relation and features a double zero eigenvalue (which complicates the transformation to
“natural coordinates”). We were able to establish the following result.

Two pulses traveling on different carrier waves obeying the Maxwell-Lorentz system
Otu = 0*u+ 0Pp
9ip = —wip — d*u + yp’

with x,t,u = u(x,t),p = p(x,t) € R and wy,d,y € R, restricted to the subspace of solutions fulfilling

/R(E?tu) dx = /R((‘)tp) dz

can be approximated on the long time scale of order O(1/e%) by the ansatz

Z Z TA(T X T)E +Mmixed,a+C.C.,
r=175=1,2

I~ . ) . ~ ()
Ej = ethieticn k)b, 50 (& D) p = g2y

X, = e(w+ k)t + 8 (X5, T)).

and similarly for p®* if the envelopes Ay) fulfill

r—=1 (m)
" o G (k) Lm)
AT =2 B

and B](-T) fulfill the recursively solvable modulation system for internal dynamics

w” k o
0.8 =~ AR 4 vyl 25 B,

J 2
w” k W (k;j
8235»2) — 1(2 J)alB(z 1 ( )aiiBj(l) J\[mternal(Bj(fl))q§27

6
3 w// k 3 w'(k w(4) k;j 1 \7interna
6QB§): 1(23)813() 1((53)81 2) %%B})JFN&; l(B](,@)ng,
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and if the interaction quantities solve the following equations:

The carrier shift Q§-1) (see Fig.2.3) has to satisfy the ordinary differential equation

~ 1
0 = =650l B
J

The envelope position shift \ifg-l) (see Fig.2.4) has to satisfy the ordinary differential equation

81\1’51) o (68Jq/mq£3_ 7l 1 J]|B |2 + 65" (]Pq?_ J] [3—j]B§1_)ij(_1) + wlf(k?j)(&ﬂg-l)))-
J

The second order carrier shift and shape correction are described by the real and imaginary

part of Q§-2) which is given by

0P = 0P 1 i}y (k) (2:924")

where Q§2) fulfills

) ~ inter,Qg» )

W
819§.2) = 3(]\[2’]. (Béq) )q< + ( )(8 Q(.l)) B Z.(829?))).
J

J

Note, that the illustration of the interaction is exactly as for the cubic Klein-Gordon case!

This result would have been very hard (if not impossible) to achieve with the conventional z-space
method as described in Ch. 2 and, therefore, is something rather unexpected. However, using the
methods developed in Ch. 3 made the transfer fairly easy and transparent.
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6 Pulse interaction for nonlinear wave equations
with periodic coefficients

This final chapter demonstrates the “separation of internal and interaction dynamics” for a cubic
Klein-Gordon equation with periodic coefficients

Otu = 0*u + a(x)u + vyb(x)u? (6.0.1)

where x,t, u(z,t) € R and a, b are real, smooth, 2m-periodic functions with a(z) > a > 0 and b(z) >
b > 0 for z € R and some constants EL,Z; € R. The corresponding dispersion relation is depicted in Fig.
3.1. It features infinitely many branches. This completes the discussion of mathematical challenges
that can be encountered when dealing with pulse interaction in the setting of nonlinear wave equations.

The solution strategy for this setting resembles the one described in 3.3, but it really involves some
new elements.

1. Transformation to ‘“natural coordinates”. The derivation of modulation equations in x-space
can be quite hard to accomplish for equations with periodic coefficients. Hence, we transform
again the equation to its “natural coordinates” representation (3.1.1), i.e.

Vo =DV + Nu[V], neN,

for V.= (Vy)nenr with A" = N. The transformation will differ from the ones used in the chapters
before, since for equations with periodic coefficients Fourier analysis is replaced by Bloch analysis
(see [EaT3],[SR80] for a good introduction), which is a little more difficult to handle.

2. Formal derivation of modulation equations. In order to get the residual
= (f{evsn{f/})

small, we need to use the reasoning from Sec. 3.2.1. However, we will have to add an additional
step to our analysis before the expansion and truncation. This is due to the fact that the disper-
sion relation is periodic and, so, we cannot directly employ inverse Fourier transform (remember,
this is needed since the Fourier transform of the extended ansatz (3.2.10) cannot be computed
explicitly). Again, making use of the spectral concentration of pulses, we will cure this problem

Res{V} := (—atf/n DV + Nn[f/])

neN nenN’

by introducing a cut—off function and thereby define a residual f{\e/scm. This will then put us into
a position, where we can follow the usual path, i.e. following the example in Sec. 3.2.1 we expand
and truncate all I-dependent! terms in the residual and then employ inverse Fourier transform,
which yields the auxiliary residual Res that solely features x-space expressions.

Hence, we will have to make two things rigorous: First, we have to make sure, that the cut—off
does not produce significant errors, i.e. that formally

Res{V%} = Res"" {V"} + O(%),

!The spectral parameter is usually called ! instead of k in the context of Bloch analysis, we stick to this convention
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¢

where Res  is created by cutting off all [-dependent coefficients respecting the spectral con-
centration of the occurring terms. Furthermore, we have to show that the error introduced by
expansion and truncation can be neglected, i.e. that we have formally

Res{F{V¥"}} = FRes{V:2"} + O(&°),

where Res is defined according to 3.2.8. Note, that both reduction procedures really only make
use of estimates like in Lemma 3.2.2.

3. Approximation result. The justification proof will be very similar to the one in Ch. 1. As
opposed to the strategy from the last chapters, we will carry it out in x-space by using energy
estimates and Gronwall’s inequality.

4. Description of pulse interaction. The interpretation of U%"* will turn out to be exactly as in
the Maxwell-Lorentz case (cf. 5.4)!

Note, that this chapter is structured according to these four steps of the solution strategy.

6.1 Transformation to “natural coordinates”

This section merges the results from the work of K. Busch, G. Schneider, L. Tkeshelashvili and H.
Uecker from 2006 [BSTUO06] with the pulse interaction analysis developed in Ch. 3.

Applying Bloch representation for w, i.e.

1

u=u(z,t)= /2 a(l, x, t)e™ dl =: B~Ya}

S

we get
OFu = —Lyfa) + yb(x)u*®,  a(l,z,t) = a(l,z 4 27, t),
with the linear operator
Lifi] = =[(0, +il)* + a(x)]u

and the convolution

for the Bloch coefficients

i =l z,t) =Y a(l —n)e™ =: B{u}

nez

where 4 = F{u} is the Fourier transform.
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Intermezzo: Features of the operator L; and eigenfunction representation. For fixed [ the
operator L; is self-adjoint and positive definite in the space L?([0,27);C). Thus, for each fixed I
there are countably many eigenvalues A;j(I) > 0 with corresponding eigenfunctions f;(-,1) which form

a Schauder basis of L%([0,27); C). Furthermore, f;(-,1) are smooth in [ (cf. [BSTU06]).

Lemma 6.1.1. The mapping

P2 ((-5 ) H(0.20)) 50— 2 (-5, 5 20))

(lv ')7 fj(l7 ) >)j€N

IS N

u— (<
18 an isomorphism.

This leads to the eigenfunction representation of @ given by

u=u(l,x,t) Zujltf]lw (@) jen}

JeN
with
(j)jen = (41, 1)) jen = (< a(l, - 1), fi (1, ) >)jen = P{u}

and, hence, to equations for u; given by

Rty = —wity +v < b, fi(l,-) >, w; = wi(l) ==/ A;(0),

with j € N,l € [-1,1).

At this point we will use the scaled (see 4.1.1 for a motivation) and arranged variables Z; := (Z;1, Zj2)"
with

to arrive at

with

and the nonlinearity
Ni[(Z))jen] = Nil(Z))jen](D) = <b(O)PH(Zjn)jen ) fi(L ) >y

with the notation y = (0,1)7. . )
Finally, the diagonalizing transformation V,, := Q*Z,, where
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brings our system to the form

at n — Dn n+ n[(Vn)nENL (611)

with linear part

and nonlinear part

N"[(V")"EN] = Nn[(vn)neN](l) =

wjl(l) < b(.)(,P_l{(QVn)nEN})*za, fj(l, ) > Q*y

which has exactly the structure of (3.1.1), i.e. we brought the system to its representation in “natural
coordinates”. Hence, it is possible to make use of the formal analysis performed in Sec. 3.2.

6.2 Formal derivation of modulation equations
Suppose that we manage to construct a two-pulse ansatz yan . — (‘7]“") jen such that

”ﬁe/s{f/[m}”m( C1ygz(s)2) S Celt/?,

272
with

. <ﬁvesn{f/}> (6.2.1)

nenN

If we set

where we used the notation

T ) e 1= (2 = (550

T Y(Zj)jen} = (iij)jen,

to formalize the introduction of the variable Zj, which enables us to cast the second order equation
into a first order system, then we can conclude that

[Res{u™}|rrs = |G~ GRes{u"}| -
= |G~ 'GRes{G~ 'V} -
= 1|6~ Res{V*"} 1+
< |||g_1|||L2([—%,%);(l2(s))2)—>H5 [Res{V“" Hi 21 1y,2()2) (6.2.2)
< Cetl/? (6.2.3)
if G is bounded. To sum up, we can boil down the problem of diminishing Res{u®"} to

1. showing that |||g_1|||L2([—%,%)-(l2(s))2)—>Hs < C, for some C' > 0 and

3

2. diminishing the residual R\/es{f/‘m} of the “system in natural coordinates”.
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6.2.1 Estimate for the diagonalizing transformation

The boundedness of the diagonalizing transformation that brings our equation to its “natural coordi-
nates” representation is guaranteed by the following Lemma.

Lemma 6.2.1. The mapping G~ : L*([—1,1); (12(s))?) — H® defined by G~' := B1P71T-1Q is
bounded.

Proof. Clearly, 7~'Q does not cause any difficulties since it is merely a unitary transformation followed
by a projection. Furthermore, we have that the Bloch transform is an isometric isomorphism from
H*(R;R) into L?([—3, 3); H*([0,27); C)). Finally, the boundedness of P~! follows from Lemma 6.1.1.

O

6.2.2 Getting the residual small in natural coordinates

The remainder of this section is dedicated to diminishing the residual of the “system in natural coor-
dinates” defined in (6.2.1), i.e.

Resn{V} = —0,V,, + D, V,, + ]\7”[‘7], V= (%)jeN,n € N.

As already alluded to in the last chapters, we cannot directly employ the extended two-pulse ansatz
for the residual (6.2.1), since we cannot explicitly Fourier transform it (due to the appearance of
nested functions). In the last chapter, we could overcome this difficulty by making use of the spectral
concentration property of pulse solutions and subsequent inverse Fourier transformation, which brought
the residual to a form involving only x-space expressions, such that it was possible to employ our
extended ansatz (3.2.10). However, for the periodic case we have that the dispersion relation is periodic
and, hence, we first have to get rid of this periodicity of the [-dependent components of (6.2.1) before
we can employ the inverse Fourier transform. To this end we introduce a cut—off, which is tailored
according to the ansatz (we will see in a moment, what this means).

The cut—off. Suppose that '
80,0) = B(Ly)e 0L,
and that B € L?(s) (hence, ¥ has the structure of the Fourier transform of a one-pulse). Then we
define
w;-“t’ll(l) = x"w;i(l), 1ER,
where we used the notation
S
X = X5 i+5]
for the cut-off function to emphasize that the cut-off depends on the type of solution under consideration
(or, to be precise, its spectral content). If we choose sp — s > 5, this cut-off produces error terms
beyond the accuracy we need and is therefore negligible. In detail,

(w; @) = w5 )8 D) 2s)
= " |[(wj(h +eLy) = (h + eLy)) B(L) | L2 (s )

<ell? ( sup M(U\) sup ‘(1 — Xx_1(Ly) (1 + L) = 1Bl 2(s )
lel-33 Liek o
< g/ (sn=s), (6.2.4)

Using the above estimate, we can conclude the following
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Lemma 6.2.2. Let

Vi(l,t) = (Y Bj(Ly)e=i)t Z jo)e LT (1) = O(e%),n > 2,
j=1,2 =1
with 0 <e < 1,01 €R,L; Tj,LJ_ = % where || < % — 01, for some 61 > 0 independent of €

and B] € L*(s). Then for sp — s <5 we have
[Res (V") —Res,, " (V") a() < 0"/
for n=1,2, where Res{V} := (Resp{V }nen is according to (6.2.1) and
s, {V} i= =01V + DV + N2 (V) e,

with

. cut,ly,la
MCu cu Wwp 7 l 0 cu
DEt = D (]) o= ( . (0) gt ) ), ez ] Z —s gD wa(l),

and

N [(Vanen @) s= X s <OOPTH@QVahna)* X full,) > @y, 1ER

where x is now the usual convolution (!) and where v s a cut-off function, which “cuts out” the
areas around the wave numbers generated by the nonlinearity.

Proof. The proof only amounts to explicitly computing the residual and employing a cut—off function,

depending on the wavenumber where the resp. term is concentrated around. The assumption |I;| <

ig — 01, might seem quite random. Nevertheless, it is an assumption we need to keep the technicalities

on a lower level, since it ensures that all the higher order and mixed terms generated by the nonlinearity
11

— and consequently all concentration points — are within the interval [~3,5) and we do not bother

about keeping track, which branch the new frequencies really belong to. O

With this we are at a point where we can proceed as described in Sec. 3.2.1.

Expansion and truncation As explained in Sec. 3.2, we will have to use the spectral concentration
property and inverse Fourier transformation in order to be able to perform pulse interaction analysis
as in Ch. 2. Hence, we will again introduce the z-space residual Res for the formal derivation of the
modulation system.

——cut
Comparing our residual (ResZu Jnen to the residual from the example in Sec. 3.2.1, we see that each
¢
Resiu is very similar to the residual (3.2.3). The only difference is that the nonlinearity features also

a projection on an eigenfunction. In detail, we have

. i

27 - _
NV = 4575 < 5@ (B0 + 200 + )P O FT) d$> ( 3 ) |

However, this does not lead to major changes in the analysis that we have performed in 3.2.1.

Hence, if we assume that the pulses that we want to consider in the following have their spectral
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——cut
content in the first pair of branches wy, —w1, we carry out the analysis for Resiu exactly as we have
done it in the example of Sec. 3.2.1, i.e. expand and truncate. In the nonlinearity we also perform the
projection onto the eigenfunction.

——cut
For the rest of the residual, i.e. Res;u ,n > 2, we perform the expansion and truncation around the
wave numbers of all mixed and higher order harmonics (analogously to Sec. 5.2).

In summary, we introduce in the spirit of (3.2.7) the z-space residual
Res{V'} := (Res, {V})nen := (Dp[Va] + Np[V])nen,
and argue by the formal relation (3.2.8), i.e
Res{(F{Vi"Dnen} = FRes{(Va)nen} + O,
that it really suffices to come up with an ansatz that makes Res{V'} small.

We refrain from writing down all the technical details which lead to the definition of Res. The com-
putations are a straightforward extension of the ideas explained in the example of Sec. 3.2.1.

In summary, if we make an ansatz V%" such that
|Res, {V"}H o)z < C'2, me N,
we immediately get

HRes{fVa"}|’L2( _% %)( (s ))2) S 0611/2.

The extended modulation system. Consider the extended two-pulse ansatz

ver = @ v Vit = (Miied.a0 Miiged.a)m > 2, (6:2.5)
with
3 .
o t) = D D B (X T + Mg
j=1,2r=1

Xj =X +ew (1)t + 20 (X + e/ (15 ), 1),

Y=l +wlt+ Y V(X + e (155, 1),
1=1,2

X :=ex, T:=¢e%,

with the technical (but not really necessary) condition |l;| < 75 —d1 (see proof of Lemma 6.2.2), where
the mixed and higher order harmonic terms Mg, ., , = O(g3),n > 1, are according to Sec. 3.2.2.

Plugging this ansatz into Res{V "} gives the followmg extended modulation system:
The recursively solvable modulation system of internal dynamics equations

0,5 = i) g2 1) | jpternel (5(0) (6.2.6)
2 ‘w// l 2 zn erna
82Bj( ) = 4 1é])8%B]( ) é ) B 1) N t l(Bj('q))qS% (627)
"l m (4)
Z?QBQ(&) — _iwlé ])8%3](-3) W16( j)al ) w1 ( )51 ( ) + ]thernal(Bj(Q))q<37 (6.2.8)
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and the interaction dynamics equations

1 7 ~inter,Q(»1) 1
819§ )= le,j ’ (B?E_)j)a (6.2.9)
J
1 - inter,\ll(-l)
) = 5 (B usa + o (1) @07, (6.2.10)
2 1~ inter,Q(.Q) w”(l ) 1 ] 1
0,0 = D, N2 (BS”))qzt + =522 @R0) — i(@:05")), (6.2.11)

with D; := w/(lj) — w/(l3—;) and where the nonlinear terms are given by

21
\7interna 1 1
Nl’jt l(Bj( )) =3 <S(lj)/(; b(x)‘fl(ll,x)’4 dx) ‘Bj( )’27

~ inter,Q(»l) 1 2 1
(B :=6<s<zj> /0 ()| (01, @) Pl f1(l2, ) dx) BsY,
~ inter,\ll(»l) 2
Ny (B3) :=6<s<zj> /0 ()| 1 (12, ) (01 (1, 2)) fr (1, ) dw) 1By,
o M p)
+6 (4 [ ln0 PR do) BB
0
with s(l) := —ymi(l) where we used fi(—l1,z) = fi(l1,z). We refrain from specifying the other

nonlinear terms. Furthermore, we get an algebraic system of equations as described in Sec. 3.2.2.

Note, that we also get an infinite number of non-resonance conditions (as opposed to finitely many as
in 3.2.2, cf. [BSTUO6] for a discussion).

Lemma 6.2.3. Consider the extended two-pulse ansatz (6.2.5) where
B ec ([O,TO]; 30D+ A HSB_?’(T_I)(w)) s> 10w > 2,

fulfill the extended modulation system (6.2.6)-(6.2.11). Then for all Ty > 0 there exist ¢g > 0 and
C > 0 such that for all € € (0,e9) we have, if 1 < s < sp— 10, that

sup  ||Res{FV" 1 g2y < Ccell/2,
te[o,To/e2]H { Hize 3:3):(12()?)

and, thus,

sup  ||Res{u®||gs < Ce'l/2.
t€[0,To/€?]

Since the proof follows the proof of the respective statement in Ch. 5, i.e. Thm. 5.2.1, line-by-line,
we completed the second step of the solution strategy!

6.3 Approximation result

We are now ready to formulate the approximation theorem.

Theorem 6.3.1. Given the conditions of Lemma 6.2.3 for all Ty > 0 there exists g > 0 and C' > 0
such that for all € € (0,e9) we have

sup Jlu—GHV ™} gor < CET2,
t€[0,Tp /2]

where w is an exact two-pulse solution of the cubic Klein-Gordon equation (6.0.1).
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Proof. In contrast to the last chapters, the justification proof can be carried out in z-space. We can
follow exactly the proof of Thm. 1.2.1 from Ch. 1 with the slight modification the energy FE' is replaced
by

Ey(R) = /R a(2) B2+ (O R)? + (9, R)? dx.

6.4 Description of pulse interaction

In order to extracr information about the interaction of pulses for the original equation, we can employ
the exact same reasoning as for the Maxwell-Lorentz case in Sec. 5.4. Thus, we can conclude that with
the definitions

b

G
i

=

MN

=
L
=

1
AP = fi z],:c>B<3 +zf1<lg,x><alB<2>>—§ 1(,)(@Bf),

~5(1) . o1
95'2) = Q§2 —if1(lj, ) (019 0;")
() g
W=,

we get again an extended two-pulse ansatz

Z ZETAT X JI)VE; + Myiged,o + c-c.
j=12r=1

- . ) . ~(7)
Ej = elivtionl)trid,p e (X D) o — 22,

Xj - g(x + w&(lj)t + E\Pgl)(ig,_pz))-

So, again, we get the same qualitative interpretation of the interaction as described in Sec. 2.2 for the
constant coefficient case. However, the equations are at little more complicated.

6.5 Chapter Summary
This chapter completes the discussion of pulse interaction for equations exhibiting a multibranch

dispersion relation, by treating the case of a nonlinear wave equation with periodic coefficients whose
dispersion relation has infinitely many branches. Let us briefly summarize the outcome:

Two pulses traveling on different carrier waves that satisfy the cubic Klein-Gordon equation with
periodic coefficients

Otu = 0*u + a(x)u + vb(x)u?
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where z,t,u(z,t) € R and a,b are real, smooth, 2r-periodic functions with a(z) > @ > 0 and b(z) >
b > 0 for x € R and some constants a,b € R, can be approximated by

Z Z (r) (X, T)E; + Myized,a + c.c.,
r=175=1,2

E; = eiliztiw Ut+id, 1 o ETQ('T)(KS—J' vI) T 6275,

X, =c(o +wi(l)t+ 980 (X5, 1)),
if the envelopes Ay) fulfill

r—1 (m)
o _ A Nl ) Hom)
A= T

)

where the terms B](- satisfy the recursively solvable modulation system for internal dynamics given by

‘w// L 2T
0,BY = —z#(‘ﬁB}l) +3 <s<zj> /0 b(a)| fi (1, 2)|* dx) B;VP,
9 .w”(l-) 2 w///( ) zn erna
9B = _2%8%3} ) e O3B + Nyl (Bi) <,
e m (4) ; ]
823(3) _ —iwlél])ﬁfB](-?’) W (ly) B + wy (l”)8fBj(-1) + Nézternal(B(Q)

; b )g<3;
and the interaction quantities solve the following equations:

The carrier shift Q§-1) (see Fig. 2.3) has to satisfy the ordinary differential equation

_ 6Z 2
“’:E(s(lj) [ b )1 1) dx> BO P

The envelope position shift @&1) (see Fig. 2.4) has to satisfy the ordinary differential equation

i 21
00 = 5l (suj) /0 D)1 (I, 2) PO o (01, 2)) (1, ) dw) B P
21

+6 (40 [ HAG P 0 d ) BB + ol ) 010

The second order carrier shift and shape correction are described by the real and imaginary

(2)

part of ;7 which is given by

0P = 0P +igly (1) ()

where 95-2) has to fulfill

) ~ inter,Q(»z)

ang.Q) = 3(]\7 / (B:gq_)j)qgl +
J

27j

w// k ~ (1 ) ~ (1

71(2 1) (g20)) - i(30)).

In conclusion, the interaction behavior of two pulses with different velocities is again exactly as de-
scribed in great detail in Sec. 2.2. As already explained for the Maxwell-Lorentz system, this would
have been very difficult (if possible at all) to reveal with conventional z-space methods as described in

Ch. 2!
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7 Applications in nonlinear fiber-optics and
photonics

This final chapter indicates the consequences of our results for applications in photonics, a research
area which is concerned with harnessing light to transport and process information. The fascinating
thing about photonic devices is the fact that they provide the possibility to control and manipulate
light, which usually seems a quite unmanageable force.

7.1 Wavelength-Division multiplexing

The first application that we want to discuss belongs to the field of optical communication (for a good
introduction see [Has95], [Mol04], [Agr01]):

The transport of digital information through optical fibers can be realized by modulating a carrier wave
as depicted in Fig. 7.1. To ensure high bit rates while avoiding bit errors one has to tailor carefully the
shape and spacing of the pulses, since effects like dispersion and nonlinear interaction might distort
the pulse train.

The Maxwell-Lorentz system that we have discussed in Ch. 5 is a widely accepted model for light
propagation in a nonlinear material such as an optical fiber (see [SB07|,|JMR96], [Blo65]).

In the present work we have analyzed specific solutions for this system — multipulses. This is motivated
as follows:

Figure 7.1: Transport of the digital code 10110 by a modulated optical carrier wave through an optical
fiber

The performance of a single fiber can be improved by simultaneously using several carrier waves,
which are in this context often referred to as “channels” (see Fig. 7.2). This technique is called
“Wavelength-Division Multiplexing" (WDM). Again, due to the nonlinearity, pulses belonging to dif-
ferent channels interact, leading to further difficulties in adjusting the spacing between pulses.

The two types of disturbances that a WDM system can suffer from are

e Intrachannel interaction which describes the coupling effects between pulses belonging to the
same channel and

e Interchannel interaction which describes the coupling between pulses of different channels.
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Optic Fiber

High Speed

Branching Branching
Fiber Fiber

Figure 7.2: Multiplexing of several carrier waves characterized by their wavelengths (source [KVH])

In Ch. 2 we gave a detailed analysis of both interaction types and merged them to describe the
dynamics of a multipulse, which would correspond to the setting encountered for a WDM system.
Note that a multipulse as depicted in Fig. 2.6 describes the worst case scenario, where only '1’s are
being sent.

Concerning intrachannel interaction, we have managed to derive a condition involving the spacing of
the pulses and their localization strength which ensures that the pulse train remains undistorted for a
very long time period.

For the interaction between pulses of different channels we derived explicit formulas for the interaction
effects of leading orders, namely a shift of the carrier and envelope and a shape deformation. Fur-
thermore, we improved the bound on the envelope shift of O(1) (that one gets with a pure qualitative
analysis as illustrated in Sec. 2.2.1) to O(e). This indicates that the interaction is indeed very weak
and the pulse spacing could be chosen smaller as first anticipated.

In order to further optimize the WDM system, one might wish to set N = O(1/e*N) with ay large,
i.e. to have a large number of different channels. However, as already pointed out in Sec. 2.3.1 this
would lead to an increased envelope shift, and, so, the spacing between pulses would have to be chosen
larger. Hence, we see that there is a trade-off between the wish to increase the number of channels
and the wish to pack the pulses as dense as possible.

Both types of interactions have already been analyzed before, but in a different way (see [Agr01],
[Has95],[Mol04]).

7.2 Detection of standing light pulses

The second application that could benefit from our results comes from the field of "Photonics”, a
relatively young area of research that has gained immensely in importance over the last decade.

One of the main objectives of “Photonics” is the creation of devices that provide the possibility to
guide and manipulate light (“photons”) such that it can be used to process and store information —
the ultimate goal being ultrahigh-speed all-optical signal processing on a single photonic chip (see
[CUD] for a very nice animation).
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Figure 7.3: “Photonic Crystal” (source [KIT])

However, it is hard to find materials in nature that allow a complete control of light. Therefore,
many efforts have been made to artificially design new materials that are suited for photonic devices.
The most promising among these new materials are so-called “Photonic Crystals” which consist of a
periodic arrangement of materials with different dielectric properties (see [BvFLT07] and [Joa08| for a
good introduction). One of the most intriguing features of “Photonic Crystals” is that they are believed
to support “standing light pulses”, i.e. a pulse with group velocity zero. To be precise, the theoretical
prediction of this phenomenon has been already confirmed by numerical simulations, but it has, to this
day, not been observed in experiments. Hence, the question arises how one can detect such “standing
pulses”. It has been proposed in [TPB04] and [TNPBO06] that this detection can be realized by making
another pulse collide with the standing one. If the material has nonlinear features, the collision should
leave its traces on the pulses. The hope is that, on the one hand, the interaction is weak enough to
ensure that the moving pulse will not be destroyed, but, on the other hand, strong enough to ensure
that the parameters of the moving pulse have changed to an amount that can actually be measured.
This is exactly the scenario that we have described for a two-pulse solution in Ch. 6, where we treated
a nonlinear wave equation with periodic coefficients. As a consequence, the methods presented in
this work can be employed to derive a modulation system like (6.2.6)-(6.2.11) which could be used to
engineer a detection mechanism for “standing light pulses”!
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. The optical soliton in fibers presents a beautiful example
i which an abstract mathematical concept has produced a
large impact on the real world of high technologies.”

[Has95]
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