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Introduction

During the last decades the theory of solitary waves is an important subject in applied mathe-
matics and natural science. The theory plays a significant role in the study of nonlinear partial
differential equations. In this diploma thesis we analyse solitary waves in infinite cylindrical
domains. A solitary wave is heuristically characterised by the properties of

e spatial locality,
e constant shape and velocity

e and stability against small perturbations,
confer [16]. If the wave is additionally
e stable against scattering and collision among one another

the wave is usually called a soliton. A travelling wave! is defined by the properties of spatial
locality and of constant shape and velocity. These properties make solitary waves very special
compared to other waves which often dissolve and are unstable against perturbations.

Differential equations with accurate boundary conditions provide a mathematical description
of wave phenomena. In many cases solutions are given by wave packets. Dissolving wave
packets are a consequence of dispersion, i.e. the phase velocity depends on the wave length
and the different superposed parts of the packet move away from each other. However, a
nonlinear structure of the differential equations can compensate the dissolution and lead to
solitary waves under certain conditions.

The efforts to describe solitary waves with differential equations brought also new insights
in the study of nonlinear partial differential equations. For linear equations there are estab-
lished concepts and theories such as the Fourier method, which enable to prove and compute
solutions. However, the case of nonlinear differential equations is faced with much more diffi-
culties. The theory of solitary waves contributes many interesting ideas and aspects to solve
such nonlinear problems. This theory subdivides into many different subjects such as inverse
scattering method, symmetry and numerical study of nonlinear waves. Its foundation con-
sists of many branches of mathematics, confer [6], such as classical and functional analysis,
dynamical systems, topology, computational mathematics and differential geometry.

After John Scott Russell first discovered the phenomenon of solitary waves in a narrow channel
in 1834 mathematicians and physicists tried to explain this appearance, confer [16]. Roughly 60
years were needed until Korteweg and de Vries could introduce a nonlinear partial differential
equation

Ut + Uggr + 6uzu = 0,

!The notions of solitary waves, solitons and travelling waves are not uniform in the literature.
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which describes solitary waves on shallow water surfaces. Besides hydrodynamics more fields
of physics were found such as nonlinear optics and quantum theory, where solitary waves play
an important role. Moreover, there are examples of solitary waves in biology and chemistry
such as nerve impulses, bloodflows in arteries and chemical kinetics, see [15] and [16]. Since
the emergence of the theory of solitary waves mathematicians try to keep up with the desire
for an exact understanding of the phenomenon and for obtaining new ideas in the study of
nonlinear partial differential equations. Whereas some subjects such as small perturbations
are well understood there are still many open problems.

In this thesis the concept of exponential dichotomies is one of the major tools for proving the
existence of solitary waves in infinite cylindrical domains, confer [19]. For the study of dif-
ferential equations exponential dichotomies have become a promising subject. They describe
important properties of the solutions such as uniqueness and exponential decay. In the seventies
the notion of exponential dichotomies was introduced and applied to questions of asymptotic
behaviour for non-autonomous differential equations, confer [7]. In the first chapter we show
that exponential dichotomies can be successfully employed in conjunction with linear operators
which have unbounded spectra in both the positive and the negative half plane. Under certain
conditions such operators define analytic semigroups on subspaces of the underlying Banach
space. These semigroups lead to solutions of the considered differential equations which can
be characterised by exponential dichotomies. First, we discuss the case of a linear and au-
tonomous differential equation given by a possibly unbounded operator. Hereupon we perturb
the equation by a linear, non-autonomous but bounded part and obtain a roughness® theo-
rem for exponential dichotomies. At the end of the first chapter we consider some important
implications of the roughness theorem and analyse in particular the case of inhomogeneous
linear equations and nonlinear equations. To prove the results we use integral equations as
mild formulation for the differential equations and we show that Fredholm’s alternative applies
to the setting.

When we started with the thesis exponential dichotomies were only supposed to be a major tool
for the subject of solitary waves and we followed closely [19]. However, right at the beginning
we had critical concerns regarding major assumptions for the evolution equations. We came
to the conclusion that a certain resolvent estimate on the imaginary axis is not sufficient to
obtain some needed sectorial operators. After we had spent some time and had consulted the
authors of [19] and [15] we decided to change some hypotheses and to present the subject of
exponential dichotomies in a more detailed way. We also needed to correct some parts of the
proof of the roughness theorem.

However, the main issue of this diploma thesis is still the study of solitary waves which are
described by semilinear elliptic equations® with appropriate boundary conditions:
Uzz + Ayt + g(y, u, Uy, Vyu) =0, (z,y) € RxQ, ueR"™,
R ((u, ug, Vyu)|rxon) =0 on R x 0Q,

where R x €2 is an infinite cylinder with 2 C R™ open and bounded. In this context a solitary
wave is a solution h of the boundary value problem which satisfies

(0.1)

im h(z,y) = pe(y)

2Here, roughness has the meaning of small perturbations.
SAyu =30 8y Vyu = (2%, ..., 2w,

k=1 g2 9y1’ " Dy




uniformly for y € Q2 and for some functions p+. They describe the profile of travelling waves
u(x — ct,y) for parabolic equations

Up = Ugg + Dyu+ §(y, u, ug, Vyu), (z,y) € R x Q.

We suppose the existence of a solitary wave. In order to determine the wave numerically we
truncate the cylinder and adjust the boundary conditions. We examine whether the truncated
system has a unique solution close to h and we prove estimates for the truncation error.

An important idea of our procedure is rewriting the differential equation (0.1) to a first order
system of the form

0 ([ u u . 0 id
6:p<v>:A<v>+f(u’v) WlthAZ(_Ay 0 )

Here, A is a densely defined and closed operator and f is a smooth function. After having
merged wu, v into one variable, called u again, and after having added a real parameter u we
analyse differential equations of the form

d
= Au+ f(u, p).

The variable u is now an element of some function space which incorporates the boundary
conditions. A solitary wave solution corresponds to a homoclinic or heteroclinic solution which
we call h again.

In the second chapter we discretize the cross-section €2 by introducing the Galerkin projection

0
%u = AU + pr(uvﬂ)’ u € R(QP)’

where {Q,},>0 is a family of projections®. The projections (), map the function space in (2
onto a subspace that is typically finite-dimensional. We prove the persistence of a hyperbolic
equilibrium and of a homoclinic orbit under the Galerkin approximation. This theorem is
the main result of the second chapter besides statements regarding the truncated boundary
value problem and projection boundary conditions. For the proof of the results we consider
exponential dichotomies for the linearization

0

%fu = (A+ Dyf(h(z),0))v

and apply a version of the contraction mapping theorem.

In the second chapter we follow closely [15]. Again, we had to adapt some important assump-
tions in order to obtain the desired results. Furthermore, we had to correct and complete some
aspects of the proofs. In particular, questions of regularity had to be considered thoughtfully
such as joining solutions which are given on different semiaxes.

In the third chapter we consider a concrete numerical example in order to compare theoretical
and numerical results. We analyse a truncated boundary value problem with elliptic differ-
ential equations and projection boundary conditions. Since we use a Galerkin approximation

*Actually one applies the operators @, to a%“ = Au + f(u,pn) with u € R(Q,) and requires that A and @,
commute.
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with projections of finite-dimensional ranges we obtain a finite-dimensional system of ordinary
differential equations with two-point boundary conditions. For the boundary value problem
we use a solver which is based on a collocation method with a C'-piecewise cubic polynomial.
More details of the computations which lead to the finite-dimensional system of differential
equations are given in the appendix.

Further interesting issues are the case of time-dependent differential equations and the stability
of solitary waves. Moreover, a more detailed view on the aspects of regularity and on the spectra
of linearizations relating to the differential equations could be an interesting prospect.



1 Exponential Dichotomies

In this chapter we consider evolution equations with linear operators which have unbounded
spectra in both the positive and negative half plane. Under certain assumptions they define
analytic semigroups on some subspaces of the underlying Banach space. The notion of an expo-
nential dichotomy is the major issue of this chapter which describes important properties of the
solutions such as uniqueness and exponential decay. Exponential dichotomies also constitute
a primal tool for the following chapters. Exponential dichotomies were first used for ordinary
differential equations and applied to questions of asymptotic behaviour for non-autonomous
differential equations, confer [7] and [18].

First, we define exponential dichotomies for the general case of a linear, autonomous and
unbounded partial differential equation perturbed by a linear, non-autonomous but bounded
part. We consider the unperturbed situation in the first section. Here, the concept of sectorial
operators, analytic semigroups and fractional powers of operators plays the central role. The
following section discusses the case of a bounded perturbation and establishes a roughness
theorem for exponential dichotomies. In the third section we prove the roughness theorem
which occupies most of this chapter. The important ideas of the proof consist of integral
equations used as mild formulation of the corresponding differential equations and of employing
Fredholm’s alternative. Finally, we state in the last section some important implications of the
roughness theorem. In particular, we consider inhomogeneous linear equations and nonlinear
equations whose linear parts consist of the previously analysed differential equations.

We follow closely [19] but we prove the statements in a more detailed way and give some
important corrections. In particular, we have to correct some assumptions in order to keep
the desired theorems. The spectral properties of Hypothesis (H1) in [19] have to be sharp-
ened significantly to obtain analytic semigroups which lead to the existence of exponential
dichotomies.

Initial situation

Let
A:DA)CcX —-X

be a densely defined and closed operator on a reflexive Banach space (X, || - ||x). Let Z be
some Banach space and regard X! := D(A) as a Banach space with a norm so that there exist
continuous embeddings

X' Z—X.

Let J C R be some closed interval and let
B e C%J,L(Z,X))

be a continuous family of operators.
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First, we specify requirements for a solution of this equation. We focus on the cases with
J=R,J=R"and J=R".

Definition 1.0.1 A solution of (1.1) is a function u defined on J with the properties
e ueCYJ,XHYnCY(J,X),
e ucC%J 2),
e (1.1) holds as an equation in C°(J, X)

We also call the function u a strong solution of (1.1).

In the following we define exponential dichotomies of (1.1), which is the central subject of this
chapter.

Definition 1.0.2 (Exponential dichotomy)
The differential equation (1.1) has an exponential dichotomy in Z on the interval J if there
exists a family of projections { P(x)}yzes so that

P(z) € L[Z]), (P(z))*>=P(z), P(weC’J,Z) YweZ
and so that there exist constants’ C,n > 0 with the properties:

o Stability. There exists a unique solution u®(x;xg,w) of (1.1) for any xo € J, w € Z and
defined for x € J N [xg,00) with u®(xo;xo, w) = P(xo)w. The solution u® satisfies

||u®(; 20, w)|| 7 < Ce™ M=%l ||w||;  Va e J N [z, 00).

o Instability. There exists a unique solution u®(x;xo,w) of (1.1) for any xzo € J, w € Z
and defined for x € J N (—o0,xo] with u*(xo;zg,w) = (id — P(xo))w. The solution u
satisfies

[u (2 20, w)| |z < Ce M=%l |w||z  Va e J N (—o0, x).

e Invariance. For w € Z,

u’(z; 29, w) € R(P(x)) Va € JN[zg,00),
u(z;xo,w) € N(P(x)) Vze JN(—oo,xo.

Note that the initial value problem can only be solved uniquely in forward or backward time
direction if the initial data w is in a certain subspace. Otherwise, different initial data w can
lead to the same solution. Moreover, the solutions are marked by an exponential decay in the
corresponding time direction.

n all chapters, C is generally used to denote a constant determined only by the assumptions made on each
occasion.



1.1 A Class of Abstract Differential Equations

1.1 A Class of Abstract Differential Equations

In this section we consider the equation

0

—u = Au 1.2
o (1.2)

and analyse possible exponential dichotomies in X on R. Requiring certain sectorial properties
of the spectrum of A results in the existence of exponential dichotomies. Such properties are
taken into account by the following hypothesis (H1). Here, note the differences to [19] and
[15]. To formulate (H1) we need the definition of sectorial operators. Confer Appendix A.3.

Hypothesis (H1)

The operator A : D(A) C X — X is densely defined, closed and zero is an element of? p(A).
There exists a projection P_ € L[X] and constants § > 0,¢1+ € (0,7/2), M > 1 with the
following properties:

(i) [A7P]=0,

(i) Ay := (id—P_)A and A_ := —P_A are sectorial on the Banach spaces X := R(id — P_)
and X_ := R(P-), respectively,

(iii)
Sspe =N €C| ¢ < |arg(A —a)| <7, A # a} C p(Ax),

|(h = A YA€ S

M
1
) Moy < noo|

Moreover, one defines Py :=id — P_.

//

/

Figure 1.1: The resolvent set of A, contains S5 4, . A cross indicates an element of the spectrum
which is restrained by the lines starting from the origin. A similar situation holds

for A_.

In [19] and [15] the authors consider only the operator A and demand a resolvent estimate solely
on the imaginary axis. However, this does not suffice to make A4 sectorial and therefore does
not ensure the existence of analytic semigroups. That is why we sharpened the assumptions
relating to A in order to obtain the needed sectorial properties.

2p(A) is the resolvent set of A. We refer to definition A.2.2.
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Theorem 1.1.1 Under the assumption (H1) the operators Ay and A_ generate analytic
Semigroups

e AT = 1/ N+ A )7HdN, x>0,
2mi Jr,

e~ AT = i TN+ A )TN, z>0,
211 T_

on X4+ and X_, respectively. I'y and I'_ are contours in p(—Ay) and p(—A_) with arg(\) —
+0, and arg(\) — +0_ as |\| — oo for some 01,0_ € (%,ﬂ'), respectively. Furthermore, there
is some constant C > 0 so that

d

%efAiz = —Aje AT, He*Ai‘THL[XH <Ce % 1>0.

Proof These results are consequences of (H1) and Theorem A.3.3. |

Note that ¢ is a positive constant defined in Hypothesis (H1). Next, we define the interpolation
spaces X¢ and X®. Here, we need the concept of fractional powers of operators which is
explained in Appendix A.3.

Definition 1.1.2 We define for a > 0:
X¢:=D(AY) = R(AL"), X2%:=D(A%)=R(AZ"), X" =X{oX%

We also define the norms |[v||xe := [[v|[xe + [[v][x> on X and [|w[|e = [|w[|x, + [Jw[|x_
on X = X4 & X_. Here, ||[v|[xg := ||vL||xq, where v can be uniquely written as v = vy + v
with vy € X§, and ||w||x, = ||wx||x, where w can be uniquely written as w = w4 + w_ with
wy € Xa.

Remark 1.1.3 Theorem A.3.13 leads to X§ C Xy. Therefore, X4+ N X_ = {0} results in
X¢nXe ={0}.

In the following we consider the Banach space X = X @ X_ equipped with the norm ||-||e and
X! = D(A) equipped with the norm defined by ||v||x1 = ||[Asv||x + ||A_v||x, v € D(A).

Lemma 1.1.4 If a € [0,1), the canonical embeddings X! — X — X = X, & X_ are
continuous.

Proof This statement follows directly from Theorem A.3.13.
First, we show X* — X = X, & X_. Let v € X, then

vlle = [lvllx, +lvllx_ < Cllvllxg + Cllvf|xe < Cllvflxa.

Finally, we prove X! < X% Let v € X! = D(A), then

[lvllxe = [lvllxe + [Jo]lxe < Cllollx1 + Clollxr = C(||Ao]lx + [[A-vl[x) < Clloflxr. 1
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Lemma 1.1.5
Py € L[X?]

Proof First, we prove: v € X¢ = P_v € X%

Let v € X* = R(ALY) ® R(AZ®). Then there are wy € X with v = AT%; + AZ%w_. It
follows P_v = P_A"w; + P_A"%w_ = AZ*P_w_ from (H1), so P_v € R(A_®).

Finally, we obtain from (H1)

||P-||xe = sup |[|P-v||xe = wsup |[[A2P_v||x. = sup |[[P-A%v||x_
[[o]| xa <1 [[ol| xo <1 [[o]] xo <1
<|IP-[lgxy sup  [|AZv|[x_ < |[|P-llzxg- N
[[v]|xe <1

Now we summarise the main result of this section:

Theorem 1.1.6 Provided that the assumption (H1) is satisfied, equation (1.2) has an ex-
ponential dichotomy on any closed interval J C R in X. The corresponding projections
P(z) = P_ € L[X] are independent of x. For any xo € J and w € X the solution is given by
u® (2320, w) = e~ A= @20 P_w defined for x € JN[xg,00) and by ut(x; xo, w) = e~ A+@0=2) P gy
defined for x € J N (—o0, zg).

Proof Due to Lemma 1.1.4 the canonical embeddings
X'=DA) = Z=X"=X?pX*>X=X;0X_.

are continuous. The operators P(x) = P_, x € J, form a family of projections with P_ €
L[X%], P?2 = P_ and P(-)w € C°(J, X%) for all w € X°.

Stability: For any xop € J and w € X there exists a unique solution given by u*(z;zo, w) =
e~ A-(@=20) p_y for & € [29,00) N J. Consider e~4-(@0=20) P_y) = P_w and

[P_,A]=0

gus(x;xo,w) = —A_e A=) p gy = P A A0 p gy TN A A0 Py
x

= Au’(z; 0, w) VY € [xg,00) N J.

ue COJN (g, 0), XH)NCHJ N (xg,0), X), u € CO(JN |z, 00), X*) and the uniqueness can
be shown by using Theorem A.3.3 and the statements at the beginning of Section 3.2 in [11].
Moreover, u® satisfies

[ (@ 20, w)] [ xo = [le™ A== P_w|| o = [| A%~ A0 P_ug| [ = [|e™ = (=70) 4% P |

< [l A=) | x| A2 Pow]|x < Cem 70| PLw|| xa

< Ce o=l ||| xa  Vz € [2g,00) N J.
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Instability: For any xp € R and w € X there exists a unique solution given by u"(x; zg, w) =
e~ A+@0=2) Py for x € (—o0, x) N J. Consider e~ A+ @0=20) P oy = P w and

[Py, A]=0

gu“(x; xo, W) = A+e_A+($°_I)P+w = P+A6_A+($°_x)P+w _— Ae_A+(x°_”")P+w
x

= Au"(z; 20, w) V€ (—o00,z0] N J.

ue CO(JN (=00, x0), XH)NCH(J N (=00, x0), X), u € CO(JN (=00, 0], X*) and the uniqueness
are shown as in the case of stability. Moreover, u* satisfies

[[u(2; 20, w)||z = || AT e+ 0D Pru]|x,

—A — —_A _
< e M@0 | Ly JAS Przllx, = (e 00| || P2 xe
< Ce~Ole=20l|jy||;  Va e (—oo,xo] N J.
Invariance: For w € X<,

u (2320, w) = e A-ETIp_yy = p_e=A-@=20)p_yy € R(P_) Va € [mg,00) N J,

u(z; 20, w) = e @ Py = PLem A+ @072 p Ly e N(PL) Vi € (—oo, xo] N J.

Consider N(P_) = R(id— P-)=R(Py). |}

Corollary 1.1.7 Let A satisfy (H1), B = 0 and let u be a bounded solution of (1.1) on a
closed interval J C R. If there is some xg € J with P_u(z9) =0, then u=0 on J.

Proof Due to the properties of © and Theorem 1.1.6 we obtain
w(z) = e A+@D pyy(zg) = e A @0y (20),  x,x0 € J, 2 < xp.
We can continue u(z) with e~A+0—=%)y (), where z, 29 € R and = < z¢. This results in
(@) Lxe < Ce™0u(zg)|lxa < Ce™070) 54> g,

Here, we used sup,¢;||[u(z)||xe < oo. Because of e™"@0~%) — () as xg — oo for every = € J
we obtain u(x) =0 forallz € J. |

10
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1.2 A Roughness Theorem for Exponential Dichotomies

In this section we analyse exponential dichotomies for the perturbation

(rfxu: (A+ B(z))u (1.3)
of %u = Awu. For the notion of solution we refer to Definition 1.0.1. In order to obtain a
roughness theorem for exponential dichotomies we have to require certain Holder and com-
pactness properties of the operators B(z) and A, respectively, additionally to the assumptions
of (H1). Moreover, we have to introduce a uniqueness hypothesis regarding (1.3) and the
adjoint equation of (1.3). From now on we choose J € {R,R*,R™}. For the results of this
section confer [19].

The constant £ > 0 contained in the next hypothesis will be specified in the roughness Theorem
1.2.1 for exponential dichotomies.

Hypothesis (H2)
There exist a € [0,1), 9 > 0, z, > 0 and® S, K € C%?(J, L[ X%, X]) so that

B(z) = S(z) + K(x), [IS(@)l|rixex) <€
for € J and K(z) =0 for all z € J with |z| > z,.

The constant ¢ has to ensure a small perturbation for all sufficiently large x so that important
resolvent properties will be kept. Moreover, we note that (H2) results in

sup || B(2)||zjxe, x] < .
zeJ

For some needed compactness properties we require (H3) or (H4):

Hypothesis (H3)
A~ is a compact operator in X.

Hypothesis (H4)

There is a Banach space Y with Y < X compact so that K € C%?(J, L[X®,Y]). Moreover,
the restriction of A to Y is a densely defined and closed operator A : D(A) C Y — Y which
satisfies (H1) with X replaced by Y.

In this thesis we will restrict to (H3) and refer to [19] for applications of Hypothesis (H4).
These applications include semilinear elliptic equations on R x R™ with localized solutions
u(z,y) which are marked by an exponential decay in |y| uniformly in z. Finally, forward
and backward uniqueness of solutions of equation (1.3) is assumed on the interval J. The
continuation of exponential dichotomies from a strict subinterval of J to J itself seems to
require this assumption.

Hypothesis (H5)
The only bounded solution of (1.3) or its adjoint equation

E= (A +B@))E e X' (1.4

3Holder spaces C™? are defined in Definition A.1.4.

11
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on J with «(0) = 0 is the trivial solution u = 0.

The main result of this section is given by the following roughness theorem for exponential
dichotomies.

Theorem 1.2.1 (Roughness theorem for exponential dichotomies)

Let J = RT and let (H1) be satisfied. Choose 1 so that' 0 <n < §. Then, there exist positive
constants g and C with the following properties: Assume that (H2), (H5), and either (H3)
or (H4) are satisfied for some € < eg. Differential equation (1.3) then has an exponential
dichotomy in X% on J = R with rate 1.

Moreover, the corresponding projections P(+) are Holder continuous in J = Rt with values in
L[X®] and E® := R(P(0)) is uniquely determined. The statement

weFE = w=P.w+ P (S)+ Ko)w (1.5)

holds for some operators Sy € LIX*] and® Ko € K[X®] with ||So||pjxe] < Ce. Furthermore, for
any closed complement E* of E* there exists a unique exponential dichotomy so that R(P(0)) =
E? and N(P(0)) = E". In particular, there exist closed complements of E*.

An analogous theorem holds for J = R™. In the next section we prove the roughness theorem
and in Section 1.4 we consider some important implications.

5 is defined in (H1)
P K[X] is the set of compact operators on a normed vector space X, see [26] section II.3.

12



1.3 Proof of the Roughness Theorem

1.3 Proof of the Roughness Theorem

At the beginning of the proof we consider an integral equation of the evolution operators
u®(x; x0,w) and u"(x; o, w). This integral equation constitutes a mild formulation of (1.3)
which is equivalent to the strong formulation. Here, the strong formulation is given by Def-
inition 1.0.1. Having proven the equivalence we use the integral equation and Fredholm’s
alternative to construct the subspace £* = R(P(0)) which includes the bounded solutions of
(1.3) on J = R*. Hereupon we choose a fixed complement E* of E*. Then we prove that the
mild formulation has a unique solution® (u®(-, ), u"(:, zo)) for any fixed xo > 0 which meets
u*(0,z9) € E". We conclude the proof by showing the strong continuity and the semigroup
properties of these solutions. In this section we follow closely [19].

Mild Formulation

Definition 1.3.1 (Mild Formulation)
The integral equations

e~ A-(E=m) p_yy
oo
= u®(z,x0) + e AT P_u*(0,z0) + / A+ @) P B(o)u® (0, 20)do
x
o

_/ 6A—(ZEU)P_B(U)us(gjxo)do‘—i—/ e A~ p_B(o)u" (0, z0)do,

x0 0
for x> x>0,

(1.6)
6A+(x_x0)P+w
7} _ —A_xz U - ‘ Aty (z—0) u
=u"(x,x9) — € P_u"(0,x0) / e P, B(o)u"(o,x¢)do

o
0 oo
—|—/ e A== p_B(o)u" (0, x0)do —/ e+ @) p, B(o)u® (0, 3)do,
@ o
for x9g>x>0
with w € X* are called the mild formulation of %u = (A+ B(z))u. A solution (u®,u") of the
integral equations is an element of C°([zg,00), X¥) x C°([0, 0], X*) and satisfies (1.6).

Lemma 1.3.2 The mild formulation is well-defined.

Proof We show exemplary that

/ eA+@=) P, B(o)u® (0, x0)do

xT

exists in X¢ for every x > 9 > 0. Theorem A.3.3 and A.3.13 yield

R(eA+®=9))y © D(A) = D(Ay) = XL c X¢

STn this section we write u®(x, zo) = u*(x; zo,w) and u®(z, o) = u(x; zo,w) if we can avoid confusion.
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1 Exponential Dichotomies

because of o € [0,1). Furthermore, it follows’

/ |le*+@=9) Py B(o)u® (0, 20) || xodo
s/wwwqumwmmmwwmmme@mwmw
<c / A% e~ A+E=D)|| L ydo

< C/ (0 —2) %)y

R
C oo
< li _ o\1l—a, —d(c—x) / _ N\l—a, —d(c—x)
_CRl_{réo[ _a(a x) e x+(1—a)5 ’ (o0 —x) % do
<CI'(2-a)
< 00

for every x > 0 from 1 — a > 0 and Lemma A.3.9. Note that C' depends on «. |

We will conclude that the solutions (u®, u") of the mild formulation are the evolution operators
which are given in the definition of exponential dichotomies. Furthermore, we will show that
the projections of the exponential dichotomy are determined by P(z)w = wu®(x;z,w) and
(id — P(z))w = u*(x;x,w). The operator u*(0;0,-) is given by the choice of the complement
E*. Note that we cannot use the contraction mapping theorem as a major tool for the proof
since the integrands of (1.6) are not small. This is a consequence of (H2) which does not
exclude large values of the norm of the operator B.

Lemma 1.3.3

(i) If (u®,u") is a bounded solution of (1.6) for some w € X%, then u®(-,zy) and u"(-,z¢) is a
bounded solution of (1.3) on J = [xg,00) and J = [0, z¢], respectively.

(i) If u'(-) and u*(-) are bounded solutions of (1.8) on Ji = [r9,00) and Jo = [0,z0], re-
spectively, then u'(-) and u*(-) are bounded solutions of (1.6) with u®(x,zo) = u'(z),
ut(z,20) = u?(x) and w = u'(xq) + u?(xo).

Proof (i) Suppose that (u®,u") satisfies the mild formulation (1.6) for some w € X®. This
results directly in (u®,u%) € C°([zg,00), X¥) x C°([0, 0], X*). The Hélder continuity of B
and Lemma 3.5.1 in [11] yield (u*,u%) € C1((z0,00), X) x C1((0,10), X). Differentiating (1.6)
with respect to x results in

;Uus(z,xo) = (A + B(z))u*(z,20),

i, 20) = (A+ Bla))u(x,a0).

"The Gamma function is defined by T'(x) = [t e e

14



1.3 Proof of the Roughness Theorem

Because of

Au (e, w0) = (2, w0) — Blau (2, 70) € € (a0, 00), X),
Au(z, x0) = ;Uu"(x,xo) — B(x)u"(z,x0) € C°((0,20), X)
we obtain (u®,u*) € C°((zg, ), X1) x C°((0,z¢), X1), too.

(i) We assume that u!(x) and u?(z) are bounded solutions of (1.3). At first, we show that u!

and u? are also solutions of
X

ut(z) =e~ A=) Pyl (z) +/ e~ A== p_B(o)u'(0)do
o
- / A+ p. B(o)u! (0)do, > xo,
v . (1.7)
u*(z) =e AT P_u?(0) + eA+ @20 Py (20) + / A+t~ P B(o)u?(0)do

Zo

T
+/ e A== p B(o)u?(o)do, 0< <z
0
Defining

vi(z) = e_A*(x_IO)P,ul(xo) +/

e_A(x_U)PB(U)ul(U)da/ eA+@=)p. B(o)u! (0)do
x0 x
yields
;xvl(x) =—A_e A2 p_yl(zg) + P_B(z)u' () — / A_e == p_B(o)u!(0)do
zo

+P+B(x)u1(x)/ ALeM =P B(o)u! (0)do
=Ae~A-@=20) p_y ! (z0) + B(x) +A/ -@=)p_ B(o)u!(0)do

—A/ AT p. B(o)u! (0)do

=Avy(z) + B(x)u'(x).

Because of -2 sul(z) = Au'(z) + B(x ) L(z) we obtain C%(u —v1)(x) = A(ut — v1)(x). Thus
n:=u' — vy is a strong solution of -2 5.1 = An with Pyn(zo) = n(zg). Corollary 1.1.7 results in
2

n =0 on RT. Therefore, u! is a solution of (1.7). The proof for u? is similar.
Now we set w = u'(xg) + u?(z0), v(z,20) = u'(z) and u*(z,r9) = u?(x). Considering
u®(zo, x9) = w — u"(zo, x0) we obtain from (1.7)

us(x,azo)—/ e_A(x_U)PB((T)US(O',QJ())dO'—F/ e+ P B(o)u® (o, zo)do

0 x
+ e_A*(z_wo)P_u“(xo,:Uo) = e A-E=20) p 4,
u™(z, x0) / A+ p. B(o)u(o, azo)dUJr/ e A~ p_B(o)u" (0, z0)do
) T

e AT P (0, o) + e+ @70 Py (20, 20) = e Py,

15



1 Exponential Dichotomies

It follows from the equations®

o
/ e A== p_B(o)u"(0, x0)do = e A~ T Pyt (20, 20) — e AT P_u™(0, x0),
0

/ M@= Py B(o)u® (0, x0)do = —e M+ @770 PLy® (g, x0)

x0

that (1.8) is the mild formulation (1.6). |}

Construction of the stable eigenspace

Now we determine the initial values for which we obtain bounded solutions of (1.3) on R*.
Therefore, we set g = 0 in the integral equations. In the following steps we omit xy = 0
in u® and u". As we analyse the case of initial values with u*(0;w) = w we set v*(0) = 0.
Considering this in the mild formulation (1.6) yields

~ .S
Yoz = Tox )

oA (1.9)
Piw = —/ e 7Py B(o)u’(o)do,
0

where
(Tou®)(z) := u®(z) —/ e~ A== p_B(o)u*(c)do +/ A= p. B(o)z®(0)do, x>0,
0 T

(Gow)(z) == e A2P_w, x>0,
The following definition deals with the spaces in which we will solve (1.9).

Definition 1.3.4 For a fized constant n € [0,0) and xo > 0 we set

2= {u e (20,50, X% ¢ llull, = sup = ue)l |y < .
xr>x0

(1.10)
2 = {u € CO([0,20], X*) : [Jullzn == sup "™ 7|Ju(w)||xa < oo},

0<zx<zo

where || - ||z and || - [[2u are norms. We also set 23, 1= 23, & 2.
Lemma 1.3.5 ¢o: X — 2§ is bounded and R(po) is closed.

Proof Let w € X%, then
| Gowl| 2 = Sli%{emlle_A*‘”P—Wlea} = Sg}g{em(lle_A*xP—Wlez + e Powl[ xe)}
x> Tz

= sup{e™|[A%e =T P_w||x_} = sup{e||le AT A° P_w]||x_}
>0 >0

8 Antiderivatives of the integrands are given by =4~ (#=9) p_y¥ (0,2z0) and eA+(z_”)P+uS(cr, Zo), respectively.
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1.3 Proof of the Roughness Theorem
< sup{e||e” 7| x| A% Powl|x_} < sup{e™Ce*?||P_w]|x=}
x>0 x>0
= ngg{e_x(é_”)HP—waa} < ONP-[[pixel|wllxe < Cllw||xa.
=z
Now we show the closedness of R(¢g). Let (vp)nen C R(@o) converge to v € 2. We must

prove v € R($p). Because of v, € R(po) there exists w, € X* with v, (z) = e A-rp_q,, for
each n € N. Moreover,

v(z) = lim e AP _w, Vzel0,00).

n—o0

In particular, there exists w := v(0) = lim;, oo P-w, € X®. Consider P_ € L[X?]. Since
e~4-7 is a continuous operator, we obtain

v(z) = e A% lim P w, = e AP = (go)(z) Vze[0,00). [

n—odo

For the following lemma recall the definition of a Fredholm operator and confer Definition
A.2.15

Lemma 1.3.6 Ty is an element of L2 and Fredholm with index zero.

Proof We can write TO =1id + I1 + I» where I; and I, are the integral operators

(Lhu®)(z) = — /0 ’ e A== p_B(c)u’(c)do,
(Iu®)(z) = / h A+ p, B(o)u®(0)do.

We will now show that I; = S; + K for j = 1,2 such that [[S;[|f[2;) < 1/4 and Kj is compact
for j = 1,2. It follows that id + .57 + S is invertible, and hence Fredholm with index zero. If
we add the compact operators K; and Ky the Fredholm property is preserved with the same
index, see Theorem A.2.16. Along the way we obtain Ty € L[.2;].

We decompose I; = S§1 + K1 with

g < et P B oan rsa
(Kyu®)() —{ (e=a") [ = A-("~0) P_ B(o)u* (o) do, x>,
. 0, x < zx*,
(S1u®)(x) = { e e~A-@=9)P_B(o)us(0)do, T 2>z,

for any 2* > 0. The operators S; and K; map % into itself because Siju® and Kiu® are
continuous at x = z*. Due to hypothesis (H2) and Lemma A.3.9 we have
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1 Exponential Dichotomies

[[S1u®l| 2 = Sli%{emHSlus(fﬂ)llxa}
e_A*(x_U)P,B(U)us(U)‘

X
< sup {e”z/ da}
IZI* xT* X«
X

< C su / A% e~ A-(z=0) B(z a u® ad }

< { oy 250 (B @} o ()] oo

<C SBP* {eﬂm/ (z — U)—ae—é(x—o‘)e_na‘|u3||3£f0sd0'} ~s;1p* {IB@)||pixe,x1} (1.11)
<Csup { [ (o= o) e 0k sup (1B @l 0} ol

(z—a")(-n)
< Csup { / o6 - n)“‘ldt} sup {I1B@)lepxe 0} 1ol

x>x*

< OT(1-a) sup {IB@)]|pxo,x ) 1ul] 2

For large x* and € > 0 small enough we have ||.S1|[ 1 25 < %. Here, ¢ of the roughness theorem
is, inter alia, specified.

Next, we show the compactness of K;. First, we restrict Kju® to the interval [0,z*] and
K1ljp,2+) denotes the restriction. The proof depends on whether hypothesis (H3) or (H4) is
met. We only handle the case of Hypothesis (H3). For (H4) confer [19].

First, we show that K|+ maps 2§ continuously into C%#([0, z*], X**%) for some small
k > 0. Because of Lemma A.3.9 and estimates similar to those in (1.11) (Kju®)(z) exists in
XoT* for all 0 < x < z* and for some small £ > 0. The Holder continuity is also a consequence
of Lemma A.3.9:

(K1) () = (K1) ()] xoss

@ §
= ’ - / e~ A== p_B(o)u*(c)do + / e~ A~ p_B(o)u(0)do

:
H/ ~a=9) P B(o )t (o)do

on+l<

€
/ (e_A*(E_U) — e_A*(”"_‘T)) P_B(o)u’(o)do
0

"

X(JH»K Xa+f<;

13
<C’/ x—o0) (a+”)da+

[ [

< Oz — )+ 4 Oz — )" / "Aﬁ*’“‘e‘A*@_U)P_B(a)us(o—))‘ do
0

(id —e A _5)) e~ == p_B(o)u®(0)do

Xa+n

ld—e ))AO"L“* =) p_B(o)u ()HXida

X_

13
< Ol — €)@ 4 Oz — gy / (€ — o) dg
0

<C(x—-¢)"

for 0 <& <z, |z —¢| <1 and for some small x > 0.
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1.3 Proof of the Roughness Theorem

Hereupon we prove that the canonical inclusion X*% < X is compact:

Due to (H1) we have 0 € p(A.) and so it exists A7' on X . Moreover, A=t = A7'P, on X,
and A;l is compact on X :

Let (up)neny € X4+ be bounded. Since Ajrlun = A;1P+un = A ', and A~! is compact
the sequence (Ajrlun)neN has a convergent subsequence. In the same way one shows the
compactness of A~ on X_. Finally, the compactness of the above inclusion follows from the
Theorems A.3.10 and A.3.13.

Now we show that the compactness of X" «— X% and Arzela’s Theorem A.2.7 result in the
compact embedding C%* ([0, z*], X***) — C°([0, x*], X¢) :

Let F C C%%([0,2*], X*T*) be bounded, i.e.

(*) s .. s *
Sup || f|lco.otn (0,0, xotm) = sup & > (10 Flloo (oo, xotey + Y Holarw(0°f,[0,27]) p < o
fex FE7 | js1<0 |5=0

Therefore, {f(z)|f € F} is bounded in X' for all z € [0,2*]. Because X“** is compactly
embedded in X the set {f(z)|f € F} is relatively compact in X¢ for all x € [0,2*]. The
equicontinuity of F is a consequence of

a+r ya see (%)
If(@) = fWlxe < Cllf(@) = fWllxess < C;lelgHflIcoaa+~([o,x*],Xa+“>‘5”_y|a_ﬁ-
Considering

Kl : 25 208 €0 ([0, 27, XO+H)

compact
—

Cc°([0,2*], X)
we see that Kilj -+ 1 £y — 2§ is compact.

Finally, we define the bounded operator

{id 0<ux<ua*

A2 ) p <o (1.12)

Since K is the composition of K|y .+ with the multiplication operator (1.12) we obtain the
compactness of K7. |

The following subspace includes all initial values which lead to a bounded solution on R*.

Definition 1.3.7

E* = (Ty M (R($0)))(0) = {w € X* : Fu® € Z§ with u®(0) = w and Tpu® = Gow}.

This subspace is closed as Tp is Fredholm and R(gp) is closed.
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1 Exponential Dichotomies

Lemma 1.3.8

dim N (P-|p ) = dim N(Ty) = codim R(Ty) = codimyea (P_E®) = k*

for some k* < c0.

Proof At the beginning we prove dim N (P_|, ) = dim N(Tp). Define the linear map
F:N(Tp) = N (P-|g.), u*() — u*(0).

F is well-defined, i.e. Fu® =u*(0) € N(P_|,) for all u* € N(Tp):

Let u® € N(Tp), then it follows from Tou® = 0:

u®(0) = — /000 e AP, B(o)u*(0)do = P_u*(0) = 0.

This results in Tou® = 0 = e~ 4~ P_u*(0) = Bou®(0) and so u*(0) € N(P_|gs). By the way we
obtained another term for F'u®:

Fu® = u®(0) = — /0 h e 7P, B(o)u®(0)do. (1.13)

F is continuous due to « € [0,1):

[P xa 27

' /0 b e 7P, B(o)u®(o)do

X«

< [ 1145 g 1Pl B e e e () oo

(o)
g/ Cooe 07|y || e do
0
< Cl[u’]] 2
F is injective:
Fub =u*(0) =0 %) ws =0 = N(F) = {0}.

F' is surjective:

Choose w € E* = (T5 ' (R(¢0)))(0) = {w € X* : Fu® € 2y with u*(0) = wand Tou® = Gow}
with P_w = 0. According to the construction of E° there is a u® € 2y with u*(0) = w and
Tou® = @gow. Therefore,

P_w:0:><ﬁ0w:0éfous:0:>usEN(TO)éFuS:w.

We can now conclude that there is an isomorphism between N(Tp) and N (P_| Es)' So the
first equation is valid.

The second equation dim N (Tp) = codimR(Tp) is valid because Ty is a Fredholm operator with
index zero.

20



1.3 Proof of the Roughness Theorem

To verify the last equation codim R(Tp) = codimxa (P_E*) one chooses a complement V_ of
P_FE®in X%, i.e.

X¢=V_@ P_FE*.
Because of the construction we obtain gow & R(T o) for all w € V_. Hereupon we define
G:V_— Z5 by w— pow = e~4-*P_w. This map is injective:
Let wy and wy be arbitrary elements of V_ with G(w;) = G(ws), i.e. e 4T P_w; = e 4~ P_wy.
For z = 0 it follows P_w; = P_wy and finally w; = wy because of wy,ws € X% C R(P-).
As G maps the complement V_ of P_FE? in X% one-to-one into a complement of R(Tg) in 2,

we obtain )
codimye (P_E?®) < codim R(Tp) = k. (1.14)

In the following we consider the adjoint equation
0
&= —(A'+ B@))E e (X)) (1.15)

The previous results apply also to the adjoint equation. Let £ and u be arbitrary solutions of
(1.15) and £ u = (A + B(z))u, respectively. Then®

8‘1@@), u(z)) = <aaxf(x),u(x)> + <§(x)7 aaxu(fc)>

(—(A"+ B(z))¢(2), u(x)) + (§(x), (A + B(x))u(x))
0.

(1.16)

We now claim that any bounded solution £ of (1.15) satisfies (£(0),w) = 0 for all w € E*:
Because of w € E® there exists a v® € 2§ with u*(0) = w and Tou® = @ow. It follows from
(1.16) that (£(x),u®(x)) is constant. Moreover,

()
1(€(0), w)| = [(€(0), w*(0))| = [(§ (@), v’ (2))| < |[§(@)]|Lixexy [|u® (@)l xe < Cllu’(2)]]xa
< Ce ™[|u’|[ 2 — 0
for  — oo. For (*) consider that £(z) is a bounded linear functional.

We define E¥ as the subspace of (X’)* which consists of initial values £(0) of bounded so-
lutions for (1.15). We can apply the previous arguments to the adjoint equation and write
(X)* = (X")T & (X'). Using above arguments again yields

oo > dim N (P

Ef) = k™ > codimx) (PQ.E:) .

o
+

Since we have proven above that E; annihilates F*, we can conclude

k* = dim N (P,

® dim{(6_,0) € (X)* ® (X)% : (E_,w_) = OVw_ € P_E®}

D codimye (P_E®) < k.

ps) S dim N (P’+ (consider E; C Annih.(E?))

Ju—_—

9(.,-) denotes the dual pair, see Definition A.2.8.
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1 Exponential Dichotomies

For (x) consider that no elements of the kernel of P/ has a contribution in the (X’)$-direction.
The requirement ({_,w_) = 0 for all w_ € P_FE?* is sufficient because any P;-direction of an
element of E* will be annihilated anyway by an element of (X')*. (1) is a consequence of the
Hahn-Banach theorem, see Theorem A.2.14:

As P_ is a projection and E* is closed P_E? is also closed. Furthermore, codimxe (P_E®) < k
due to (1.14). Therefore, X*/P_E? is finite-dimensional and its dimension equals the dimen-
sion of (X%/P_E®). Finally, Theorem A.2.14 leads to (x).

If we employ the same argument for the adjoint system and make use of the reflexivity of X,
we obtain

K = dim N (P’J E) = k=dimN (P_|.)
k=k* < codim(x«ya (P{E]) <k* <k.

@
+

We have strict inequality if and only if dim N(P-|g.) > codimxa (P-E®). |1

Existence of u*(;xg, w) and u"(-;xo,w) for fixed z

To construct solutions u®(-;zg, w) and u“(-;xg,w) for fixed zy we have to include a fixed
complement E* of the stable subspace E°. Therefore, choose any closed complement E* of E*
in X% with

codimye (PLE") = dim N( Py |pu) = k" < oo. (1.17)

We outline the following exemplary construction of E":
Because of codimye (P_E®) < co and dim N(P_|gs) < 0o, see Lemma 1.3.8, we can choose
closed complements E* of P_E*® in X¢ and EY of N(P-|g.) in X§:

E'® P E°*=X% E"®N(P_|)=X% (1.18)

E'"=FE"® E! C X ® X is then a complement of £ in X satisfying (1.17) with " = k*
where k® appears in Lemma 1.3.8. This can be shown by

codim s P E* = codimyg EY. "2 dim N(P_|.) | k* = codimye P_E° "2 dim E¥

= dim R(P-|gu) = dim N( Py |gu ) = dim N( Py |g.) = k" < o0

Lemma 1.3.8)

Other complements can also be considered, confer [19].

Definition 1.3.9 Let E be a closed subspace of X®. One defines

E . _ s . u s u . u
Lo = A(wu") € 20 & 2, u'(0) € B}
Remark 1.3.10 2.2 is a closed subspace of X5 & 2.
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1.3 Proof of the Roughness Theorem

Definition 1.3.11 For fized xo > 0 let

(Tyou)® () :=u’(x) + e~ A= P_u*(0) +/ eA+@=) P, B(o)u®(0)do x> x
o

—/ e‘A(“f_")P_B(O)uS(J)dJJr/ e == P_B(o)u"(0)do,
z0 0

(Tpou) () :==u"(z) — e A= P_u"(0) — / A+ @) P B(o)ut(0)do x9>x >0
o

0 o
+ / e~ A-G=0)p_ B0t (0)do — / A+ @) P, B0V (0)do

o
and
(Peyw)®(z) := e A=E20p 4 2>20>0, we X,

(agw)*(x) = M PLw, o> >0, we X"
Lemma 1.3.12 ¢,, € L[ X¢, %x)o(*] holds for any xo > 0 and with bound independent of x.
Proof See proof of Proposition 1.3.13. [ |

Proposition 1.3.13 If T, is considered as a map Ty, : %fgu — %{f* the operator T, is an
isomorphism for any fived xo > 0. Moreover, the bound of Ty, is independent of xg.

Proof At the beginning we show T, is well-defined, an element of L[.2,F" %‘2{*] and bounded

o ?
independently of x:

0 00

€_A+UP+B(O')uu(O')dO'—/ e~ 7P, B(o)u®(0)do

zo

(T (0) = u?(0) = P-u(0) - [
0 0o
= P, u®(0) — / e 4+ P, B(o)u(o)do — / e~ 7P, B(o)u®(0)do

Zo o

is an element of X . Furthermore,
Tl s = 11Ty, + (Tl
Consider ||(Ty,u)®| |ggzso :

(Tl 2

= sup {7 ||(Tyu)* (@) x= }

r>x0

< |[u’ll, + sup {eW‘m) (He‘“Pu%omXa + / et =P B (0))| . do
T =T0 X

X(!
xX
<
o

e_A*(9[”_U)P,B(U)us(cr)‘‘XCY do + /Oxo e_A*(m_U)P,B(J)u“(U)HXQ dcr> }
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1 Exponential Dichotomies

o0
<uusuxs+cuu“\|xu+sup{ n(w—0) / |agetee=|| e ]|, do
X

r>x0
4 na—0) /
Zo

—i—e"(x—%) /zo
0

o0
<||u8|us+cr|u“||fu+sup{ * [ o @)y eI o do
x

r>x0

LIX4]

Aa_e—A, (z—0)

—n(o—z0)(|,,5]| , .
‘qu Ce "= [u¥|| 4y do

A(ie—A,(cc—U)

=N1@0=0) ||, 4| e
L[X_]C’e [|u ||ggzoda}

xr
+el” / (z = 0) "% Ce™||u|| 5 do
X

0

)
+ e 2n%0 / (x — a)*ae*‘s(‘f”*")Ce”"Hu“\|5gx16 da}
0

<l + Cllatllg, + sup { [ (0 = ayee 0 0l

r>x0

T o
+ / (& —0) % =0 do Cljuf|| s + e 077 / (x—0) """ N do C|[u|| 2 }
x 0

0
< llu’ll,

"] g + COT(1 = a)llu’ll oz + CT(L = a)[[u’]| 2y

)
+ sup {/ (z — U)_O‘e_(x_")(é_")daC’Huuﬂggx%}
0

r>x0
< |lu*ll2z, + Cllu”|l2p + CT (1 = a)[|[u’l| 2 + CT (1 = a)l[u’|| 2 + CT(1 — a)|[u’|[ 2
< O, u)|| g v

We emphasize that C' can be chosen as a constant which does not depend on zy. In a similar
way one can show H(Tg,;ou)”H;gf#0 < CO|(u®,u™) too. Finally,

we can conclude
1 Twoull 5xp = [(Tagu)*ll 2, + [|(Teow)* [l < Cll(w”, u)l g5
with C' bound independent of zg.

Hereupon we prove the statements
(a) N(Tx,) = {0},
(b) Ty, is a Fredholm operator with index zero for B = 0.

(a) Let (u®,u") € N(Ty,) C Z.F" be arbitrary. Adding the equations (T u)*(zo) = 0 and

(Typou)(x ) 0, see Definition 1. 3 11, we obtain u*(zg,z9) = —u®*(zo,xo). Therefore,
s | u(z, o), 0<z <z
u’(z,0) = { —ut(z,30), w0 < < 00 (1.19)

is continuous. We can show Tp(@®,0) = ¢o(u*(0,0)) = po(u*(0,20)) considering the definition
of Yg,:
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1.3 Proof of the Roughness Theorem

Because of
To(a*, 0)(x)
@ (,0)+ [° eA+ @) p, B(o)i*(0,0)do — o e~ A-=9)pP_B(¢)u*(0,0)do, >0,
| - [T e 7Py B(0)u¥ (0, 0)do, r=0,
wo(a”(0,0))(x) = @o(u"(0,20))(x)
B e~ A-TP_u*(0,29), 0<uz,
1 Piu*(0,z0), x=0

the corresponding equality follows from Ty, (u®,u*) = 0, (1.19) and from distinguishing the
cases T < xg and = > xg.

Due to (uf,u") € ZE" we get @°(0,0) = u*(0,z9) € E*. Moreover, @*(0,0) € E* since @° is a
bounded solution of (1.6) at xyp = 0. That is why a°(0,0) is zero as E" is a complement of E*
in X“. Finally, Hypothesis (H5) yields @°(z,0) = 0 for all z > 0 which implicates (u*®,u") = 0.

(b) For B = 0, Ty, (u®,u®) = (g%, g%) € L " yields
(Tuyu)*(2) = u(2) + e =" P_ut(0) = ¢°(2),  (Toyu)"(2) = u"(z) — e =" PLu™(0) = g"(x).

—  Puu(z,x0) = Pyg®(z,x0), P_u®(x,z0) = P_g*(x,20) — e T P_u"(0, 20),

1.20
Pout(z,z0) = Pyg®(x, x0), P_u"(z,x0) = P_g"(x,z0) + e A= P_u®(0, z¢). (1.20)

Note that the Py-contributions of (u®,u") and (¢°, g*) must coincide.
First, analyse the dimension of the kernel of T,,. So let (¢°, g*) be zero and find (u*,u") € 22"
with Ty, (u®,u™) = 0. It follows from (1.20)

P+’LLS(.’E,$O) =0, P,US(JI,.CL'()) = _6_A7$P*uu(07m0)7

Pout(z,20) =0, P_u"(z,20) = e =T P_u*(0, z0).

Therefore, for any u"(0,zg) € E" with u"(0,z9) € P-E" = N(Py|g.) we get a unique solution
of (1.20) in 2,F". According to (1.17) dim N(Py|p.) = k" < co.

Finally, we consider the dimension of R(7%,) for B = 0. We can solve (1.20) for any (¢°, ")
provided Py g¢"(0,xz¢) € Py E" which defines a subspace of %g* of codimension k%, see (1.17).

As in Lemma 1.3.6, we can even conclude from (b) that T3, is Fredholm with index zero for
any perturbation B which satisfies (H2) for sufficiently small e. We decompose Ty, according
to

Txo = F;to + Ka:m

where F, is the above contribution of T, with B = 0 and K, consists of the integrals of T%,.
Having proven the compactness of K,, we see that T, stays Fredholm with index zero.

Finally, we conclude that T, is onto and one-to-one. By Theorem A.2.17 the operator 75, is
continuously invertible. |

Lemma 1.3.14 Let (u®,u") € 2" be the unique solution of Ty, (x*,2") = @pow where xg > 0
and w € X% are arbitrary. Denoting the solution by (u®(x;zo,w), u"(x; xg, w)) one obtains the
identity

u®(xo; xo, w) = w — u"(zo; o, ).
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1 Exponential Dichotomies
Proof Adding the two equations

o
(Tugt)* (20) = u* (s 70, 2) + €~ A=™0 P_u" (05 70, 2) + / A+ Py B(o)u* (03 0, 2)do

zo

xo
+/ e~ A== P_B(o)u" (020, 2)do = (p2,2)* (x0) = P-w,
0

0
(Tou)" (o) = u"(z0; o, 2) — e~ A= P_u(0; 20, 2) +/ e~ A== p_B(o)u(c; 20, 2)do

Zo

B / 6A+($0—U)P+B(g)us(a; xg, z)do = (@xoz)u(xo) = Pyw

0

yields the assertion of the lemma. |}

Proof of the roughness theorem for exponential dichotomies

The following spaces and maps are similar to the previous ones but g is not fixed any more.

Definition 1.3.15

2 :=ueCUD* X« |lul|gs = sup e u(a, z0)||xe < 00 p,
(z,z0)€D*

2= e DX ¢ lullye = sup (e, 0) Lo < oo
(z,z0)EDY

with D® :={(x,x9) : * > 29 >0} and D":={(z,x0) : o >z > 0}.

Definition 1.3.16 For E C X“ closed subspace one defines

2F ={wu) e Z°a 2" : u*(0,z0) € EVYxo > 0}.
The following definition takes (1.6) into consideration:

Definition 1.3.17

(gpw)s(xw/xO) = e_Ai(z_xO)P*wv (xal‘ﬂ) € Ds7

(ow)(x, xo) 1= AT P L, (z,20) € D™
Lemma 1.3.18 ¢ : X* — 2%+ is a bounded operator.

Proof See Lemma 1.3.5. |}
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1.3 Proof of the Roughness Theorem
Definition 1.3.19
T(u®,u")(x, z0)

= u(z, 20) + e AT P_u™(0, z0) + / eA+@=9) P B(o)u® (0, z0)do
o

—/ 6A_(xU)P_B(O')us(O',II?())dO'—i-/ e A-@=p_B(o)u"(0,z0)do, (z,x0) € D?,

xo 0
T(u®,u")(x, o)

= ut(x, 20) — e AT P_u(0, z0) — / e+ P B(o)u (o, x0)do

o

0 [e.e]
+/ e*A—(“*”)P_B(U)u"(U, wo)do _/ 6A+(’”*”)P+B(a)us(a, xo)do, (z,x0) € D"

o
Lemma 1.3.20 T : 2 F" — 27X+ is an isomorphism and continuously invertible.

Proof The well-definedness and the continuity of 7" can be proven in a similar way as in the
proof of the Proposition 1.3.13.

Next, we show N(T') = {0}. Choose an arbitrary v € N(T'). Then u(-,x0) € N(Ty,) for any
xo > 0 and u(-, z9) = 0 by Proposition 1.3.13. This leads to N(T') = {0}.

Hereupon we prove that T : Z'F" — 27X+ is surjective. Proposition 1.3.13 states that there
is an unique family u(-, o) that meets Ty u(-, z9) = @z, w for any fixed 29 > 0 and w € X,
The equation Tu = @w holds for u € 2 F". In the following we must prove the continuity of
u(+, o) in xog and the exponential decay of u(-, zp) uniformly in z.

Let (u®,u") be the unique solution of
Ty (u”, u") = @row (1.21)
which is denoted by (u®(x; zg, w), u"(x; xo,w)). In the following we will prove the statements

(a) Invariance and semigroup properties:

u’(x;o,u’(0; 20, w)) = u’(x;z0,w), x>0 >z, u(r;o,u'(c;ze,w)) =0, o<z x

0
u(z;0,u"(0; 20, w)) = u (2320, w), <0 <x0, U (T;0,0°(0520,w)) =0, 0> 0.

(b) Continuity:
u’(+ -, w)and u"(+; -, w)are continuous.

(c) Exponential decay:

||u® (2 0, w)|| xo < Ce™M#720l ||| xa, 2 > 0,

||u (25 20, w)|| xo < Ce M=%l ||w||xa, 2 < 0.

Proof of (a),(b) and (c):
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1 Exponential Dichotomies

(a) We define w := u*(o; xg, w) for ¢ > x¢ and

() = (w50,0) = ' @ 0w 050 w), 20 .
v (z) = u(z;0,0) = u(x;0,u’(0; 20, w)), x <o '
Then (v*,v") = (u®,u™)(+; 0,W) results in T, (v®, V") = p,w, i.e.
e A== p iy = (T,(v°,v")*(z), =>o, (1.23)
AP = (T,(0%,v"))(z), z<o. '

Here, (T,v)® and (T,v)" are the components of Tov in 25 = 27 & 2.
= u(0; 0, w) and (T, (u®,ut))*(0) = e~ A-(@=20) P_q lead to

'LD_

o
e~ A-(=m0) p 4y e*A‘”P_u“(O; xo,w) — / efA_(Ufp)P—B(P)UU(ﬁ xg, w)dp
0

N A (1.24)
— [ I B o, w)dp+ [ eI B(o)u s, w)dp

o

If we substitute (1.24) into (1.23) we obtain

xo
e—A, (I_mO)P,lU — / e_A* (m_p)PfB(p)Uu (p, xo, w)dp
0

- / e~ =P P_B(p)u® (p; w0, w)dp
xo

(1.25)
+ e AT Py (0; 20, w) + (Ty(v*,v"))* (),

T > 0o,

0= / @) Py B(p)ut (ps a0, w)dp + (Tr (v, 0"))"(2), @ < o

Because Ty, is invertible equations (1.25) can be uniquely solved when (v®,v") are considered
as unknowns. We already know the unique solution by (1.22). Moreover,

(z) = v’(x;20,w), x>0,

vS
1.26
v(z)=0, z<o (1.26)

is also a solution of (1.25).

Putting (1.26) into (1.25) leads to

e~ A-(@=m) p_yy

0 o
= / e =) P_B(p)u"(p; xo, w)dp — / e =) P_B(p)u* (p; w0, w)dp
0 o

+ e AT Pyt (0; 20, w) + (T)(v%,v"))*(2)
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1.3 Proof of the Roughness Theorem

g

zo
= / e =P P_B(p)u*(p; w0, w)dp — / e =P P_B(p)u* (p; zo, w)dp
0 x

0

o
+ e TP (0; 20, w) 4 u® (2320, w) + e TP 0+ / e+ P Py B(p)u (p; w0, w)dp

T

- / e P P_B(p)ut (p; o, w)dp + / e PP B(p) - 0dp
P 0

xo
— u*(a; 20, w) + e~ P_u(0; 20, w) + / e~ A=) P_B(p)u" (p; o, w)dp
0

oo

_ / e~ A~@=0) P_B(p)u® (p; w0, w)dp + / M TP Py B(p)uf (p; w0, w)dp

xg T

This equation coincides with the first one of T, (u®,u") = pz,w, see (1.21). The uniqueness
of the solution results in two of the four identities in (a). Similarly one can show the two
remaining identities.

(b) We compare the solutions u(-,z¢ + h) and u(-,zg) for small h. Choose h > 0 and w € X
with ||w||xe = 1. For h < 0 one can proceed in similar way. We define

U}SL(Z') — Us(x,xo—}—h), $0—|—h§l’,
w—u(x,xo+h), xo+h>x> 10,

vp(x) = u(x,x0 + h), x < xp.

Considering Lemma 1.3.14 we see that v} is continuous at & = xo+ h and therefore v, € 22"

The key for the proof is the assertion that

1Teovn = Tao s o)l yx < o(1) (1.27)

2,

is met for some function o(1) with o(1) — 0 as h — 0. Since Ty, is continuously invertible, see
Proposition 1.3.13, we obtain

[lon = u(:, @0)l] g = [Ty Togvn — Ty Tegu(, 20)l| 2 < Cl|Trgvn — Twgu(-, o)l x4
0

where C'is a positive constant independent of h. Due to (1.27) we obtain ||vp, —u(-, )| |£xEOu —

0 for h — 0 what proves statement (b).

Proof of (1.27):
Consider Ty +nu(-, o) = @uo+nw. To compare Ty vy, with Ty u(-, zg) we compute Ty vp,. For
z < zg we have
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1 Exponential Dichotomies

(Tagvn)" ()

= o(z) — e AT P_ul(0) — / ’ M@= P B(o)wl(o)do

zo

0 00
+/ e~ A==V p_B(o)v (J)da—/ eA+@=) P, B(o)vj (0)do

0

= u"(z,x0 4+ h) — e TP u"(0, 20 + h) — / e+ @) P B(o)ut (0, zo + h)do

zo

0 oo
+/ e~ A-@=9) P B(o)u (U,:Uo—i—h)da—/ A+ @) P B(o)j(0)do

o
= u"(z, 20 4+ h) — e TP u"(0, 20 + h) — / A+ @~ P B(o)u (o, 2o + h)do
xo+h
zo+h 0
/ A=) p. B(o)u(o, zo + h)do +/ e A== p_B(o)u"(o,z0 + h)do
0o zo+h
/ =) P, B(o)u (0, 20 + h)do —/ A @) P, B(o)(w — u (0, 30 + h))do
0+h zo
zo+h
= (Lo + W)@ = [ AP B0 o0+ b

@
xo+h
- / A+ p. B(o)(w — u"(o, x0 + h))do

zo

Y (g nw) () + 0(1)

= eA+@2=h Py + 0(1),

where (x) is a consequence of

zo+h xo+h
/ eA+(I*U)P+B(g)uu(U, xo + h)do + / €A+(zia)P+B(0)(w —u"(o, 20 + h))do

0 zo

@ u
JO

x

zo+h
/ A+ P B(o)wdo

24
h
I e x0+ Ar@-0)p g
= Ssup e . B(o)wdo
0<z<Lzo Ya
Io—l—h
sup {Cen xo—1) HAieAJr (z—0) da}
o O<a:<a:0 LIX]
mo—l—h
S Ssup {Ceﬂ xo—1) (U o x)—ae—é(g_z) da}
O<x<xo
zo+h zo+h
< sup {Cemo 1 —a) Yo — :L‘)l_o‘e_‘s‘f} — o / (1—a) o — )= b7 do’}
O<x<x0 z0 0

—0 as h—0.
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1.3 Proof of the Roughness Theorem

In a similar way we obtain for zg + h <
zo+h
(Tegtn)*(@) = (Lapsnuleszo + 0)*(@) = [ AP Bo)w  u?(o,0 + h)do

o

zo+h
_ / e A== p_B(o)u"(o, 30 + h)do = e A=@20"M p_y 4 o(1)

zo
and for g < x < x5+ h

(Tpyvn)®(z) = w — (Tygsnul(-, 20 + h))"(z) — / ’ e A== p_B(0)(w — u*(c, 20 + h))do

o
zo+h xo
+ / A+ p, B(o)wdo + / e~ A== p_B(o)u"(o, 0 + h)do

= w — eA+@T=RI Py 4 o(1).

If we summarise the inequalities we get

(Tryon)* () = (Tegul-20))' (2) = (Tryon)* (@) = (o) (@) = (Trgon)'(&) = =A== Pow
C—A,(m—ro—h) (P_ — e_A*hP_)w + 0(1); x> w0+ h,
w— 6A+(f‘7_x0_h)P+w —eA-(E—m)p_ 4y 4+ o(1), xo+h>z>x,

(Tagvn) (@) — (Tao@(+, 20))" (%) = (Taovn)* () — (Paew)*(2)
= eA+@=z0=h)p 4y 4 o(1) — e+@=m) p oy

= A+@=20) (= A+hp P+ 0(1), < .

This results in assertion (1.27).

(c) We show the first estimate. Considering x > zp > x* for some z* large is sufficient
since one can use u®(x;xg, z) = u®(x;z*, u®(z*; z9,w)) for x > 2* > ¢ and the boundedness
of u®(x;xp,2) on x,z9 < x* to obtain the general result. On the smaller interval [z*,c0)
the operator T is continuously invertible since we can write T' = id + I for some operator I
which is small in norm on [z*,00). Confer also [19]. The latter can be achieved because B
is small on [z*,00), see the proof of Lemma 1.3.6. Finally, this yields uniform exponential
bounds of u*(x;xg,-) for z > xog > z*. In a similar way one can show ||u"(z;zg, w)||xo <
Cez=ol| ||| xa for z < zg.

(b) and (c) result in the surjectivity of T because (u®,u*) € 2°F": (b) yields u® € C°(D*, X¢)
and u® € CO(D¥, X). (c) yields ||u®|| s = sup { "0l ||u®(z, z)||xo : (z,20) € D*} < 00
and ||u"|| 2w := sup {e”'x_‘vo‘ﬂu“(az,xo)ﬂxa : (z,20) € D"} < 0.

We can now conclude that T is an isomorphism and continuously invertible. The latter is a
consequence of Theorem A.2.17. |}
Finally, we can construct the exponential dichotomy employing the previous lemma. At first

we must specify the family of projections {P(x)},cr+ with the demanded properties:

P(z)w = u®(z;z,w), = €RT we X, (1.28)
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1 Exponential Dichotomies

where u is a solution of Tu = pw.
P(x) is a projection on X“:

(P(z))*w = P(x)P(z)w = u®(z; z, P(z)w) = v’ (z; 2, u’ (z; x, w)) @ u’(x;z,w) = P(z)w.

P(x) is bounded:

(9)
[P(@)wl|xe = |lu* (@32, 0)||xe < Ce™ M| w]|xa = Cl|wl|xe.
Moreover, P(-)w = u*(:;-,w) € C°(RT, X%) because of the continuity property (b).
In the following we have to show the properties stability, instability and invariance that char-
acterize an exponential dichotomy, recall Definition 1.0.2:

e Stability. There exists a unique solution u®(xz;xg,w) of (1.1) for any zg € RT, w € X®
and defined for x € R N [z, 00) with u®(zg; zo, w) = P(zo)w. The solution u® satisfies

| (25 o, w)|| xo < Ce™ 720l || xa V€ RT N [zq,00).

e Instability. There exists a unique solution u“(x; xg,w) of (1.1) for any zg € RT, w € X
and defined for x € R* N (—o0, zg] with u*(zo; zo, w) = (id — P(x¢))w. The solution u*
satisfies

||u (2 20, w)]| | xo < Ce M=%l |y||xa  Va € R N (—o0, zo).
o Invariance. For w € X,

u®(z; 0, w) € R(P(z)) Va € R N[z, ),

u"(z; 0, w) € N(P(z)) Vo € RT N (—o0,x].
Consider that u is a solution of Tu = pw and that (id — P(z))w = u"(z;z,w) is well-defined
because of Lemma 1.3.14. The estimates follow from (c) in proof of Lemma 1.3.20. To show
the invariance properties we choose arbitrary =,z € RT with 2 > 29 and w € X®. Defining
W = u®(z; xo,w) € X leads to

Pla)i = u* (@32, ) = u* (50, u* (@i 00, 0) 2 w*(@3:20,w) € R(P(2).

Similarly one shows u“(x;xg,w) € N(P(x)) = R(id — P(x)) for x < xo with x, 79 € RT.
According to E* = {w € X® : Ju® € 2§ with v*(0;0,w) = wand Tou® = Pow} and

u®(0;0,w) = P(0)w we get E* = R(P(0)). So E* is uniquely determined. (1.6) and equation
(3.20) in [19] lead to

w € E* = R(P(0)) = w =u°(0;0,w)
= (pw)*(0) — P_u"(0;0,w) — /000 e~ 447 P, B(o)u®(0; 0, w)do

o0
=P w-— / e~ 7P, B(o)u®(0; 0, w)do “pw + P (So + Ko)w
0
for some operators Sp and Ko in L[X?] with |[So||zjxe) < Ce and Ky compact. Consider
that u"(0;0,z) = 0 holds and that (x) has been proven in Lemma 1.3.6. Confer also [22].
This completes the proof of the roughness theorem. The next section deals with important
implications of this theorem.
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1.4 Implications of the Roughness Theorem

1.4 Implications of the Roughness Theorem

In this section we will outline some important implications of the roughness theorem. Confer
[19] and [15]. The following statements and the roughness theorem itself are major tools for
the next chapters.

Let J € {R,R", R~} and recall Theorem 1.2.1, Definition 1.0.2 and Hypothesis (H1), where
{P(z)}zes and P_ are specified. It is a consequence of the roughness theorem that the space
R(P(0)) = E* is close to R(P-) up to factoring a finite-dimensional subspace of E*. This leads
to the following corollary which can easily be proven by employing the characterization of the
stable subspaces in Theorem 1.2.1.

Corollary 1.4.1 Let A and B(z) satisfy the assumptions of Theorem 1.2.1 on J = R™ and
J =R~. If P(z) and Q(x) are the projections of the associated exponential dichotomies on
RT and R, respectively, the intersection R(P(0)) N R(Q(0)) is finite-dimensional.

Corollary 1.4.2 Let A and B(z) satisfy the assumptions of Theorem 1.2.1 on J = R™ and
suppose

IB(@)||pxe x) < Ce™ ™ vz eRT

for some positive constants C' and 0. Then, the rate n appearing in the roughness theorem can
be chosen from the closed interval [0,0] and the estimate

|1P(z) — P-[|gxa) < C (6_25$ + 6_6$> Vz € RT

holds for some C' > 0. An analogous statement is true for J =R™.

Proof We take only complements E" into account which satisfy (1.17). Under the condition
that B(x) decays exponentially it is straightforward to prove that the right hand side of (1.6) is
well-defined and an isomorphism from the spaces 2 F" to 2%+ even for n = §. The asserted
estimate of the corollary is a consequence of

P(x)w = v (z;z,w) = (Tpu)*(z) — e A= P_u"(0; 2, w) — / e~ A== p_B(o)u"(o; 2, w)do
0

+/ A+ p. B(o)u® (0 x, w)do.
Considering the assumption |[B(x)||p(xe x] < Ce™% for x > 0 and (Tpu)*(z) = (p,w)*(z) =
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1 Exponential Dichotomies

P_w we obtain

||P(z)w — P_wl||xa < He_A*”P_u“(O;x,w)HXa + ‘

/ e~ A== p_B(o)u"(o; 2, w)do
0

Xcz

a

/ M@= p. B(o)u® (o z, w)do

XOL

(%) @
< Ce 0% |w|| xa 4+ C / (z — o)~ e 0@ =07 1@ =0) 4 | luy| | o
0

+C / (o —2) e =) 07 c=10=2) 4o | || | xa

)
< Ce” e 4 e=0%)| |l | xa.

(%) follows from
/0 e A=) P_ B0y (o ) | odo
< [ ame A=y ClBo i, w)l o
< /Ox Cla — )~ 2| B(0)|| ypxe x)|[u" (03 2, w)| | xado
< /Ow Oz — o) e 0@ n@=0) gy
and (f) from

y 00
0< / gt le ™y < / g7 e ™4z =T(1—a) < oo, y>0,0<a<l. |
0 0

The previous corollary includes the expected behaviour of P(x) converging to the projection
P_ as z — oo. In the following theorem we give a characterization of equations which have
exponential dichotomies on R.

Theorem 1.4.3 Let the assumptions of the roughness theorem hold for J = R* and J = R™.
Then uw = 0 is the only bounded solution of the differential equation 6%u = (A+ B(z))u on R
if and only if the equation has an exponential dichotomy on R.

Proof At first we assume that %u = (A + B(z))u has an exponential dichotomy {P(x)}.cr
on R. Then any bounded solution u meets P(0)u(0) = u(0) due to the boundedness of u on
RT. Consider that u(0) is an element of the stable subspace E* = R(P(0)). In a similar way
we obtain P(0)u(0) = 0 due to the boundedness of v on R™. Hence u(0) = 0 which results in
u = 0 because of (H5).

Conversely, we suppose that u = 0 is the only bounded solution of a%u = (A+ B(x))u on R.
We can write the mild formulation (1.6) in the form

T u=¢ ¢ xcRY,
Ttu=¢t¢, xzeR™,
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1.4 Implications of the Roughness Theorem

where TF and ¢ are the right and left hand side of (1.6), respectively. Furthermore, we
call the associated projections of the exponential dichotomies {P(z)},cr+ and {Q(x)}icr-,
respectively. As %u = (A + B(z))u has no bounded non-trivial solution we obtain

R(P(0)) N R(id - Q(0)) = {0}.

Hence R(id — Q(0)) is a complement of R(P(0)) so that we have an exponential dichotomy
on R* which is associated with projections {P(z)},er+ and with R(P(0)) = R(P(0)) and
N(P(0)) = R(id — Q(0)). Moreover, there is an exponential dichotomy on R~ where the
associated projection at x = 0 is again given by 15(0) This results in the continuity of the
projections at x = 0 and therewith in an exponential dichotomy on R. [ |

The next theorem is taken from Lemma 3.3 in [15] and compares the evolution operators for
different equations. Because the formulation in [15] has a certain lack of precision we had to
change it slightly.

Theorem 1.4.4 Consider equation %u = (A + B(x))u and require the assumptions of the
roughness theorem for J = R*. Moreover, let a second differential equation be given by

o _
5,0 = (A+ B(@))v,

where B € C%Y(R*, L[X®, X]). Then, there are constants C,1n9 > 0 so that the estimate

sup 1B(x) — B(@)||11xe,x] <7

for some n < no results in

Sl;ISHP(ﬂC) — P(@)||ppxe,x) < Cn,

where P(z) and P(z) are the corresponding projections to the differential equations.
Proof Confer [15] and [11]. |}

Previously we analysed u®(x; 2, w) and u"(z; xg, w) for fixed w € X. Now we consider w as
a variable and stress the operator-point-of-view what is more associated with the semigroup
theory.

Definition 1.4.5 For w € X and x, xg € J define

D% (z, xo)w := v’ (z; 0, W), T > X0,

Uz, xo)w 1= u'(z; 20, w), = < .

Theorem 1.4.6 Let A and B(x) satisfy the assumptions of the roughness theorem on the
interval J = RT. Then the following statements hold for x, xo € J with x > x¢:
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1 Exponential Dichotomies

(i) ?°(xz,x0) has a bounded extension to X with ®°(x,x) = P(x) and the equation
&% (x,0)P% (0, xp)w = &°(z, xo)w
holds for all o € [z, xo] and any w € X.

(ii) For fized 0 < 3 < 1 the evolution operator ¢°(z,xq) is strongly continuous in (z,xo) with
values in L[X7].

(iii) For any 0 <=, B < 1, there exists C > 0 so that &*(z,x0) € L[X", XP] for x > z¢ and

1% (2, 20)||x+,x8) < Cmax(L, (z — xg)7 7)1
There are analogous properties for ®“(x,xy) with x, xg € J and z < xg.

Proof Confer [19] Section 4. |}

Employing the previous theorem and the roughness theorem one can show the existence of
solutions of inhomogeneous linear equations

a%u — (A4 B@)u+ f(z), feCORY,X), 950 (1.29)
as well as nonlinear equations
%u: (A+ B(z))u + G(z,u), GecCYYRTa X X) (1.30)

with G(x,0) = 0 and DG(z,0) = 0. In the case of (1.29) and (1.30) define F' = f and F = G,
respectively. Hereupon one obtains the corresponding mild formulation:

e~ A-(@=20) p 4, =u®(x, o) + e’A—IP_u“(O, x0)

+ /OO A+ @=) p(B(0)u® (0, 20) + F(0,u’ (0, 20)))do

_ e A== p_(B(o)u®(0, x0) + F(o,u’(0, z0)))do
(()(70) (a(’o)))
xo

zo
+/ e~ A== P_(B(o)u"(0,z0) + F(o,u"(0,20)))do,
L 0 » (1.31)
e +(z :EO)Per :u“(x,:vo) —e *IP,UH(O,QSO)

_ / " A @=0) py (B0 (0, 30) + Fl(o, u(0, 0)))do

0
+/ e~ A== p_(B(o)u" (o, z0) + F(o,u"(0,x0)))do

[ee]
— / 6A+(’3_”)P+(B(o)us(a, xo) + F(o,u’(0,0)))do,
o
where w € X% For F = f the proof complies with [11] Theorem 7.1.4. For F' = G the
right hand side of (1.31) is a differentiable map when considered as a map from 2 F" to
2 X+ with n = 0. Because the linear part is invertible as the operator T is, see proof of the
roughness theorem, one can use an implicit function theorem in order to get solution operators
&% (x; 29, w) and Q" (z;x0,w) for x > zp and 0 < x < xg, respectively, which are defined for
small w € X% and depend smoothly on w. Confer also [19].
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2 Numerical Computation of Solitary Waves in
Infinite Cylindrical Domains

Solitary waves are a phenomenon in nature which can be found in many fields of physics,
biology and chemistry. Examples are nonlinear optics, hydrodynamics, quantum theory, nerve
impulses, bloodflows in arteries and chemical kinetics, confer [15] and [16]. From a heuristic-
experimental point of view! a wave is called solitary if

e it is spatially local,
e its shape does not change and moves with constant velocity,

e it is stable against small perturbations.
If the wave is additionally
e stable against scattering and collision among one another

it is called a soliton. For dissipative systems this property does not necessarily hold, see [24],
and cancellation can occur. In general, the velocity depends on the shape of the soliton. These
listed properties make solitary waves very special since in many cases waves dissolve and are
unstable against perturbations. Moreover, one can define a travelling wave? by the properties
of spatial locality and of constant shape and velocity.

Wave phenomena are mathematically described by differential equations with accurate bound-
ary conditions. Very often solutions of these equations are given by wave packets. Dissolving
wave packets are a result of dispersion, i.e. the phase velocity depends on the wave length
and the different superposed parts of the packet move away from each other. Exceptional
cases occur when the angular velocity is proportional to the wavenumber. The propagation
of electromagnetic and acoustic waves are famous examples. To describe non-dissolving waves
linear differential equations cannot be adapted. But a nonlinear structure of the equations can
provide an effect that compensates the dissolution and can thus lead to solitary waves.

The Korteweg and de Vries (KdV) equation®
Ut + Ugge + Ouzu = 0, (2.1)

confer [6], is the first equation which was analysed regarding solitons. This nonlinear equation
describes waves on shallow water surfaces. It was introduced long after John Scott Russell first
discovered the phenomenon of solitary waves in a narrow channel.

'The definition is based on [16]. However, we add the distinction between a solitary wave and a soliton.
2The notions of solitary waves, solitons and travelling waves are not uniform in the literature.

3We define u, = %.
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

U
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Figure 2.1: A soliton solution of the KdV equation (2.1) for different times ¢; < to < t3 moving
in the z-direction.

If one considers only the linear part us 4tz = 0 of (2.1) and regards the elementary solution
u(z,t) = /=%t one obtains the dispersion relation w = —k3. A solution of (2.1) considering
the nonlinear part is given by u(x,t) = %ozsech2 (V/§(x — at + ¢g)) for some constant a > 0
and some integration constant g, confer [16]. In Figure 2.1 a soliton solution of the KdV
equation is sketched for three different times t; < t9 < t3. The wave moves with constant

shape and velocity in the z-direction. See also Figure 2.7 in [16].

To illustrate the different behaviour of the solutions of the linear and nonlinear KdV equation
we refer to Figure 2.2 which is similar to Figure 2.6 in [16]. For the linear case (above sequence
of pictures) the box-shaped distribution of the beginning dissolves. However, in the nonlinear
case a soliton comes into existence.

In this thesis we consider solitary waves which are described by semilinear elliptic equations®

with appropriate boundary conditions:

Um"‘AyU‘f'g(yaU?Uwva) :07 (ﬂ%y) ERXQ, UERm,

(2.2)
R ((u, ug, Vyu)|rxaon) =0 on R x 09,

where R x 2 is an infinite cylinder with 2 C R™ open and bounded. In this context a solitary
wave is a solution h of (2.2) satisfying

lim h(x,y) = p+(y)

r—+00

*We define Ayu =}, 2%y and Vyu = (2% .. 2w

ay2 By17 """ Byn
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Figure 2.2: A box-shaped distribution dissolves for the linear KAV equation, but it evolves into
a soliton for the nonlinear case.

uniformly for y €  and for some functions p.. For a drawing of an exemplary solitary wave
we refer also to Figure 3.1 in Chapter 3.

They describe the profile of travelling waves u(x — ct,y) for parabolic equations
Up = Uge + Ay + §(y, u, Uz, Vyu), (z,y) € R x Q.

Analytically, the existence of solitons with a nontrivial form in the cross-section €2 is a diffi-
cult problem. In some cases proofs are possible using center-manifold theory [17], maximum
principles [3], [4], variational structure [20] and topological methods [9].

In this chapter we follow closely [15] and suppose the existence of a solitary wave h(x,y) which
satisfies (2.2). In order to determine h numerically one truncates the cylinder and considers

Ugz + Ayu+ g(y, u,ug, Vyu) =0,  (z,y) € (T-,T}) x Q, u € R™, 2.3)
R ((u, uz, Vyu)lir_ 1, )x00) =0 '

for some 177 < T5. At the end of the cylinder axis we have to add boundary conditions of the
form

R—((u7u$7 vyu)‘{T_}xQ) = 07
Ry ((u, ug, vyu)|{T+}><Q) = 0.

We will examine if this truncated system has a unique solution close to h and we will give
estimates for the truncation error.

An important part of our procedure is writing (2.2) as a first order system

(0 ) = (8, 0) (0) (ol )= (0) wrem e

39



2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

where
d0.0)0) = a0 Tu). A= () swo=( 0 ).

(u,v)(z) is a function of y € Q for every x € R. This function is an element of some function
space which incorporates the boundary conditions on 9€2. A solitary wave solution of (2.2)
corresponds to a homoclinic or heteroclinic solution of (2.4) with (h(z), hg(x)) — (p+,0) as
x — +o00, where (py,0) is an equilibrium of equation (2.4). Having replaced these limiting
values by

R ((u,0)(T)) =0, Ry ((u,0)(T4)) = 0

we analyse the resulting truncated system.

In the following delineation we merge u, v into one variable and denote it again by u. Further-
more, we add a parameter ; € R. Thus we examine differential equations of the form

0

—u = Au+ S, 2.5
= Aut () (25)
where A is a densely defined and closed operator on a reflexive Banach space X and f has
some smoothness property.

In the first section we discretize the cross-section 2 by introducing the Galerkin projection

gxu =Au+Q,f(u,pn), weR(Q), (2.6)

where {Q,},>0 C L[X] is a family of projections®. These operators @, project the function

space in {) onto a subspace that is typically finite-dimensional. Then, we obtain a finite-
dimensional system of ordinary differential equations. The main result of this chapter is the
persistence of a hyperbolic equilibrium and of a homoclinic orbit under the Galerkin approx-
imation. Moreover, we present theorems dealing with the truncated boundary value problem
and with projection boundary conditions. For the proof of the following results relating to
the Galerkin approximation the main aspects are exponential dichotomies for the linearization
8%” = (A+ D, f(h(x),0))v and applying a version of the contraction mapping theorem.

Hereupon we analyse in the forth section of this chapter the truncated boundary value prob-

lem
%U — Au — pr(uv :U’)
RP(U(T+)au(T—)7M) = 07
JT,p(u’ :u‘)

where x € (T_,T,). The functional Jr, represents a phase condition and R, describes the
boundary conditions. In the last section of this chapter we examine the case of projection
boundary conditions and in the following chapter we consider a concrete numerical example.

Now we outline the initial situation which is very similar to that one of the previous chapter
and introduce the main hypotheses.

% Actually one applies the operators @, to (2.5) and requires that A and @, commute.
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Initial situation

Let (A, D(A)) be the densely defined and closed operator of Chapter 1. Therefore, let A satisfy
the corresponding hypothesis (H1), (H3) and® consider a reflexive Banach space X. Let

feC*(X*xR,X)
for some fixed o € [0, 1), where again the interpolation spaces” X are used.

In this chapter we analyse abstract evolution equations of the form

(3(91:” =Au+ f(u,p), (u,p)eX*xR. (2.7)

In the following we give the definition of a solution and require additional hypotheses regarding
equation (2.7).

Definition 2.0.7 A solution of (2.7) is a function u defined on [0,T) for some T > 0 with
the following properties:

(i) uweC%(0,7),X")NnCH((0,T),X),
(i) uw e C0,T), X%,
(iii) (2.7) holds as an equation in C°((0,T), X).

We also call w a strong solution of (2.7).

The following hypotheses (H6) and (H7) postulate the existence of a solitary wave in a
cylindrical domain. The wave is given by a homoclinic solution h of (2.7). Moving along the
z-axis of the cylinder the wave reaches the final state pg which is a hyperbolic equilibrium of
the evolution equation (2.7).

Hypothesis (H6)
The evolution equation (2.7) has a hyperbolic equilibrium® py € D(A) = X! for u = 0.
Moreover, (H1) is satisfied with A replaced by? A + D, f(po,0).

Hypothesis (H7)

Let the function h € C*(R, X') N C}(R, X) be a homoclinic solution of (2.7) for u = 0 with
h(z) — po as |x| — oo. Furthermore, 8%]1 is the only bounded solution, up to constant
multiples, of the variational equation

a%“ — (A+ Duf(h(z),0))0. (28)

One says that h is nondegenerate.

SIn this chapter we will not consider hypothesis (H4) of Section 1.2.

"Consider Appendix A.3.

8Here, hyperbolicity is given by R(c(A + Duf(po,0))) # 0, i.e. R(N) # 0V € o(A + Do f(po,0)).
9Consider that A + D, f(po,0) : D(A) C X* C X — X is a densely defined and closed operator.
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains
In order to describe the asymptotic behavior of solutions of (2.8) and of the adjoint variational
equation

Baq:v = —(A" + D, f(h(z),0))v, (2.9)

we require forward and backward uniqueness:

Hypothesis (H8)
The trivial solution v = 0 is the only bounded solution of (2.8) and (2.9) on R* or R~ with
v(0) = 0.

Remark 2.0.8 Hypotheses (H7) and (H8) result in the existence of a bounded and unique
solution 1 of (2.9) on R, up to scalar multiples.

The following hypothesis is important for applying implications of the contraction mapping
theorem which lead to the existence of the solutions of the considered differential equations.

Hypothesis (H9)
The Melnikov integral satisfies

| @@, Dttt 0)dz 20,

—00

where v is the bounded function of Remark 2.0.8.
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2.1 Galerkin Approximation and Main Result

2.1 Galerkin Approximation and Main Result

In this section we consider the persistence of the hyperbolic equilibrium and of the homo-
clinic solution under Galerkin approximation (2.6). The Galerkin approximation is given by
projections {Q,},>0 C L[X] with Qo = id. Typically R(Q,) is finite-dimensional for every
p > 0. The results are summarised in Theorem 2.1.6. Confer also [15]. Main aspects of the
proof are implications of the contraction mapping theorem and exponential dichotomies for
the linearization 8%1} = (A+ D, f(h(x),0))v which lead to an appropriate mild formulation of
the evolution equation. For the following hypothesis recall the definitions A_ := —P_A and
Ay = (id — P-)A, confer (H1).

Hypothesis (Q)

(i) [4=,Q,] = 0 on D(A).

(i) There is constant C' so that ||Q,||r;x] < C uniformly in p.
(i) ||Qpu — u||xo — 0 as p — 0 for any u € X.

Lemma 2.1.1

(i) [A%,Qp] =0 on X°.

(ii) Q, € LIX?] and ||Q,||rixe) < C independently of p > 0.
(i) ||Qpu — u||xe — 0 as p — 0 for any v € X°.

Proof (i) Because of [A+,Q,] = 0 on D(A) and A" = ﬁfooo te~le=4+tdt we obtain
[AT%, Q,] = 00n D(A). Since [AL%, Q,] is continuous and D(A) is dense we obtain [AL%, Q,] =
0 on X. This results in

AL%Qpu=Q,A "u  Yue X
& AI%Q,A%v = Qpv, v=A"u,Vue X
& QpALv=ALQpu Vv € R(AL") = D(AZ).

Therefore,

QpA%u = Q A% us + QA% u_ = ATQ uq + A2Qu_ = A%Q,u
for u € X%, where we have to take into account

u=us+u_ € X$ XY= u=A vy +AZ%_ for some vy € X

= Qou = QA% + QA v_ = ATQuy + AZQuu_ € XT ® X = X

(ii) It follows from X* C X that @,z is well-defined for z € X with 1 > o > 0 and p > 0.
Because of (i) we have Q,X“ C X*. Furthermore, we obtain

HQpHL[xa]:| sup {[|AQpz+[|x +[A2Qpz-[|x} = sup {||@pALz¢|[x +|@pAZ2||x}

llxesl 2l xa <1
. . Qi)
<[@llixy sup {l[ALz¢[[x +[[AZ2-[[x} <
el xo <1
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

(iii) Let u € X*. Then

|Qpu — ul|xo = |[[AZ(Qpu — u)||x + [|[AT(Qpu — u)||x
=[|QpA%u — A%u||x + ||QpATu — ASu||x -0 asp—0

because of (Q)(iii). |

The following hypothesis intends to ensure the uniform convergence of the Galerkin approxi-
mation.

Hypothesis (K)
If Q, # id for some p > 0 we suppose that f(-,0) : X* — X is a compact!'® map for yu = 0.

Remark 2.1.2 D, f(u,0) : X* — X is a compact operator for allu € X if f(-,0) : X* - X
1s compact.
Lemma 2.1.3 Provided that (Q) is met and K € L[ X%, X] is compact, then

1(id — Qp) K||zjxe x) — 0 as p — 0.
Proof We assume that there is a sequence (vy,)neny C X@ and (pp)neny C RT with [|v,][xe =1
and p, — 0 as n — oo so that |[(id —Q,,, ) Kvy||xo > ¢ for some positive constant 6. Because K

is compact there exists a convergent subsequence (K vy ) eny with Kv, — w in X as n’ — oo.
Due to Lemma 2.1.1 we obtain

(id = Qp, ) Kvwllxo < l1id = @y Jullxo +11(id = Qp, ) (K — )| xo
< |l(id = Qp,, ol o + (14 C)|[K v — w]x0 — 0

as n’ — oo which leads to a contradiction. ||
The following theorem deals with the Galerkin approximation

S = Aut Quftu ), (wp) € X xR (2.10)

of the evolution equation (2.7).

Definition 2.1.4 h, is a homoclinic solution of (2.10) if
(') h’P() € Cl(R>X) N CO(Ra Xl);
(ii) (2.10) holds as an equation in C°(R, X),

(iii) h,(xz) — p, as |x| — oo for some p, € X.

10See Definition A.2.5 in Appendix A.2.
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2.1 Galerkin Approximation and Main Result

Remark 2.1.5 Furthermore, the Galerkin approzimation (2.10) reduces to a%u = Au for
initial data in (id — Q,) X because of (Q). The only bounded solution of %u = Au on R
is u = 0. If dimR(Q,) < oo the norms on Q,X% and Q,X are equivalent. Because the
equivalence constants tend to infinity as p — 0, estimates which are uniform with regard to p
can only be expected in the norm of the space X©.

The following theorem deals with the persistence of the hyperbolic equilibrium and of the
homoclinic orbit under the Galerkin approximation. This theorem is the main result of this
chapter next to Theorem 2.4.2 of Section 2.4.

Theorem 2.1.6 (Persistence of dynamics under Galerkin approrimation)

Provided that the assumptions (H1), (H3), (H6)-(H9), (K) and (Q) are satisfied, there
are constants pg, 09, C > 0 so that the following statements are true for any 0 < p < pg and
|| < do:

(i) The Galerkin approximation (2.10) has a hyperbolic equilibrium p,(u) € R(Q,) with po(0) =
po and

[1Po(1) = pollxe < C([[(2d = Qp)pol | x + |)-

(ii) For every p there is a p, € R so that the Galerkin approzimation (2.10) has a nondegen-
erate homoclinic orbit hy(x) € Q,X* with h,(x) — py(p,) as |x| — oo. Moreover,

1| +sup||hy(z) — h(z)|[xe < Csup ||(id — Qp)h(2)]|xeo.
z€eR z€eR

iii) py(w) is the only equilibrium and h, the only homoclinic solution of (2.10) with
P p

(hp(x), 1) € {(u,pp) € X¥ xR+ |yl +%2}£Hu— h(Z)||xa < 8o} VaeR.

In the next two sections we prove this theorem.
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

2.2 Persistence of the Hyperbolic Equilibrium

To prove Theorem 2.1.6 we use some classical results from analysis. The next theorem is a
consequence of the contraction mapping Theorem A.1.3 with parameters and constitutes a
crucial part of the proof. Confer [5] and [15].

Theorem 2.2.1 Let (X,||-||x) and (Y,]||-||y) be Banach spaces and let
G:UCXxxRP =Y, (u,pn)— Gu,up)

be continuously differentiable, where U is open and p € N. Moreover, let L € L[X,Y]| be an
invertible operator and assume that there exist ug € X, a neighbourhood V-C RP of zero and
constants 0 < r, 0 < Kk < g <1 so that

S={(u,p) € X xR : ||lu —wl||lx <rypeV}CU,

||ld_ L_IDUG(U’M)HL[X] <K V(u,,u) € S?

1L G (o, p)l[x < 7(1—q) YpeV.
Then, there are a neighbourhood V. C RP of zero and ¥ > 0 so that for every u € V the
equation G(u, ) = 0 has a unique solution u = u(p) in {u € X : ||u—wuo|| < 7}. The function
u:V — X is continuously differentiable and

lluo — a()llx < (1 =)L G(uo, )l |x (2.11)

holds for p € V. Finally, u € C*(V,X) if G € C*(U,Y).

Proof We define the map F': X x RP — X, F(u,p) = u — L~'G(u, ). Hereupon we choose
the neighbourhood V' C RP of zero and # > 0 sufficiently small so that

[F(w, 1) = Fu, )| x = [|DuF (u, ) (w — ) + ro(w)||w — ul|x]|x
< (1DuF (uy )| Lxy + Nlru(w)[[y)]Jw — ul|x
< (Iid = L7 DuG(u, )| L) + llra(w)]x) [Jw — ulx
< (k + [[ru(w)][x)]Jw — ul|x
< qllw —ul[x

holds for all (u, p), (w, 1) € S = {(u,pu) € X x R? : |ju — ug||x < 7, u € V} and so that for
go:V — X, go(p) = ug, we have the estimate

1E(g0(1), 1) = go(w)lly = 11 F (uo, 1) — wolly = [|L7 G uo, p)lly <7(1—q) YpeV.

Then, it follows from Theorem A.1.3 that for every p € V the fixed point problem F(u, ) = u
has a unique solution @ = @(u) in {u € X : ||u —ug|| < 7} and @ : V — X is continuous. If
G € C*(U, X) we obtain @ € C*(V, X). Moreover, G(@(u), ) = 0 for u € V is equivalent to
F(u(p), p) = a(p) — L7'G(a(p), ) = @(p) for p € V. Finally, the estimate (A.1) of Theorem
A.1.3 results in

[luo = a(u)lx < 5 Lo — Fluo, ) — (@) — Fla(u), m)llx < (1 — )L 1G (uon 1)1 x

—q
forpeV. |
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2.2 Persistence of the Hyperbolic Equilibrium

Proof of the equilibrium’s persistence

We define for p > 0 the maps G, F, : X* xR — X as follows

Gp(u, 1) == (A+ Dy f(po,0)) " [A(po + u) + Quf (po + u, )],
Fp(u, 1) := —(A+ Dy f(po,0)) " [Qp(f(po + 1, 1) — f(po,0) — Duf (po, u)u) (2.12)
—(id — Q,)(f(po,0) + D f(po, 0)u)] .

Note that (A + Dy f(po,0))~! € LIX, X°] due to (H6) and that

(A + Duf(p07 0))_1A = (A + Duf(p07 0))_1(A + Duf(p(]a 0) - Duf(p()a 0))
= id = (A + Duf(po,0)) " Duf(po,0).
That is why we can extend (A + D, f(po,0)) 4 to a bounded operator in L[X?®]. Consider
D(A)=D(A+) C D(AT) = D(A)® D(A) C D(AT) @ D(A%) = X because of o € [0,1). We

obtain
Gp(u, ) = u — Fp(u, p). (2.13)

To find zeros of G,(u, 1) near the origin we apply Theorem 2.2.1:
The map G, : X* x R — X is smooth because of f € C?[X® x R, X]. We set L = id.

Considering (H6), (A + Dy f(po,0))™t € L[X, X% and (A + Dy f(po,0)) tA € L[X?] leads
to

1G(0, 1)l |x %= 110 = Fp(0, )| o

< Cll(A+ Duf(po,0)) ' [Qu(f(po, 1) — f(p0,0)) — (id — Q) f (o, 0)][| xo

< C(|(A+ Duf(po, 0)) ' Qp(f(po, 0) + Dy f (po, 0)p + o(|p]) = £ (o, 0))||x (2.14)
+ [[(A+ Duf(po,0)) " A(id — Q,)pol| x=)

< C(|p| +11Gd = Qp)pol|xa) — 0 as p, p — 0

and to

. 2.13) . .
id = Doy (s 1)l 1o 22 |[id = (id = DoF(u, 1)) | o

= I(A+ Duf(p0,0)) " [Qp(Duf (po + u, 1) = Duuf (p0,0)) = (id = Qp) Duf (po, 0)]|| xe

= |I(A+ Duf(po,0)) " [@QpDuf (po + u, 1) — Duf (po, 0)][| xo
S CHQpDuf(pO + u, /~L) - Duf(p070)”Xa

Qp <Duf<po,0> + DD, f(po,0) < h > +o (H( h )‘

< O||(id — Qp) Duf (p0, 0)||x + C (|| + [Ju]|x=)
1
)

<C

)) - Duf(p070)
XaxR

X«

for all u, u and p sufficiently close to zero. Consider that (u, u) — D, f(po+u, p) is continuously
differentiable because of f € C?(X® x R, X) and that DD, f(po,0) is its Frechet derivative at
the origin, confer [27]. Moreover, note that we employed the compactness of D, f(po,0) and
Lemma 2.1.3.
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Theorem 2.2.1 implies that G)(u, ) = 0 has a unique solution p,(p) in {u € X : [[ul[xa <
7} for every sufficiently small p, for some 7 > 0 and for every p € V, where V is some
neighbourhood of zero. Therefore, G, (p,(1), 1) = 0 for all p € V. Defining

Po() = po + Bp(11) (2.15)

we obtain

App(p) + Qpf (pp(p), 1) = 0.
pp: V — X is smooth and satisfies
. (2.11) (2.14) .
[lpp (1) = pollxe = l[Pp(1) = Ollxe < ClGH(0, p)llxe < Clul + [I(d — @p)pollxe).-

It follows from p,(u) = —Q,A™  f(p,(1), i) that p,(p) is an element of R(Q,). Due to unique-
ness we have po(0) = pg. Furthermore, we have

Ni — (A+ QpDuf(pp(), 1))
= [N — (A + Duf(po, 0))] [id + (X — (A+ Duf(po. 0)) ™ (Duf (po. 0) — QpDuf (p(), )]

)]

—0 asp,u—0.
LIXe X]

and

[[Duf(p0,0) = QpDuf (pp(tt), )l Lixe x]

Dy f(po,0) — Qp [Duf(po,()) + DDy f(po,0) ( Pp(n) > to (H( o) )‘
< |I(id = @p) Duf (o, 0)|| L x, x]

p I
DDy f (5y(1), 1) < ﬁp;(fb) ) o (H( ﬁp%(ﬁ) >‘ xaxR>

This and hypothesis (H6) result in the invertibility of A\i — (A 4+ Q,Duf(pp(1), 1)) for all
A € R and for sufficiently small p, |u]. Note that A\i — (A + D, f(po,0)) is invertible for every
A € R with [|(Ai — (A+ D, f(po,0))) || bounded independently of A because py is a hyperbolic
equilibrium of (2.7). Thus, we can conclude that ®(c(A + Q,D.f(pp(1), 1)) # 0 and that
Pp(p) is a hyperbolic equilibrium for sufficiently small p, [|. |}

<

LIX* X]

+C

The following lemma is needed for later purposes.

Lemma 2.2.2

D = (A QDT pl), ) (2.16)

has an exponential dichotomy on R for sufficiently small . The associated projections are
denoted by Py ,(1) and P_ ().

Proof We apply the roughness Theorem 1.2.1 to the following rewritten form of (2.16):

%U = (A + Duf(p07 O))U + (QpDuf(pp(:u)? :U’) - Duf(p()a 0))U
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2.3 Persistence of the Homoclinic Orbit

The operator A + D, f(po,0) satisfies (H1) and (H3). Defining the linear operators B(z) :=
QpDuf(pp(12), 1) — Dy f(po,0) results in B(+) € C¥?(R, L[X%, X]) for every ¥ > 0 and!! in

”B(x)HL[XOL,X]
= |QpDuf(pp(1t), 1) — Duf (po, O)| Ljxe x]

< HQp (Duf<po,0> DDy f (70, 0) ( Polh) ) To (H( Polh) )‘

>> - Duf(p07 0)
XaxR

—0 asp,u—0.
XaxR

L{X* X]

< |I(id = Qp) Duf (po, 0)|| Lixe, x] +CH< ﬁp,(ﬁ) )’

For the latter we used f € C?[X“ x R, X], Lemma 2.1.3 and Hypothesis (Q). Moreover, the
problem %v = (A + B)v, v(0) = 0, is uniquely satisfied by v = 0. The same is true for the
adjoint equation. Finally, all conditions of Theorem 1.2.1 are satisfied. So for all p in a small
neighbourhood of zero (2.16) has an exponential dichotomy on R with projections Py ,(x) and

Pop(w)- 1

2.3 Persistence of the Homoclinic Orbit

In this section we prove Theorem 2.1.6 (ii) and use again Theorem 2.2.1. We follow [15] but we
describe the proof in more detail and give some new arguments which are in particular needed
for joining solutions of different semiaxes.

Definition 2.3.1 For p > 0 define the maps F), Fp Rx X*xR— X by

Fy(@,v,p) == Dy f(h(x),0)p + Fp(x, v, 1),
Fy(w,v, 1) := —(id = Qp)[Duf (h(x), 0)v + Dyuf (h(x), 0)pu + f (h(z),0)] (2.17)
+ Qp(f (M) + v, 1) — f(h(x),0) = Duf(h(x),0)v — Dy f (h(x),0)p).
Substituting
u(z) = h(z) +v(z), z€eR, (2.18)
in a%u = Au+ Q,f(u, 1) leads to

2v = (A+ Dyuf(h(z),0))v+ Fy(x,v, )

or
= (A+ Duf(h(x),0))v + Dpuf(h(x),0)u + Fp(x,v, ).

In the following we search a strong solution v of this differential equation, where strong is
defined by v € C*(R, X) N CO(R, X1).

(2.19)

Lemma 2.3.2

88301) = (A+ D, f(h(x),0))v (2.20)

has exponential dichotomies on RT and R~.

" Consider definition (2.15).
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Proof First, we write

(A+ Dy f(h(x),0))v = (A+ Dy f(po,0))v + (Duf(h(x),0) — Duf(po,0))v.

Because of (H6), (H8) and because of D, f(h(z),0) — Dy f(po,0) € CO?(R, L[X®, X]) con-
verging to zero as |x| — oo the roughness Theorem 1.2.1 ensures that the equation (2.20) has
exponential dichotomies on RT and R™. [ |

Definition 2.3.3 We call the associated projections'? of (2.20) P_ and Py = id— P_. More-
over, we define! the solution operators of (2.20) by ®*(x,x0) for x > x¢ and ®“(x,x0) for
xr < x. Finally, we set ®% (x,x0) := ®°(x,z0) and Y (xo, ) := ®*(x,20) for x > 29 > 0 and
D (29, x) := P°(x,20) and D™ (z,x0) := P¥(x,x0) for z < xo < 0.

Lemma 2.3.4

8?:0 D (2, zo)w = =P (z,20) (A + Dy f(h(zg),0))w, x> xo.

Proof On the one hand, for ¢ < 29 < x we obtain @7 (x,x0)®% (z9,0) = @5 (r,0) and
therefore

0= [0 (2, 20) 8%, (20, 0w

Oz
((98 (@, 20) + @7 (z,20)[A + Duf(h(ajo),())]> % (20, 0)w.

On the other hand, for 2y <z and x¢ < o we obtain ® (x,z)®% (x9,0) = 0 and therefore

a S u
0= 8737()[‘14(337370)‘1%(900,0)]10

(32 Q% (z,z0) + P5 (2, 0)[A + Dy f(h(x0), 0)]> QY (xo, 0)w.

Setting o = o, combining the equations and considering ® (xo, zo) + @' (zo,z0) = id leads
to the assertion of the lemma. [ |

As in Chapter 1 we introduce a mild formulation of the considered differential equation (2.19).
But here we will employ Theorem 2.2.1, an implication of the contraction mapping theorem,
in order to prove the main results of this chapter.

12(H6) assumes that A+ D, f(po,0) satisfies (H1)
3Recall Definition 1.4.5.
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2.3 Persistence of the Homoclinic Orbit

Definition 2.3.5 (Mild formulation)
The equations

v4(a) = B .0 + [ % ,20)Fyfao, o a0). oo

+ /93 Y (z, x0) Fp(wo, v4(20), 1) dzo, z €RY,

v_(z) = ®" (z,0)b_ + /0 O (2, 20) Fp (w0, v—(w0), p) o 221
+/x ®* (, x0) Fp(wo, v—(20), ) diro, z €R,

v4(0) = v-(0)

with (by,b_) € R(®%(0,0)) x R(®“(0,0))and p € R are called the mild formulation of the
nonlinear equation (2.19). We call a solution

(vy,v_) € CORT, X¥) x CO(R™, X%)

of (2.21) a mild solution of (2.19).

Remark 2.3.6 In the following it suffices to find mild solutions due to equivalence of bounded
mild and bounded strong solutions of (2.19), see the following Theorem 2.3.8. Before proving
this equivalence we need Lemma 2.3.7.

Let J C R be a closed interval and consider the differential equation

0

%u(;p) = Au(z) +r(x), ze€J (2.22)

We use the notion of a solution corresponding to (1.1):
e ueCOJ, XYY nC(J, X),
o ucCJ X%,
e (2.22) holds as an equation in C°(J, X).

Lemma 2.3.7 Let A: D(A) C X — X be a densely defined and closed operator on a Banach
space (X, || - ||) satisfying (H1). Moreover, let r € C*Y(R, X), 9 > 1. Then, the following
statements hold:

(i) ut is a bounded solution of (2.22) on R if and only if
uy(z) = —e A-Th_ +/ GA(U_m)PT(U)dU—/ A= p. r(o)do (2.23)
0 T

for some b_ € X_ and for all x > 0.
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

(il) u— is a bounded solution of (2.22) on R~ if and only if
u_(z) = e M2, —I—/ eA+@=) P r(0)do +/ A2 Py (0)do (2.24)
0 —o0

for some by € Xy and for all x < 0.
(iii) w is a bounded solution of (2.22) on R if and only if

[o¢] x
u(x) = / eA+(z_”)P+r(a)da+/ eA*(”_m)P,T(J)dJ (2.25)

for all x € R.

(iv) If uy and u_ are given by (2.23) and (2.24), respectively, and satisfy u—(0) = u4(0) for
some b_ € X_ and by € X4, the function

[ uy(x), xeRT
@) = { ut(:n), z€R™
satisfies

T

u(z) = —/ A+ P r(o)do —|—/ e A== p_r(5)do, x€R.

—0o0

The function u is also differentiable at the origin and is a bounded solution of (2.22) on
R.

Proof (i) Let uy be a bounded solution of (2.22). Defining

oo

vy (z) = —e AT +/ e~ p_r(0)do —/ A+ @ p r(o)do, x>0,
0 T

yields %m(ac) = Avy(x) + r(z) for x > 0. Consider [11] Lemma 3.5.1 and the local Holder
continuity of r. Furthermore, we obtain a%(v+ —ug)(z) = A(vy — uy)(x) for z > 0 by
subtraction. If we set b_ := —P_u4(0) and 7 := vy —uy we get P_n(0) = 0. Finally, it follows
from Corollary 1.1.7 that n = 0 on RT.

Conversely, let

Uy (z) = —e A-%h_ +/ A= P_r(0)do —/ M@= P r(o)do, > 0.
0

T

This results directly in u, € C°([0,00), X%). Considering [11] Lemma 3.5.1 and the local
Holder continuity of r we have uy € C*((0,00), X). Differentiating u with respect to z yields

0

—uy = Aup + 7.
oz Ut +

Moreover, writing

Auy = £u+ —r € C%(0,00), X)
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2.3 Persistence of the Homoclinic Orbit
shows uy € C°((0,00), X1).
(ii)-(iii) are similar to (i).
(iv) u—(0) = u4(0) results in

0o 0
_/ e AP (0)do — by = b_ + / ¢'~?P_r(0)do € X_ N X = {0}.
0

—00

Hence

eA+Th, = / A+@= P r(o)do
0

= —/ 6A+(’”U)P+r(a)da—/ A @I P r(0)do, =<0,
0 T

0
—e AT = / e A== p_1(0)do

— 00
0 x
= / e~ A== p_r(0)do —I—/ e A== p_r(5)do, z>0.
X —0o0
Putting this into the expressions for u_ and w4, respectively, yields

T

us(z) = —/ eA+(x_")P+r(a)da—|—/ e~ A-@=9)p_r(6)do, x>0,

— 00
x

u_(x) = —/ eA+(xU)P+r(U)da+/ e A== p_r(0)do, x<0.

x — 00

Finally, the strong solution properties on R follow as shown in (i) for R*. ||

Theorem 2.3.8 (vy,v_) € CO(RT, X¥) x CO(R~, X?) is a bounded mild solution of (2.19) if
and only if the function v defined by

f vi(x), xzeRT
v(z) = { v_(z), xz€R”

is a bounded strong solution of (2.19) on R.

Proof According to Section 4 in [19] v+ € CY(R*, X®) are bounded mild solutions of (2.19)
on R* if and only if v1 are bounded strong solutions of (2.19) on R*.

Here, we show how to join the mild solutions on the semiaxes to obtain a strong solution on
R. Let vy € CO(R*, X*) be bounded mild solutions of (2.19). So they are strong solutions on
R* and satisfy

D i(w) = (At Duf(h(a). 0o (@) + Fyle,vi(a). ), 2 € B

Because Dy f(h(x),0)v+(x) + Fy(x,v+(x), p) is locally Holder continuous on R* we can apply
Lemma 2.3.7. Part (i), v4(0) = v_(0) and part (iv) lead to the differentiability of

[ vp(x), zeRT
U(x)_{ v_(x), xeR™
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and the strong solution properties of v.

Conversely, if v is a bounded strong solution of (2.19) on R decompose v into the restrictions
vy := v|g+ and v_ := v|g- and use again the results of Section 4 in [19]. [ |

In order to apply Theorem 2.2.1 we have to define a map and Banach spaces which are deter-
mined by the mild formulation.

Definition 2.3.9 Let

Y = R(9%(0,0)) x R(9“(0,0)) x Cf(RT, X*) x CP(R™, X“) x R,
V= CY(RY, X)) x CY(R™, X%) x X x R,

Gp(b+,b_,v+,v_,u) =
v () — ‘I’+( ~Jo ‘I’s )F (w0, v4+(20), p)dzo — [ q’i(‘a xU)Fp($07v+(x0)a p)dzg
v () — fo Fy(xg,v_(x0), p)dxo — [~ ®° (-, x0) F,(x0,v—(20), p)dxo
by — b_ fo oY 0 xo)F (mo,v+(:v0) Ydzo — f s (0, :):0) b(zo, v—(20), p)dxo
(0, 30,004 — [7° D4(0,20)F, (wo,v+( 0), 1)dzo)

for p>0 and ¢ € (X) with (p, &-h(0)) = 1.

Remark 2.3.10 The forth component of G, takes the translational invariance of the Galerkin
approzrimation a%u = Au+ Q,f(u,p) into consideration and ensures the uniqueness of the
solution.

Lemma 2.3.11 G, can be considered as a map defined on a sufficiently small neighbourhood
U of the origin in' Y with values in'Y .

Proof We prove exemplary — [ ®% (-, 20)F, (20, v4 (o), p)dzo € Cp (R, X) which is a term
of the first component of G,. It follows from Theorem 1.4.6:

QY (z,20) € L[X, X, H‘I)i(ﬂvaUO)HL[X,XC«} < Cmax{1, (xo — x)*a}e*"‘x*"m', x9 >z > 0.

Furthermore, we get F,(xq,v4(x0), ) € X and ||F,(xo,v4(x0), p1)||x < C for all zg € [z, 00)
if U is sufficiently small. To prove this we proceed as follows:

Consider the Definition (2.17) of F,. Because of h(x) — pg as |x| — oo we only have to treat
the term f(h(xg) + vy (x0), 1) — f(h(z0),0) for ¢ € [z, 00).

First, we show that the set K := {h(z) : z € R} is compact. Let (z,)nen be a sequence in
R. If it is not bounded there exists a subsequence (z,/)en With |z,/| — oo and h(x,) — po.
If it is bounded there is a convergent subsequence (2, )nen With zg := lim,/ o 2,y € R and
h(:L’n/) — h(wo) ~
Because f(-,-) is continuous and K x {0} is compact there is an open neighbourhood O of
K x {0} so that f(-,-) is uniformly continuous on O (consider proof of Theorem 9 in Paragraph
3 of [10]). Hence for every C' > 0 there is a § > 0 such that

[1f(h(o) + vy(20), 1) — f(h(x0),0)|| < T, Vo € [0, 00)
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2.3 Persistence of the Homoclinic Orbit
if ||(v4, N)HCEX]R < ¢. This explains why we need to choose U sufficiently small.

In the following we regard a fixed x € R™ and choose & so that Z > z and Z — x > 1. Then,

< / 1% (2, 20) | x o | | Fp (@0, 04 (20), )| g

| @ 0o, vi ), i

XOz

< C/ max{1, (zg — )~} @0~ g
<C/ xog—x) Ye n(zo— x)dxo—{—C/ 1(z0=2) g,
= C/ “oledds + Ce @)

<CI'(l—-a)+C.

The bound‘s independence of x yields the assertion. |

In the following we apply Theorem 2.2.1 to GG,. We now split G, into a linear and a quadratic
part using equation (2.17):

Gp(by, b, vy, v_,pu) = L(by,b_, vy, v, ) — @p(b+,b_,v+,v_,,u), (2.26)
where L and Gp are given by

L(b-‘m —7U+7 U—au) =

(-,0)b+ fd‘I’S ) Dy f(h(z0),0)dzo + [ @4 (-, 20) Dy f (h(w0), 0)dzo)
,0) fo )Dyuf(h(o), 0 dfﬂo+f_oo‘1’— )D f(h(z0),0)dzo)
RN N A A
< (I)i((j)?())b-i- - :U'fooo (I)gr(()’xO)Dltf(h(xO)v O)dx0>
Gp b+, , U4,V )
Jo @5 (xg,v+(xo) pydzo + [ @i ) AE 20, v4(20), p)dxo
Joor ( v_(x9), p)dxo + [_ D ( Fe($0, —(z0), n)dzg

IS ey O,xo)p (mo,v+(xo) dx0+f o3 O L x0) (0, v—(20), pt)dxo
(@, Jy° ®4L(0,z0) F, (xovv+(9€0)> w)dzo)

The linear part L : Y — Y is bounded and its last two components are independent of v
and v_. In particular, L is continuously invertible, which will be proven by using the following
map and lemma.

Definition 2.3.12

Uo : R($5.(0,0)) x R(®“(0,0)) — X, Wo(by,b_)=by —b_ (2.27)
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Uy is a Fredholm operator with index zero'* and satisfies:

Lemma 2.3.13

(i) N(Wo) = span { (Zh(0), Zh(0))}
(i) R(Wo) = {w € X°: (1(0),w) = 0},
(i) (o, %.(0,0) 2h(0)) = (. Zh(0)) = 1.

(iv) <w<o>,fo°o ¢1<o7xo>Duf<h<xo>,o>dxo+f£Lo @2 (0, 20) Dyuf (h(w0), 0)do )

= 7% Dy f(h(x0),0))dzo # 0.

Proof (i) Let (by,b ) € N(Wg), i.e. by =b_ € R(®(0,0)) N R(“(0,0)) and

[ ®(x,0)b, zERT
(@) = {qw( O)b: zER

Con51der1ng Lemma 2.3.7 the function u is a bounded solution of the differential equation
v = (A+ D, f(h(x),0))v. Then, it follows from Hypothesis (H7) that there is a con-

stant csothat u(z) = ¢ }é(;) for all x € R. Therefore, (by,b_) € span{(% (0), aaxh(O))}

Conversely, let (by,b_) € span{(Lh(0), £h(0))}. Then, (by,b_) is an element of
R(®%.(0,0)) x R(®“(0,0)) with W(b,,b_) = 0

(ii) Let (by,b-) € R(25(0,0)) x R(®"(0,0)) so there are wy and w_ with by = @5 (0,0)w

and b_ = ®“(0,0)w_. Since @7 (-,0)wy solves (2.20) and 1 solves its adjoint equa-
tion (2.9), see Remark 2.0.8, we get %(1/)(1‘), @3 (z,0)wy) = 0. The boundedness of 1
and the exponential decay of ®% (-,0)w, yields [;°[(1(z), @5 (x,0)wy)|dz < oo which
results in (¢ (x), @5 (2,0)wy) = 0 and (1(0),b4) = 0. In a similar way we can prove
(¥(0),b_) = 0. Therefore, (¢(0),by —b_) = 0. Since ¥j is a Fredholm operator
with index zero, dim N (V¥p) = 1 and R(¥y) C {w € X : (¢(0),w) = 0} we get
R(Wo) = {w € X*: ((0),w) = 0}

(iii) There is a v € X® and a constant ¢ so that %h(()) = ¢®%(0,0)v. Theorem 1.4.6 (i)

(iv)

yields ®%(0,0)£h(0) = ®%(0,0)c®%(0,0)v = c®5(0,0)v = Lh(0). The choice of
(¢, 2 1(0)) = 1 completes the proof of (iii).

/Oo (¢(x0), Dpf (h(o),0))dxo

—o0o
0

= /OOO<¢({BO)7D#f(h(xU)7 0)>dx0 + / <¢(.%'0), Dltf(h’(xo)? 0)>d1‘0

—00

4 This property is stated in [15] but without proof. However, a proof is not obvious and requires new arguments.
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2.3 Persistence of the Homoclinic Orbit

0

D [ @ 0,20 0(0) Dy (o). O+ [ (8 (020)6(0). Dyf (), )

—00

0

_ <¢<0>, /0 T (0.20) Dy (). 0o + [ ¢i(0a$0)Duf(h($o)70)d$o>,

—00

where (%) is a consequence of
Y (0,0)'1p(0) = ¥(xo), w0 €RT, @°(0,20)'9(0) = ¥(x0), xo€R. (2.28)

(2.28) follows from Remark 2.0.8 and Lemma 2.3.4. |
Theorem 2.3.14 The linear part L: Y — Y of (2.26) is continuously invertible.

Proof In order to prove the continuous invertibility of L it suffices to show that L is injective
and surjective. This is a consequence of the closed graph Theorem A.2.17. In this proof the
numbers (i)-(iv) relate to the previous lemma.

Injectivity: We consider L(by,b_,v4,v_, u) = 0. Because of (iv) and (ii)

0

/000 @ (0,20)Dpuf (h(z0), 0)do +/ @7 (0,20) Dy f(h(20),0)dzo & R(Vo). (2.29)

—00

Therefore, the third row of L(by,b—,vy,v_,pu) = 0 yields 4 = 0 and by — b_ = 0. Thus
(b+,b_) € N(¥g) = span{a%h( )s 8zh(0)} and the forth row of L(by,b_,vy,v_, ) = 0 be-

comes

0 (444) 0 (444)
<90a +(070)b+> <<pa +(0’O)Cﬁxh(0)> <¢)Caxh(0)> c Oa

where by = ca%h(O) for some constant c. This leads to b— = b = 0. Finally, we obtain vy =0
and v_ = 0 considering the first and second row of L(by,b_,vy,v_,u) = 0. Therefore, L is
injective.

Surjectivity: Let (wy,w—,d,s) € Y be arbitrary and solve L(by,b— vy, v_,p) = (wg,w—_,d,s).
First, consider the third row. Because of

(iv) 0o 0
0% (000, [ 8 020) D (hlao) O)dza + [ 8 (0,20) Dy (h(a). O)d
0 —o00
we can multiply the equation with (¢(0), from the left side and obtain
—(1(0),d)
" (000) S5 0. 20) D (1), 0)da + ., @ (0,0)Dyf (o). O
w

(/OOO oY (O .%'0) uf(h(.%’o),())dxo + /0 @S(O,wo)DHf(h<1'o),O)d.%’0) +de R(\I’())

)

d:=

— 00

Therefore, we can find (b,52) € R(®%(0,0)) x R(%(0,0)) with
0 ((b&,bo) +ec <66:ch(0)’ axh(o)>> -4
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

for any ¢ € R. We put by =09 + ca%h(O) into the forth row and obtain
s 0 0 > u
@, ®%(0,0) ( by + c%h(O) —p @Y (0,20) D, f(h(x0),0)dzg ) =5
0
8 217 e
= e (0. 230,0700)) @ o= (i, [T 00,000, (1a0), 00dan ) +5.
0

Considering the first and second row of L(by,b_,vi,v_,u) = (w4, w_,d, s) we can adjust vy
and v_ to the given w,, w_ and to the chosen b4, b_ and pu. |

Hereupon we prove two important estimates regarding partial derivatives of

~

Fp(z,v,p) = —(id = Qp)(Duf (h(x), 0)v + Dy f (h(x), 0)pu + f (h(), 0))
+ Qp(f(h(x) + v, 1) = f(M(x),0) = Duf(h(z),0)v = Dy f (h(),0)p)

and regarding G,(0,0,0,0,0), see (2.17) and Definition 2.3.9, respectively.

Lemma 2.3.15
(a)

1Dy Fp(, v, )l Lixescr.x) < 9(p) + O] + [v]|x2)
for v and u sufficiently small and for some g(p) — 0 with p — 0.
(b)
1G(0,0,0,0,0)[]y < Cilelﬁ [|(id — Qp)h()|| xe-

Proof (a) If we set g(p) := 2sup,eg ||(id — Q,) Dy f(h(z),0)||x we obtain the estimate

||D(UM ($ v M)HL[X"‘XRX}
= [I[=Duf (h(),0) + QpDuf () + v, ),
~ (i = @)Dy f(h(2),0) + @p[Dpf (h() + v, 1) = Dy f (), ) 15007, x)
< 1D (h().0) — QuDuf (k@) + v. ) |1 x
+ ||(1d - Qp)Duf(h($)>O) - Qp[D,uf(h(x) =+ Ua#) - D”f(h(l‘), O)MX
< 1Duf (h(2),0) = QuDuf (h(z) + v, )10 x
£ 5000) + ClIIDLF(h(a) + v, 1) — Dy (h(), O)]|x
< IDuf (1), 0) = Qu(Duf(h(x),0) + DDy F(h(x),0)[(v, )

+ By(Duf (1), 0), (0, )|z 3 + 59(0)
(

+ Cl[Dyf (h(2),0) + DD, f (h(x), 0)[(v, )] + Ri(Dyu f (h(x), 0), (v, 1)) = Dy f (h(), 0)]|x
< ClIDDyf(h(x),0)[(v, w)] + Ri(Dy f(h(x),0), (v, 1)l|1x2,x)
+9(p) + ClIIDD,f (W), 0)[(v, )] + Ra(Dpuf (h(), 0), (0, )]l | x-

o8



2.3 Persistence of the Homoclinic Orbit
Due to Theorem A.1.2 we have
||R1(Duf7 (h(x)ao)v(vnu))HL[Xo‘,X} 5 30
< mase DD, f(h(z) + t0.t4) = DDy f(h(2).0) o i 0. o 3
We set K := {h(z) : z € R}. Since DD, f(-,-) is continuous and K x {0} is compact there

is an open neighbourhood O of K x {0} such that'® DD, f(-,-) is uniformly continuous in O.
Hence for C' > 0 there is a § > 0 so that

tren[(?}l(] [[DDyf(h(x) + tv,tu) — DDy f(h(2),0)||pixexr,rixe,x)) < C for  |[(v, p)||xaxr < 0.

This and similar considerations lead to

A

Do) Fp (0, )| Lixexr,x] < 9(p) + C([[v]lxe + |u)

for v and p sufficiently small and with g(p) — 0 as p — 0.
(b) Because of E,(x9,0,0) = —(id — Q,) f(h(x0),0) we get the expression
G,(0,0,0,0,0)

Jo % (- wo) (id — Q) f (h(20), 0)dxo + [, Y (-, w0)(id — Q) f (h(z0), 0)dao
Jo @L(,20)(id = Qp) f (R(z0), 0)dwo + [, @2 (-, 20)(id — Q) f (R(z0), 0)dzo
fooo (I)i((), l‘o)(id — Qp)f(h(aj‘o), O)d.CL‘(] + fi)oo d5 (0, xo)(id - Qp)f(h(.%‘(]), O)dl‘o
(0, Jo~ @40, 20)(id — Qp) f (h(x0), 0)dao)

In the following we prove the estimate

|

where C' is a constant independent of x. Using (H7) and (Q)(i) yields

/Oac % (z,20)(id — Q,) f (h(0), 0)dxg

< Csup||(id — Qp)h(z)|| xo, (2.31)
X zeR

[ %m0 = Q) 1), 00z = [0 (o) = Q) (- hlaw) — Ah(a) ) da

= [®% (z, 20) (id — Qp)h(x0)]
- /O ' <8‘zoq>s+(x, 20)(id — Q,)h(xo) + &% (z, wo) A(id — Qp)h(:ro)> dao
Y 93 (2, 2)(id — Q,)h(x) — ©° (z,0)(id — Q,)h(0)
- /0 " (=% (2, 20)(A + Duf(h(x0), 0)(id — Q,)h (o) + B (x, 20) A(id — Q,)h(x0)) dao
= @7 (z,2)(id — Qp)h(z) — @7 (z,0)(id — Qp)h(0) — /Ox @7 (2, x0) Duf (h(20),0)(id — Qp)h(xo)dwo,
where in (x) we used Lemma 2.3.4. The estimate (2.31) is a direct consequence of the definition

of exponential dichotomies and of Theorem 1.4.6. Similar estimates for the other integrals of
G5(0,0,0,0,0) are met which lead to the statement (b). [ |

15Confer proof of Lemma 2.3.11.
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

Theorem 2.3.16 The nonlinear part @p UCY —Y of (2.26) is smooth on a sufficiently
small neighbourhood U of the origin and satisfies

HDGP(b-Hb—?U-HU—:M)HL[Y,Y/}_>0 as (b+,b_,v+,v_,u)—>0, P—>0-

Proof In the following we show that

x

pc0 (v, p)(w ):/ Y (x,20) F, (w0, v4(20), p)dao

o0

G,co:U C CORT, X%) x R — CORY, X*),
G

is smooth with ||DGP’CO(U+,M)|‘L[CO(R+7X0¢)XR7CO(R+7X0¢)] — 0 as (vy,u) — 0, p — 0. Here,
U is a sufficiently small neighbourhood of the origin. Note that C;’pgco (v4, u)(x) is the sec-
ond summand of the first row of G p(by b vy, v, p)(x). All the summands of the rows of
G p(b+,b—, v, v_, pn)(x) resemble themselves. That is why it suffices to show the above men-
tioned statement in order to show the smoothness of G, and || DG, (b4, b—, vy, v_, )] |L[Y,§/} — 0

as (b+,b,,v+,v,,,u) - 0> p— 0.

Consider

Goco(vy +up, p+v) (@) = Gpeo(vy, p)(x)

N /"” O (2, 20) (F)(wo, v4-(w0) + up (20), 1 + v) — Fp(wo, v4(20), 1)) dag
= /w @i(w,xo)D(u7u)Fp(ﬂf0aU+(x0) ( )

fowan (][], o

We claim that the Frechet derivative of G p,co 1s given by

u v ~ uy(x

Ty (04, 1) ( + ) (@)= [ &% (@20 Do Folies v (o). ) ( +{z0) ) dro.
o

The linearity of T}, is a consequence of the linear structure of the integrand and of the integral’s

linearity. Furthermore,

| Tp(vs, 1) ( u: ) o

~ sup / B (2, 20) D 0 Ep (0, v4 (w0), 1) < u+(yﬂﬁo) )dxo

TeRT

u ug (x
<sup/ 198 . 0) x| Dy P v ) e | (45500 )|
XaexR

()

XC!

< sup [ 1104 0l xe(006) + Ol oo + i)
re

COxR

9

COxR

sc<g<p>+uv+\|co+|“‘>H< P )
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2.3 Persistence of the Homoclinic Orbit

where (a) relates to Lemma 2.3.15 and where in the last step we used Theorem 1.4.6. So we
obtain the boundedness of T, with

| To (v il Licoxr,co) < Clg(p) + [lvillco +1ul) = 0 as (v, ) =0, p—0.  (2.32)

o (|0, )

Finally'6,

Co

().

SUPzeRr+
> v X xR
X
< sup [ 1184 (00) e da
o 1)
v COxR
AUC) )
< C sup XOXR — 0 as ‘<UJ> — 0,
COxR

v XaxR

which proves that G p,c0 is Frechet differentiable with

X xR

Dép,CO (U-H :U’) = Tp(’l}_;,_, /"‘) and Dép,co (v-‘ra /"') — 0 as (U-i-v H) - O’ p— 0.

The continuity of (v, i) — T, (v, p) is a direct consequence of f € C?(X“ x R, X). |

Now we can conclude that there are constants 0 < r and 0 < Kk < ¢ < 1 so that

||1d - L_lDGp(bJr’b*aUJra’U*HUJ)HL[Y] < C”Dép(b+7b*?v+7U*aM)HL[Y} <K

v(b+7b—7v+7v—7u) €S= {(b+,b_,v+,v_,,u) €Y: H(b-‘r7b—7v+7v—7u)’|y < T}u
HL_le(0,0,0,0, O)HY < 1“(1 - Q)

for every sufficiently small p > 0. Thus, it follows from Theorem 2.2.1 that

Gp(by, b, vy, v, 1) =0

has a unique solution (bp,+, b, —, hp 4, hp,—, pp) in a sufficiently small ball in Y centered at the
origin and for every sufficiently small p > 0. Moreover, the function h, defined by

- hyi(z), =eRF
h _ "“pt ’
o) {ML@% v ER

16Consider the following statement for A, B C R™:

sup(A - B) = sup(4) - sup(B),  sup(A~!) = (inf(4)) " = sup() = sup(A) -sup(B ") = 25D > el
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains
is a strong solution of equation (2.19)

%v = (A+ Dyf(h(z),0))v + F,(z, v, p)

due to Theorem 2.3.8.
Considering the relation (2.18) we obtain the solution h, = h+ fNLp of the Galerkin approxima-
tion

0
o= Au+ Qpf (. ).

Estimate (2.11), Lemma 2.3.15 (b) and Theorem 2.3.14 yield

H(bprf'? bp,—7 il-f-a ‘il—mu’,D)HY

xe + [|bp,—[|xe + sup |[hp 1 (z)|[xe + sup [|hy—(@)]|xe + |1l
zeRT TER™

(]‘ - q)iluLile(O? 07 07 O7O)HY
C'sup [[(id — Qp)h(z)|[ xo.
zeR

= [1bp,+]

<
<

This leads to the estimate

[kl + sup |[hp(x) — h(z)||xe < Csup||(id — Qp)h(@)]|xe.
zeR z€eR

Theorem 2.3.17

ho(z) € QX% Vx eR.

Proof The equation

L () = Ahy(a) + Qul(hy(w). 1), 7 € B,
leads to
%(id — Q) = Aid — Q)hy(z), € R.

Because (id — Q,)h,(-) is a bounded solution of %u = Au on R Theorem 1.1.6 and Theorem
1.4.3 yield (id — @,)h, = 0. Therefore, h,(z) € Q,X* forallz e R. |}

Theorem 2.3.18
ho(®) = pp(pp) as || — oc.

Proof By subtraction we obtain from the equations

0

ajhp(x) = Ahp(f) + pr(hp@)a Mp)7 rzeR, 0= App(up) + pr(pp(ﬂp)a Np)
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2.3 Persistence of the Homoclinic Orbit

the differential equation

() = Ayy(a) + @ F(p(2) 1) — F(Bol1tp) 1)

where y,(z) := h,(x) — py(p1,) and z € R. The assumption f € C%(X® x R, X) results in
Qo(f(hp(x), 11p) — f(Po(0)s 1p))
= Qp (Dut i) 1)+ [ Dbyl + 1) = i) ) — Du oy ot
(ho(z) = Po(ttp))
= By(2)y,(),
where we defined B,(-) € C%?(R, L[X%, X]) by

B,(x) :=
’ 1
Qp <Duf(pp(,up)a /‘p) + /0 (DUf(pp(Mp) + t(hp(l:) - pp(.“p))a Mp) - DUf(pp(NP)Mp))dt) .

Using arguments of the above proofs we can also show that for every € there exists a pg such
that sup,cg {||Duf(h(z),0) — B(2)||;xa x)} < € for all p € [0, pg). Therefore, Theorem 1.4.4
yields that

0

ot = (A+ B(a))y,

has an exponential dichotomy on R. From the exponential behavior we obtain y,(x) — 0 as
|x| — oo which proves the assertion. |

Theorem 2.3.19 The solutions h, are nondegenerate.

Proof We apply Theorem 1.4.4 to

%v = (A4 Q,f(hp(x), pp))v. (2.33)

Because of the already proven estimate of Theorem 2.1.6 (ii) and because of Lemma 2.1.3 there
exists a constant ng > 0 such that

sup 1Dy f (h(2),0) = QpDuf (hp(x), p)| Lixe x]
< sup ||Dyf(h(z),0)

zERT

@y [pusaiorn oo (M) o ()

)]

< sup [(id = Q) Duf (h(), 0] Lixex| +C (22% () — h(@) | + w)

TzeRT
<n

LIX*,X]
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

for some 1 < ng if p is sufficiently small. Consider that C' can be chosen independent of x since
lim | oo A(x) and limyg| o hp() exist.

Let @3 (x,70) and @Y (2o, ) for > 7 >0, and ®2 ,(z¢,z) and ¥ (z,0) for x < x9 <0
be the corresponding solutions operators for (2.33). Using Hypothesis (K) and the results of

Lemma 2.1.1 and Theorem 1.4.4 shows that ®% (0,0) and ®* ,(0,0) are close to @5 (0,0) and
®“ (0,0), respectively. This proves that the solutions h, are nondegenerate. [ |

Corollary 2.3.20

9 0 «@
%hp e C°(R, X7).

Proof a%hp(O) € R(®3 ,(0,0)) leads to %hp(O) € X. Moreover, it is a consequence of
Theorem 1.4.6 that a%hp(w) =&, y(z, 0)8%hp(0), x > 0, is a continuous function into X“. As

the choice of x = 0 is arbitrary we have (%hp e CO(R, X%). 1

Proof of Theorem 2.1.6 (iii)

The uniqueness statement of Theorem 2.1.6(iii) is a consequence of Theorem 2.2.1.
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2.4 The Truncated Boundary Value Problem

2.4 The Truncated Boundary Value Problem

In order to analyse the numerical computation of the homoclinic orbits h, of the Galerkin
approximation

0
%U:A’U,—Fpr(U,IU,), (’LL,/,L)GXOCXR,

one truncates the axis R to a finite interval [T_,T4] for some 7_ < 0 < T4 and imposes
boundary conditions at the end points * = T_ and « = T;. This procedure is the most
commonly used one. We follow [15].

In this section we consider truncated boundary value problems of the form

%u - AU - pr(u’ :U’)
RP(U(T+),U(T_),/A) =0, (2.34)
JT,p(unU‘)

where x € T := (T_,T,). Jr, describes a phase condition and R, the boundary conditions.

We remark that the translate h(- + xo) of () is still a homoclinic orbit. In order to choose
a particular translate we impose the phase condition J7 ,(u, ) = 0. As a consequence, the
solution becomes unique. We now add the Hypothesis (T1). Note some important differences
to [15].

Hypothesis (T1)

(i) The map Jr, € C*(C°(T, X*) x R, R) satisfies Jr,,(h,, 11,) — 0 as |Ti| — oo. Moreover,
there is a dyp > 0 independent of 7_, T and p so that Dy Jr ,(h,, Mp)%hp > dy for all |T4|
sufficiently large. Dy, Jr ,(u, u) and D2Jr ,(u, i) are bounded in a ball B((hy, f1,),71) C
CO(T, X) x R of a fixed radius 71 uniformly in T_, Ty and p.

(ii) The boundary condition is given by R, € C?(X® x X* x R, X%) so that DR, and D?R,
are bounded in a small ball B((p,(ttp), Pp(ttp)s thp),T2) C X x X x R with radius ry

uniformly in p. R, satisfies R,(po,po,0) = 0 where pg is the hyperbolic equilibrium of
(H6). Finally'?,

D(u+,u,)Rp(pp(:up)a pp(ﬂp)a Mp) |R(P+,,,(up))><R(P,,p(up))
is invertible and the inverse is bounded uniformly in p.
Remark 2.4.1 Hypothesis (T1)(i) is well-defined because of a%h, %hp € CY(T,X?%). Con-

sider Corollary 2.3.20.
In many cases the boundary conditions are separated

Rp(usuyp) = (R (s, p), Re plu_, w)) € R(Py (1)) x R(P-5(p,)) = X°.

In these cases the invertibility condition of (T1)(43) is satisfied if DuRx »(pp(11p)s 1p)) | R(Px (1))
are invertible and their inverses are bounded uniformly in p.

7Confer Lemma 2.2.2 for Py ,(11,) and P— ,(1,).
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains
In the following C' denotes various different constants that are all independent of 7_ and T .
Theorem 2.4.2 [f the assumptions (H1), (H3), (H6)-(H9), (K), (Q) and (T1) are sat-

isfied, then there are constants pg, n, C > 0 so that on all sufficiently large intervals T the
boundary value problem (2.34) has a unique solution (h,,@,) for any p € [0, po) in the tube

{(u,u) € OO, )], X*) x R [+ sup  [Ju(z) — h@)][xo < 77}
$€[T7,T+]

and the estimate

Ao = ol + A 1ho(x) = ho(x + 1)1 x0 < ClIRp(Rp(T4), hp(T-), 1)l 0
e[l 14

holds for an appropriate small constant yr,,.
Corollary 2.4.3

|fipl + sup  |[[hy(x) = h(z)||x> < C <”Rp(h(T+)v h(T-),0)[x + sup||(id — Qp)h(fv)llxa>
z€[T-,T4] z€R

under the hypotheses of Theorem 2.4.2.

Remark 2.4.4 Provided that the assumptions of Theorem 2.4.2 are satisfied, we even have
the estimate

gl +  sup  |[[hy(z) — h(@)]|xe < C (e”ﬂ + M sup [|(id — Qp)h(w)Hxa> :
z€[T-Ty] z€R

where A* < 0 and \* > 0 are chosen so that {\ € C|]A\* < R(\) < A*}No(A+ Dy f(po,0)) = o.
This statement can be proven by showing'®

1A(T+) — pol[xe < Ce™PT*

for some positive constants C' and .

The results of this section contain also the case of truncating the evolution equation (2.7)
directly without imposing a finite-dimensional approximation. In this case we set (), = id for
all p > 0.

Proof of the results

Definition 2.4.5 For p > 0 we define the maps F,, Fj, : R x X* xR — X by

Fy(x,v,v) := D, f(hy(zx), pp)v + Fp(:v, v, V),
Ey(w,0,v) := Qu(f(hy(®) + v,y + 1) = f(hp(x), 1) — Duf (h(x),0)v) (2.35)
— (id — Q,;)Duf(h(x), 0)v — Duf(hp(x)a ,up)V‘

18Use the properties of exponential dichotomies.

66



2.4 The Truncated Boundary Value Problem
Conducting the transformation
w(x) = hy(z) +v(z), z€R, p=p,+v (2.36)
we obtain from %u = Au+ Q,f(u, 1) and 8%]1,0 = Ah, 4+ Q,f(hp, 11,) the expression

= (At Duf(h(a), )0 + Fyl,,0)

= (A + Duf(h(‘r)’ O))U + D,Uf(hp(l‘)v MP)V + Fﬂ(x7 v, V)‘

In the following we search for a strong solution v of this differential equation. Here, strong is
defined by

(2.37)

ve CY(T_,T,), X)NC(T_, Ty ), X1). (2.38)

Definition 2.4.6
a=(a4,a-) € Xy:=R(Py) x R(P-), b= (by,b_) € Xp:=R(P(0,0)) x R(®"“(0,0)),
Lty Xox Xpx C0,T4], X*) xR — C[0,T4], X¥)  with

T
I+,T,p(a7 b’ Uy, V)(JJ) = (I)Q_f_(l’, T+)a+ + (I)j_(l’, O)b+ + / (I)Q_f_(m, mO)Fp(-TOa U+($O)a V)dfﬁo
T

+ / 7 (z, 20) F)p (20, v4(20), v)dxo,
0

I_7,: Xox Xy x COT-,0],X*) xR — C°([T_,0], X¥) with

I_7,(a,bv_,v)(z) =0 (x, T )a_ + " (x,0)b_ + / ®° (z,20)Fy(z0,v—(20), v)dzo

+ / QY (z,20)Fp(z0,v—(20), v)dx0.
0

The maps are well-defined and even smooth which can be shown as in the proofs of the previous
sections.

Theorem 2.4.7
(i) If v is a strong solution of (2.37) it satisfies

0=vi(x) —Ii1,a,bvg,v)(z), =€l0,T4],

0=v_(x)—I_1,(a,bv_,v)(z), zel[l-,0], (2.39)
v4(0) = v-(0)
for some a,b € X, x Xy, where vy :=v|jo1,) and v_ = v|j1_ -

(i) If (vy,v_) € CO[0,T4], X¥) x CY([T-,0],X?) are solutions of (2.39) for some a,b €
Xo X Xp, i.e. mild solutions of (2.37), then the function v defined by

o() = { v_(z), z€[T-,0]

U+($)’ S [07T+]

is a strong solution of (2.87).
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Proof Here, we refer to the proof of Theorem 2.3.8 and to Lemma 2.3.7.

Definition 2.4.8
V' CO0,7,], X%) x COT-, 0], X*) — COT-, Ty ], X°),

vilz) + v (0) — v 2 2.40
V(vg,v)(z) = { vj((x>)7+ OO x §>(()) o

V is a linear and bounded operator. In the following we have to solve the phase and boundary
conditions

RP(hP(T+) + U+(T+)7 hP(T—) + U—(T—)a Hp + V) = 07 (2 41)
Jrp(hy + V(vg,v-), 1y +v) = 0.

Lemma 2.4.9
(i) R, satisfies

Rp(hp(Ty) +vp, hp(T-) + v, pp +v) = Rp(hp(T4), hp(T-), 1)
+ D(u+7u7,l/)Rp(hP(T+)7 hP(T*)a Mp)(v+> V—, V) + Rp(hp(T+)v hp(T*)v Uy, V-, 1/) with
Do 0— i) Bo(Pp(T4 ), hip(T-), v v, V)| o x xoxr,xo] < C([[og[xe + [|v-][xe + [v])

for (vy,v_,v) in a sufficiently small ball in X* x X x R centered at the origin. The
constant C is independent of p.

(i) Jr, satisfies

I1.p(hp + 0, 1y + V) = J1 (R, 11p) + D7 (R 11)0 + Dy (R p1)v + J1.p( By 0, 1)
with || D) J1,0(hps 0, V)| Ljco(r, x0) xmR] < C(||V]|co(r,xa) + [V])

for (v,v) in a sufficiently small ball in C°(T, X*) xR centered at the origin. The constant
C' is independent of p.

Proof (i) The Taylor expansion of R, leads to the asserted equation. This results in the
expression

~

Diws o) Bo(hp(T4), hp(T-), 4, v, v)
= D(u,v,,u)(Rp(hp(TJr) + vy, hp(Tf) + U,y + v) — Rp(hp(TJr)’ hp(Tf)’ Np)
- D(u+,u_,u)Rp(hp<T+)v ho(T-), prp) v, v—, v])
= D(u+,u,,u)Rp(hp(T+) + v, hp(T) + v, pp + 1) — D(u+,u,,u)Rp(hp(T+)> ho(T-), o)
= D(2u+,u_,u)RP(hP(T+)7 ho(T-), pip)[v+, v—, V]

+ Ry (D(u+,u_,u)Rp(hp(T+)7 hp(T—)7 ﬂp)a ('U+, v—, V))
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Due to Theorem A.1.2

HRI(D(u+,u_,u)RPv (hp(T+)7 hp(T—)a :“p)v (U—H V—, V))HL[X“XX“XR,X“]

< b2y ”D(2u+7u7’y)Rp(hp(T+) +tog, hy(T2) +tv_, p, + tv)

- D(2U+7u_,y)Rp(hp<T+)7hp(T—)7IU’P)‘|L[X‘)’><XQXR,L[X°‘XX"‘XR,XO‘H : H(U+7U—7V>HX"><XO‘><R
< C(lfo4llxe + [lo-[|xe + |v])

for (vy,v_,v) in a sufficiently small ball around the origin. In the last step we used that

D(Qu%u_’V)Rp(-, -,+) is uniformly continuous on an open neighbourhood of the compact

set {hy(z) 1 x € R} x {hy(x) : x € R} x {p,}, see (T1)(ii).

Using this argument once more we obtain from the first equation the asserted estimate
‘|D(v+,v,,u)RP(hP(T+)> hP(T—)>U+7U—7 V)HL[XO‘XXO‘XR,XO‘] < C(HU-FHX"‘ + HU—HX"‘ + ‘V|)

(ii) is similar to (i). |}

Definition 2.4.10
Grp: Y — Y,
Y = X, x X3, x CV[0,T4], X%) x C°([T_, 0], X%) x R,
Y = CO[0,T,], X*¥) x CO([T_,0], X*) x X% x X* x R,

Vy — I+7T7,0(a’7 b7 U+, V) (242)
v_ —I_71,(abv_,v)
Grpla,b,vy,v_,v) = It 7p(a,b,v4,v)(0) — I_ 7 ,(a,b,v_,v)(0)

Ry(hp(T4) + 04 (T4 ), hp(T-) +v-(T-), pp + v)
Jrp(hp + V(vp,v2), pp +v)

We note that G, is well-defined and smooth which can be proven as in Section 2.3. Again,
we intend to apply Theorem 2.2.1. Thus, we need to ensure that its preconditions are met.
Therefore, we expose the following definitions and statements.

Definition 2.4.11

fTJ“p(a, bv)(z) := @Y (x, T} )ay + @7 (2,0)by +v </ QY (x,20) Dy f(hp(0), pp)do
T4

+/x @i(m,wo)Duf(hp(xg),,up)d:co) x € [0,Ty],
0 f (2.43)
Ir_p(a,b,v)(2) = % (2, T )a + @ (2,0)b_ + v </ O (, 20) Dy f (hp(0), o) dizo

+/Ox ‘I>“(a:,:co)Duf(hp(xg),up)daz()) S [T_,O].
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Lemma 2.4.12

fT+’P S L[Xa x Xp X R, CO([O7T+L Xa)]a Tsu§+ ||fT+7P(a7 b, V)||L[Xa><Xb><R7CO([O,T+]’XO‘)} < o0
+€
IATﬂp € L[Xa X Xp X R, CO([T,,O],XQ)], Tsug ||IAT77p(a,b, V)||L[XuXXbXR,CO([T_,O},XO‘)} < o0
—eR™

Proof Using Theorem 1.4.6 several times yields
HIT+7P<C"7 b, ’/)HCO

x
@ (2, T )ay + 5 (2,0)by + v ( /T @Y (2, 20) Dy f (), 1)y
+

+/0 ‘I’i(wvxo)Duf(hp(fco)Mp)dxo)

< sup
Z‘E[O,T+]

X«

Clallx, +[lb4]lxe) + v ( sup {/ H‘P’fr(l‘,ﬂio)lIL[x,Xa]IIDuf(hp(xo),up)llxdxo}

z€[0,00)

z€[0,00)

T sup { 193 0l e 1D ), up>||xdmo}>

< C(llallx, + [|b+]]xe + [¥])
< Cl|(a,b,v)|| x,xx, xR-

In the same way we can show ||fT_7p(a, b,v)||co < Cl|(a,b,v)||x,xx,xr. Note that the con-
stants C' are independent of Ty and T_, respectively. [ |

We decompose the map G, into a linear and nonlinear part:

Grp(a,b,vy,v_,v) = L7 p(a,b,vy,v_,v) + GT7p(a, b, vy, v_,v), (2.44)

Lt ,(a,b,vy,v_,v)

Ut — I:T+7P(a7 b,v)
v_ —Ir_p(a,b,v)
- T, p(a.b,)(0) — Ir__y(a,b,1)(0)
DR, (hp(T4), h(T2), 1) Iz, plas b, 0)(T2), I yla,b,0) (1), )
DUJTvP(hIN MP)V(ITJHP(G? b, V)? IT—W(av b, V)) + DMJTyﬂ(hpv NP)V
C;’T,p(a, b, vy, v_, V)

A

= Jr, ®4( ,xo)l? (0, v (20), v)dzo — [ D5 iﬁo)lfp(ffo,w(ﬂfo)»’/)diﬂo
—fT @2 (-, x0) F)p(20, v—(20), v)dTo — fo 20) Fp (w0, v—(20), v)dxo
(o ( )

= fT oY (0, xO)F , U4 (z0), v)dzo — fT o° ( x0)F), :L‘o,’ti_(ﬂfo ,v)dxg
Rp(hp(T4) hp(T-). p1p) + Ry (o (T), hp(T-), Iy (s b, 0) (T4 ), I p(as b, v) (T2), v)
Jrp(hps pip) + JTp(hp,V(IT+ pla,b,v), It ,(a,b,v)),v)
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Lemma 2.4.13 Ly, : ¥ — Y s continuously invertible and there is a constant C' > 0
independent of p and T' so that HL;}pHL[Y v <C.

Proof In the following we prove that for any (g+,9—,¢,7,7) € Y the linear system
Ly p(a,b,v4,v—,v) = (94,9-,¢,7,7) (2.45)
has a unique solution (a,b,v;,v_,v) € Y and that
127, (> 9— e Dy = (1@, b, v, 0, 0)|ly < Cll(9+, 9 ¢, )l (2.46)
where C is a positive constant independent of p and T
The first two equations of (2.45) are solved by
(vy,v-) = Wi(a,b,v,94+,9-) == (9+ + fT+7p(a, b,v),g— + fTﬂp(a, b,v)).

It follows from Lemma 2.4.12:
[[Wi(a,b,v, g+, 9—)|\00([0,T+},X&)xCO([T,,o],Xa)
< lg+lleoo,ry,xe) + Hry pla; b, v)llcoqo,,x0) + 119-llcoqr o), x<)
+ U1 p(a, b, v)||coqr. 07, x)

<|lg+lleogo,ry),xe) + Cll(a; b, V)| x,x x, xR + [l9-llco(z_01,x2) + Cll(@, b, V)| x\x x, xR
S C‘|(g+’g—7aab7 V)||Xa><Xb><R7

where C' is independent of p and T'.
The forth equation of (2.45) can be written in the form
r = DRy(hp(T4 ), hy(T-), ) (w w—,v)  with
wy = @Y (T4, Ty )ag + 5 (T4, 0)by + ’//OT+ L (T'y, 20) Dy f (hp(o), pp)deo, (2.47)

T_
wo =& (T_, T )a_ + “(T_,0)b_ + 1// QU (T_,20) D, f(hp(x0), ptp)dxo.
0

Because of (K), Lemma 2.1.3 and Theorem 1.4.4 the operators'® ®% (T'y, T’y ) and Py as well as
®% (T_,T_) and P_ are close to each other for all sufficiently large Intervals 7" and sufficiently
small p.

This statement justifies that

D(qu,uf)RP(hP(TwL)a hp(T*)v :UJP)(q)i(TJra T+)|R(P+)7 i (T*a T*)|R(P7))

19Gee Definition 2.3.3.
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is a linear and invertible map from R(P;) x R(P-) to X¢ = X¢ ® X¢ uniformly in p because
of (T1)(ii) and

Dy yBo(hp(T4 ), hp(T2), ap) <‘I’u (T, T4 ) | repy ) ‘I’i(T—,T—)‘R )

= Dy uyBo(hp(T4), hp(T. ),Mp( YT T |repy ), @ (T-,T-) \R(p7)>
Doy uy BolholTe) hp (1), 1) (P [ e Pl )
+ Dy uyBp(hp(T4), hp(T-), pp) (P—i-‘R (P> P- \R(P7)> 2.48)
Dy Roip(T5), hp(T-), 119) (P pit) [rcpys P ) ) '
+ Duyu ) Ro(hp(T4), hp(T-), 1p) <P+p (1p) ‘R (Ps)> P (1t ‘R(p ))
- D(u+u )Rp(pp(ﬂp)»l)p(ﬂp)7ﬂp) (P+,p Mp ‘R(P+)7Pf,p Hp ‘R(p_)>
+ Duy ) Ro(0p(ttp)s Pp(tip); o) (P+,p(up) |R(P)> P p ()| R(p7)> :

Let E be the first six summands and A be the last summand of the right hand side of (2.48). For
sufficiently small p and large T we obtain ||A~'E| |L[rR(Py)xR(P_)] < 1. Note that A is invertible
and its inverse is bounded uniformly by (T1)(ii). Therefore, considering the Neumann series
we obtain that

Dy uyBp(hp(T4), hy(T-), p1p) (<I>1(T+,T+) \r(py), @ (T, T-) = A(A7'E +1d)

i)
is invertible uniformly in p.

Now we can solve (2.47) for a = (a4,a_):

0

D(U+,u_)Rp(hp(T+)7hp(T—)u“p) 0 )
0 DyuRo(ho(T4), ho(T-), 1)

(T, 00+ fy* O4(T,20) Dy f (hy(0), 1) g
O (T, 0)b— + v [}~ @ (T, 20) Dy f (hy(@o), ip)dag

1%

We can write a = Wa(b, v, ) with

[Wa(b,v,7)||xe < C (e [[bs]lxe + = |lb—|lxe + ] + [7]]x2)
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due to (T1) and to the estimates

195 (T, 00| xo < Ce™™ ¥ [[by|xe, (IR (T, 0)b—]|xe < Ce™||b_]|xo. (2.49)

In the following we regard the equation of (2.45) which contains the phase condition. Using
the estimates (2.49), the definition (2.43) and the estimates for a results in

V(Ir, ,, I ,)(a,b,v)(zx) = Ir, ,(a,bv)(zx) + Ir_,(a,b,v)(0) — Iz, ,(a,b,v)(0)
= q)l—lf—(xa T+)a+ + q)i(l', 0)b+

+v </ ‘I’i(ﬂﬂvwo)Duf(hp(fvo)yMp)dmo+/ ‘I’i(ﬂ%xo)Duf(hp(fvo)yﬂp)d$0>
T, 0

0
FBLOT 0 + 810,00 + v [ B (0,20) D, f(h(w0). )
0

~ 0. T 0~ D008 v [ BL0,20)D,f(hylao) )y
+

= @i(x, O)b-l,- + b_ — b+ - (I)i(0,0)b_ + <I>1fr(0, O)b_l,_ + (@i(:c,fﬂ.) - (I)i(O,T+))CL+

£ 05 (0,T o +v ( | @t Dbyl o+ [ % o) Dy o) up>dxo>

0

0
+V/ ®° (0, 20) Dy f (hp(x0), p1p)do —l// ®4(0,20) Dy f(hp(x0), p1p)do
T_ T,

= &3 (,0)by +b_ — by + W3(b,v,r)(x), x>0,
V(Ir, o, Ir_p)(a,b,v)(2) = Ir_ ,(a,b,v)(z)
=®° (2,7 )a_ + P% (x,0)b_
w0 ([ @80 Dof o). ) + [ % 0,20) Do ), )
= Y (z, 0)+b_ + Wy(b,v,r)(z), 2z <O0.
Here, W3 and W, satisfy the estimates
Waa(b, v, ) (@)lxe < C (7T fbs][xo + €T [Ib_ Lo + 0] + [[rl| =) -

As we have seen in Section 2.3 we can write

(4.5 = (by.b) 3 (o h(OL 2 0O)) - (brb) € o,

where X, @ span { (£1(0), Zh(0))} = X, = R(®%.(0,0)) x R(®“(0,0)). This leads to

. A 0 .
V(IT+,P’ Ifyt,/))(av b7 l/)(l‘) = ’}/%h(Sﬂ) + W5(ba v, T‘)(ﬁ) with
W5 (b, v, 7)(@)llxe < C (€] + (1B llxce + [1b-lxe + ]+ [[rl]xe )

where |T'| := min{|T_|, T4 }.
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Now we can rewrite the phase condition and the continuity equation of (2.45):
. d
J = 'YDUJT,p(hpa Np)%h + DvJT,p(hp, Np)WE)(bv v, T)

d
= 'yDvJTJ,(hp, ,up)%h + W6(b, v, T), (2 50)

¢ =04 (0, Ty )Wa, 1 (by,v,ry) — (0, T )Wa,_(b_,v,r_) + by —b_
Ty 0
-V </ q)i(07 xO)DMf(h‘P('TO)? :up)dxo + / o (07 .%'O)D#f(hp(.%'o), :up)de) .
0

We obtain the estimate

W (b, v, )| < C (e [ba o + €= |[b—||xxe + 1] + || x0) -

Moreover, we have
Hq)i(ov T+)W27+(b+a v, T+) - q)s_(o, T—)WQ,—(b—v v, r—)HXO‘
< C (e 4 ) ([[b4 | xe + [[0=|lxa + [1] + ||r]|x=)-
The integral
T
| ). Dty o). 1)

is bounded away from 0 because of (H9), persistence Theorem 2.1.6 and because of the
exponential decay of (z).

Finally, one can solve (2.50) for (b,v,v) employing Theorem 2.1.6, T1(i) and the arguments
of Section 2.3 (Lemma 2.3.13 and Theorem 2.3.14). |}

The following lemma relates to the maps of (2.35) and (2.42).

Lemma 2.4.14
(a) )
D) Fp (@, v, 0)|| L ixexr,x) < C(|[v]xe + [v]) + g(p)
for sufficiently small p, v and v. The function g(p) satisfies g(p) — 0 as p — 0.

(b)
1G7,5(0,0,0,0,0)[[y < Cl[Ry(hy(T4 ), hp(T-), 1)l |-

Proof (a) Consider

D, V)F (55 v, V)| L[xe xR, X] =

H( (Do f(hp(x) + v, up+1/) wf (M(2),0)) = (id = Qp) Dy f(h(x), 0) >
Qp Mf( ( ) +wv :u/) + V) ( (1“)7 P)) (ld QP) ( ([L‘), P))] LIX*xR,X]
< C[|Duf(hp() h(x), )l Lixe,x]

+ 0, p +v) = Duf ( (@), 0)l|rixe x) + [|(id = Qp) Duf (h(z),
+C||Duf( p( )+v,,up+u) ( ( )s Mp)HX+‘|(1d_Qp)Duf(hp($)v p))||X~

Since D, f(-,-) and D, f(-,-) are continuous and K := {h,(x) : € R} x {1, } is compact there
exists an open neighbourhood O of K so that2° D, f(-,-) and D, f(:,-) is uniformly continuous

20Confer proof of Lemma 2.3.11.
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on O. Because of Theorem 2.1.6 (ii) we have the estimate

|’Duf(hp($) + v, pp + v) — Dy f(h(x), O)HL[XQ,X] + HD/Lf(hp(x) + U, fp + v) — Duf(hp($)7 Np)HX
< C(l[vflxe +[v])

for sufficiently small p, v and v.

Furthermore,
sup |(id = Q) Duf (h(x),0)||p(xe,x) = 0 as p—0,
xe

sup 1(id — @p) Dpuf (ho(@), o)llx — 0 as p—0
e

are consequences of Lemma 2.1.3.

(b) We obtain G7,(0,0,0,0,0) = (0,0,0,R,(h,(T4), hp(T-), 1tp), JT,p(Pp, pp)). There is a
small shift y7 , so that replacing h,(-) by h,(-+ 1) yields Jr ,(hp, pp) = 0. This leads to the
estimate (b). |}

Lemma 2.4.15 G, is smooth in every (ao, by, vo,+,v0,—, ) € Y and its Frechet derivative
converges to zero as (ao, bo, vo +, vo,—, o) — 0.

Proof To prove the statement regarding the first three components of CAlTvp consider the
Lemma 2.4.14 (a) and proceed as in Section 2.3.

The last two components of @T,p are given by the maps
(av b’ V) = RP(hP(TJr)v hP(T*)v :up)
Ry (), o (T2, Ty pla b, v)(T2), B yla,b,v) (1), v), (2.51)
(aa b> l/) = JT,,D(hpa Mp) + jT,p(hpa V(fT+7P(aa b7 1/)7 jT— ,P(aa ba V))a V)'
The chain rule yields for the Frechet derivative of the first map of (2.51)
(a07 bo, VO) '_>D(u+,u7,V)Rp(hp(T+)a hP(T—)a fTJr,p(aOa bo, VO)(T+)? fT—7p(a07 bo, VO)(T—)? 1/0)
(I (a0, bo, v0) (T4 ), It (a0, bo, v0)(T-), 1).

Consider (T1) and Lemma 2.4.12. It follows from Lemma 2.4.12 and 2.4.9 the continuity of
the Frechet derivative and the statement

1Dy i BB (T4 ), hp(T-), I, p(a0, b0, 10) (T ), I7 (a0, bo, 10) (T-), o)
(Ir. p(ao, bo, vo)(T4), Ir_ p(ao, bo, o) (T-), 1) £ix, x Xy xR.X4]

<Dy i iy Rp(hp(Ti ) hp(T2), I, (a0, bo, v0) (T4 ), I p(a0, bo, v0) (1), 10)|| e x xo xR, xo]
(Ir, p(a0, bo,10)(T4), I p(ao, bo, o) (T-), )] Lix. x X, xB,Xo]

< C(|lz, plao, bo, 10)(T)l|x=) + |z p(ao, bo, o) (T-)||xe + [V])

< C(|| Iz, p(ao,bo,0)llcoo ), xe) + 11 p(a0, bo, vo)llco(r o), xe) + [V])

— 0 as (ag, by, ) — 0.

In the same way we can prove the statement regarding Jr ,. |
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Now we can apply Theorem 2.2.1 to the map G, see (2.42).

Proof of Theorem 2.4.2 The spaces Y and Y of (2.42) are Banach spaces. Lemma 2.4.15
yields the smoothness of G, and Lemma 2.4.13 the continuous invertibility of Lz ,. Due to
Lemma 2.4.15 there are numbers 0 < 7 and 0 < k < 1 so that

||ld - LI_“LDGT,p(a? b7 Uy, V—, Z/)HL[Y] < CHDGT,P(CL? bv Uy, V—, Z/)HL[Y’Y] <K

for all (a,b,v4,v_,v) € B(0,r). Due to Lemma 2.4.14 (b), (T1)(ii) and Theorem 2.1.6 the
estimate

1L7,G7.5(0,0,0,0,0)|ly < Cl|Rp(ho(T4), hp(T-), 1)l x=(1 = q) < 7(1 —q)

holds for some £ < ¢ < 1, for every sufficiently small p and sufficiently large interval T'.
Therefore, Theorem 2.2.1 yields for these values of p and T4 a unique solution (a, b, v4,0_, D)
of Grp(a,b,v4,v—,v) =0 in a ball centered at the origin.

Because of transformation (2.36) and phase and boundary condition (2.41)

hy(z) := hy(x + 1) +0(x), fp:=p,+7, p€l0,po)

is the unique solution of the boundary value problem (2.34) in the tube

{<u,u> € O[T Ty, X) x R« Jul+ sup |Ju(z) — h(z)llx= < ﬁ}
CCE[T_,T+]

for some positive numbers 7, pg. We can choose the tube this way due to Theorem 2.1.6 and
due to the estimates

W_lp - hp(' +’YT,p)HCO < Hﬁp - hHCO + Hh - hp(' + 7T7p)"00 <n+ gl(P)a
[ — ol < ip| + |12pl < 11+ 92(p)

for some functions g2 with gi2(p) — 0 as p — 0. Moreover, we obtain from (2.11) the
estimate

1@, b, 94,9, )|y
= [lallx, +Ibllx, + [1ho = hp(- +v1p)llco + [1hp = Bp(- +v1p)llc0 + |15 = 1]
< (1= q) 7 IL7,,G1,p(0,0,0,0,0)[[y < Cl[Ry(hp(T4), hp(T-), p1p)||x

for some positive number C. This results in

’ﬂp - Hp| + sup Hﬁp(fﬂ) - hp(x +7T,p)”Xa < CHRp(hp(T+)a hp(Tf)aMp)HXa-
ZEE[T,,T+]
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Proof of Corollary 2.4.3 Combining Theorems 2.4.2 and 2.1.6 results in

|l + sup |lhp(z) — h(z)||xe
LL‘E[T,,T+]

< |fp = ol + ol + sup  [hp(2) = ho(@ +37,)l[x0 + sup |lhp(2 +1,5) — h(@)]|x0
ze[T-,T] ze[T_,T4]

< Ol Bp(hp(T4)s hip(T-)s pp)l[xe + |l + ] 1ho(z +71,) = (2)l|x2
el 14
< CllRp(ho(T4), ho(T-), 1p) = Rp((T%), A(T-), 0)[xe + [[Rp(R(T% ), h(T-), 0)] [

+lupl + sup - lhp(z + 1) = h(2)l|x0
ZE[T,,T+]

<C (\up\ sup [[hp() — h(éﬂ)Hxa) + Ry (h(T4), h(T-), 0)||xe

ol + sup - |[hy(z +77,) = h(2)][xa
xE[T_ ,T+]

<o<||Rp<h<T+>,h<T_>,o>|rxa+supr|<id—c2p>h<x>||xa)+ sup  |hp(e + 1) — ()|
zeR z€[T_Ty]

2.5 Projection Boundary Conditions

In this section we present the algorithm in practice, where the Galerkin approximation is
considered on the space R(Q,) and where we use projection boundary conditions. Confer
also [15]. In the third chapter we will consider a numerical example with such boundary
conditions.

Definition 2.5.1 (Boundary-value problem on R(Q,))

Let X be a Hilbert space and {Q,}p>0 a Galerkin approzimation which satisfies (Q). Moreover,
let Q4 ,(1) and Q— (1) be the stable and unstable spectral projections in R(Q,) of the operator
(A+ QpDuf(pp(1), )| Rr(q,)- Then we define the boundary value problem on R(Q,) by

= At Quilan). (a.n) € RQ) xR
Ty
Ingtai = [ (Geholo)ate) = hyla) ) o= 252

Ry p(q(T4), 1) = Q1 p(1)(q(T4) — pp(pn))
R_,(q(T-), 1) = Q- p(1)(a(T-) — pp(1r))

)

0
0.

Theorem 2.5.2 Provided that (H1), (H3), (H6)-(H9), (Q), and (K) are satisfied and
that X is a Hilbert space, there exist constants pg,n,C > 0 so that for all sufficiently large
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2 Numerical Computation of Solitary Waves in Infinite Cylindrical Domains

intervals T and for any p € [0, po) the boundary value problem on R(Q,) has a unique solution

(h‘pv ﬁp) in
%%MEUWTJ%R@MXMIWme mu>humm3n}
.TE[T, ,T+]
Moreover,
mw+mm|mm—mmmsc@wﬂ+ﬁm+www—%wmuﬂ
z€[T-,T4] z€eR

where A* < 0 and A* > 0 are chosen so that {\ € C|A\* < R(\) < A*}No(A+ Dyf(po,0)) = @.

Proof Due to (Q) and Lemma 2.1.1 the operators @), are projections in L[X“|. Hence, we
can use the decomposition

u:q+w::<3}>, g€ R(Qp), we N(Q,). (2.53)
This results in

(A+ QpDuf(pp(p), 1))u
= (A+ QpDuf(pp(M), w)g+ (A+ QpDuf(Pp(H)a ) )w
=(A+ QpDuf(pp(M)’ :U*))|R(Qp)q + QpDuf(pp(M)) :U*)|N(Qp)w + A|N(Qp)w
() < (A+ QpDuf(Pp(1)s 1)) r(Q,)T + QpDuf (Pp(1t); 1) | n(q, W )
Alngnw
_ < (A+ QpDuf<pp(N)7M))|R(Qp) QpDuf(pp(ﬂ)aM)‘N(Qﬂ) > ( q )
0 ANy w )

The notation in (x) is also used in the Chapter V.5 of [25], which will also corroborate the
following considerations.

Let Py and Py ,(1t) be the spectral projections of the operators A and A+ Q,D.f(p,(1), 1),
respectively. Defining also Q4 (1) as the spectral projections of (A + Q,Duf(pp(1), 1) r(Q,)
one obtains some bounded operators D4 (1) so that

Pi,p(ﬂ) = ( Qig(#) (idD_ig(:;iﬁi > )

Implementing the substitution subject to (2.53) the equation a%u = Au+ Q,f(u, ) is equiv-
alent to

0 0
5pd = A4+ Qoflgtw p), Zow=Aw. (2.54)

The phase and boundary conditions are given by

T = [ (nwa)+ wiw) - n)

T_ X
+((qw)(T4), 1) = Pr p(pp) (q(T4) +w(T) — pp(p)),

—((q, w)(I-), ) = P p(pp) (q(1-) + w(I-) = py(n))-

(2.55)

5 =
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2.5 Projection Boundary Conditions

In order to show that (2.55) possesses a unique solution we refer to the Remark 2.4.1. We
obtain exemplary for pu = pu,

DUR+(pP(/’LP)7/’[’p> R(Pj: (/J, ))) = P:t’p(up)lpiap(lu‘p)
o Hp

which is invertible as an operator into R(Px ,(p,)). For p close to p, it is still invertible with
uniform inverse. Using Theorem 2.4.2 finally proves that (2.55) has a unique solution.

Because Ay (q,) is hyperbolic w = 0 is the only solution of

aaw =Aw, Pyw(Ty)=0, P_w(T-)=0.
x

This results in the consilience of (2.54)-(2.55) and (2.52). That is why we can conclude that
(¢, w) = (q,0) meets (2.54)-(2.55) if, and only if, ¢ is a solution of the boundary value problem
(2.52).

Finally, we have
R ((T4), Ol < IR o < CT-

Since an analogous estimate holds for R_ ,(h(7-),0) the proof is completed. |

Remark 2.5.3 One can also prove the superconvergence property

i, < C <€(2)\s>\u)T+ 4T sug ||(id — Qp)h(:c)HXa) ,
xe

see [21].
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3 A Numerical Example with Projection
Boundary Conditions

At the beginning of this chapter we discuss the more general case of semilinear elliptic equa-
tions, where the reflexive Banach space X is chosen to be a Hilbert space. The densely defined
and closed operator A is defined on a product space. In many applications it consists of the
Laplacian. Hereupon we consider a concrete example and compare the numerical computations
with the theoretical predictions of the last chapter. We choose projection boundary conditions
when truncating the boundary value problem on the unbounded domain to a bounded domain.
For the discussion and the numerical example confer [15].

Abstract Elliptic Equations

Let Y be a Hilbert space and consider a densely defined, self-adjoint and positive definite
operator
L:D(L)CcY =Y. (3.1)

We also assume that L has a compact resolvent. Recall the interpolation spaces given in
Definition 1.1.2. For u € Y* we analyse the abstract elliptic equation

Ugr — Lu = g(u,uy), (3.2)

where 2 € R and g € C*(Y (/2 9 Y/2 Y) for some a € [0,1).

Formulating (3.2) as first order system yields

2()-(E ) () (o) -a() e oo

Here, (u,v) = (u,uz), G(u,v) = (0, g(u,v)) and

A:(E iSi):Yl@Yl/?_ml/?@Y.

In the following we discuss the required hypotheses in order to apply the theoretical state-
ments of the last chapter. We explain the setting in some detail but refer to [15] for a more
comprehensive verification of the basic hypotheses.

Assumption (H1) is satisfied and the associated projections are given by

1( id L2

P =
+= 9\ 2012 i

):Yl/Q@Y—AfW@Y.

Moreover, the interpolation spaces are X¢ = Yt BY? and G : X* C X¢ — X is
two times continuously differentiable due to the smoothness properties of g. The operator L
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having compact resolvent leads to compact resolvent of A. In [8] conditions can be found which
enable to verify (H8). The hyperbolicity of equilibria according to (H6) and the transverse
unfolding (H9) are generic properties if there is a particular solitary wave solution. At least
nonlinearities of the form g (y, u, ux, Vyu, 1) guarantee that these parts of the hypotheses are
satisfied. The remaining assumptions not regarding the Galerkin approximation can also be
verified, see [15].

To examine numerical examples we use Galerkin approximation which leads to a discretization
of the cross-section. Regarding elliptic equations (3.2) it is useful to choose the projections
Qp, p € {%U{: € N}, as the orthogonal Galerkin projections onto the first m eigenfunctions of
the operator L. The completeness of the orthogonal system of eigenfunctions results in the

hypothesis (Q).

Finally, we have to discuss the boundary conditions at x = T_ and x = T’ if we regard concrete
applications. It can be difficult to determine them because the projections Py , might not be
easily given. Periodic boundary conditions or the actual computation of P, appear to be
the generic possibilities. Dirichlet boundary conditions v(7%) = p and Neumann boundary
conditions v(7Ty) = 0 are usually choices that will not succeed. But if the numerical problems
are reversible systems or equations of variational type, confer [15], there are interesting cases
where Dirichlet and Neumann conditions can be applied.

Numerical example with projection boundary conditions
From now on we will consider the following elliptic equation with Neumann boundary condi-

tions:

{ Umz‘i'uyy‘i'cuz:u(1+2p_u)+pyy_p(1+p)7 (l’,y) €RXx (_Ll) (34)

uy(xz,£1) =0, x€R.

Here, c is some real constant and p is given by the polynomial p(y) := (1+y?)(1—y?) = (1—y?)%.
The equations py(£1) = 0 and (3.4) with u = p hold for any constant c. For ¢ = 0 there is the
solitary wave solution

h(z,y) = p(y) + gsech2 (g) (3.5)

which is plotted on the next page in Figure 3.1. We choose (z,y) € [—15,15] x [—1,1].

Setting g(y,u,uz) = p(1 +p) — pyy — u(l + 2p — u) + cu, the differential equation of (3.4)
becomes

Uzy + Ayu+ g(y,u,uy) =0,  (z,y) € R x (=1,1).

Now we reformulate this equation by defining

Ai:(—oay 5l> f(“’”’c)::<g<z?,v>)’

where §(u,v)(y) := —g(y,u(y),v(y)). This leads to the first order system
0 [ u u
2 (2)o4(2) ot
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3 A Numerical Example with Projection Boundary Conditions
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Figure 3.1: Solitary wave h.

where the related reflexive Banach space is L?(—1,1)x L?(—1,1). The operator A with D(A) =
H'(—1,1) x L?(—1,1) is densely defined and closed and the assumptions (H1), (H3), (H6)-
(H9) and (K) are satisfied, confer [15]. The hyperbolic equilibrium and the homoclinic solution
are given by (p,0) and (h, hy), respectively. Note that (h, hy) — (p,0) as |z| — oc.

Now we implement the projection boundary conditions. Thus we consider the linearization at
the equilibrium (p, 0):

0 id 0 0 0 id
A+ Danl®00={ _o o )T ide2p—2p — )~ A, +id e

For k € Z\ {0} and ¢ = 0 the even eigenfunctions and the corresponding eigenvalues are given
by

1 27.2y—1
a(y) = — (1 +7k%) "> cos(kmy), A ==EV1+ m2k2,

V2 +1
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respectively. Here, replace =1 by +1 for positive k£ and by —1 for negative k. Moreover, for
¢ = 0 there are the even eigenfunctions and eigenvalues indexed by k = +0 and given by

1 1 1 1
Q+0=2<1)7 Ao =1, QO:2<_1>7 Ao =—1,

respectively. Defining

Zio = (Z\{0)U{+0, 0}, Zug:= (Z*\{0}) U{+0}, Zoo:= (2" \{0}) U{~0}

the set {qx}rez., is an orthonormal system in H1(—1,1) x L?(—1,1). Hence

(@, @) gixre = Oy,  k,l € Zao.

In the following we consider the Galerkin approximation

n

Qn = Z (G, Y Erxrz g, nEN.

k=—n

The sum indicates that k takes the values {—n,...,—0,40,...,n}. Note that @, satisfies hy-
pothesis (Q). In order to compare the theoretical predictions with numerical computations we
solve the following differential equation with projection boundary conditions

a% < Z ) :A< :J‘ > + Qnf(u,v,c)

=@n < —Uyy — v+ u(l+2p —u) + pyy — p(1 +p) )
T
0= / (Qn(has hoo) (), (u,0)(2) = Qn(h, ha) (7)) Lo r2dx
-T
0= Qn(e)((u,v)(T) — (pac), 0)),
0=Q_n(c)((u,v)(T) = (pu(c),0))

on (=7,T) with (u,v) € R(Qp). Since (T1) is satisfied we can apply Theorem 2.5.2 and
compare its theoretical statements with a concrete computation of (3.6) which reduces to a
system of ordinary differential equations (ODEs).

We refer to appendix B for the detailed computations which lead to the system with the
corresponding boundary conditions. Equations (B.1) and (B.2) yield
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3 A Numerical Example with Projection Boundary Conditions

oz " 15474 b(k)> (Fax)

o 1 —45 + 16kt
)
1 —45 + 16k*74
2

b)) (o)

Z b(l) 48(—=1)"FH(2k" + 12K%17 4 214) .
2 wi(I5 + kS — 4kS2 + 6kA1% — 4K216) !

£k 20

1 96(=1)* 2b(k
NG (k:477)4 4(1 )(—a+o —a—o)((+ak) + {a—x})
1 48(—1)F(k*7* + 1680 — 160k>7? + kS7°)
\/i k87-[-8 )

O (A2 132\ (2 132 —ib(”‘%( '
or' T\ T4 a Ta1s) 0 T\d At )T g i
0 (3.7)
"L b(1)? 2 1 592

al(al + a,l) + g(a_t,_() + CL_()) + 5 E

O = (A2 132N (20, 132 +Zn: (1) 96(-=1)"*
or' T \a T A )T T Tans) 0T g g A

7y

2 1 592
ai(a;+a—;) — g(a+0 + a_0)2 ~ 53

=-n,...—1,1,....n,

"~ b(1)°
1

l=—n

10

a%anﬂ = (ha(2,y) + haw(z,y)) {a+0 - (185 + gsech? (2) ol )>}

# a(o,2) ~ b)) (-0 = (15 + Ssect? (3) ~ o)) }.

The corresponding boundary conditions are given by (B.2) and (B.5):

an(T) = dpy,  k=1,..,n,
a_p(=T) = d_g, =-1,..,—n,
a+o(T) = do, (3.8)
a—o(—T') = do,
an+1(T) =0,
ant1(—T) = 0.

Here, the first boundary values are the Galerkin modes of the equilibrium (B.4). They are
computed by applying Newton’s method to the function (B.3). An initial guess for the bound-
ary value problem (BVP) is given by @Q,(p(y),0). Equations (B.6) yield the corresponding
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Galerkin modes for the guess:

48(—1)1HF b(k)~?
kA V2

a_g = % (1? 3sech? <§> 3 tanh (g) sech? <;>) , (3.9)

1 /16 T T T
a+0 = 3 <15 + 3 sec 5 3tan 5 ) Sec 5

Solving the boundary value problem with Matlab’s routine bvp4c

k=-n,..,—1,1,...,n,

ap =

To solve the BVP (3.6), (3.7) we use Matlab and its solver called bvp4c. It is able to solve
a large class of BVPs for ODEs in the Matlab problem solving environment (PSE). For the
following short discussion of the routine and of its theoretical backgrounds we refer to [14].

The solver bvp4c is capable of solving ODEs with two-point boundary conditions of the form

d
%u:f(xﬂ%p)? T e [aab]7

0 = g(u(a),u(b),p).

Here, p is a vector of unknown parameters.

One of the advantages of bvp4c is that it does not require analytical partial derivatives of the
nonlinearities. However, if the user can determine the partial derivatives bvp4c can use them
and can thus be more efficient. Moreover, bvp4c is very capable of handling poor guesses for
the mesh and for the solution compared to other routines.

The solver bvp4c is based on a collocation method with a C'-piecewise cubic polynomial S.
If a =29 < ... < zy = b is the related mesh the polynomial collocates at the ends of each
subinterval [z;, z;+1] and at the midpoint. The choice of the mesh and the error estimation is
determined by the residual of S. This collocation method is equivalent to the 3-stage Lobatto
[ITa implicit Runge-Kutta formula. It is also called Simpson method as it becomes the Simpson
formula when a quadrature problem is treated. The routine bvp4c neglects some accuracy in
favor of a simple behaviour of the residual. Therewith a more inexpensive and asymptotically
correct estimate of the residual is possible. The Simpson method leads to algebraic equations
which are solved by using a simplified Newton (chord) method. [13] proves that with modest
assumptions the piecewise cubic polynomial S and a corresponding isolated solution y satisfy

(3.10)

ly(a) = S(x)[| < Ch*

for h = max;{x;+1 —x;} and for all = € [a, b]. bvp4c needs the following three input arguments:
A function handle! for the right hand side of the differential equations (3.10), a function handle
for the residual in the boundary conditions and a structure which contains an initial guess for
the solution and an initial mesh. The latter can be created by using Matlab’s routine bvpinit.
Generally, BVP solvers require an initial guess for the solution since BVPs can have more than
one solution.

Moreover, there is an optional integration argument. Matlab’s bvpset function creates this

In Matlab a function handle is a value that provides a means of calling a function indirectly. Confer Matlab’s
product help.
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3 A Numerical Example with Projection Boundary Conditions

argument which is a structure. Confering Matlab’s product help we summarise shortly the
categories of optional properties that can be added:

Error tolerance properties, vectorization, analytical partial derivatives, singular BVPs, mesh
size property, solution statistic property.

The error tolerance is divided into absolute and relative error tolerance. We use only the
optional property of relative error tolerance which applies to all components of the residual
vector. It is a measure of the residual relative to the size of the right hand side of the differential
equation (3.10). We will mainly use the value 0.001 that corresponds to 0.1% accuracy. As
mentioned above, the user can provide analytical expressions of the partial derivatives to make
bvp4c be more efficient.

Now we solve the BVP (3.7), (3.8) on the x-y-plane [—T,T] x [—1,1]. We create an initial
guess for the solution and an initial mesh using (3.9) and Matlab’s routine bvpinit.

As first example, we analyse T = 15 and n = 14. We choose P = 100 equidistant points
beginning at T'= —15 and ending at 7' = 15 as initial mesh. Moreover, we choose as relative
error tolerance the value 0.001. Then we obtain numerically a solitary wave which is plotted
in Figure 3.2.

To compare quantitatively the numerical solution of (3.7) and (3.8), denoted by

n
hn = Z akqr;

k=—n
+0

with the exact solitary wave solution (3.5),

h(z,y) = p(y) + gsech? (g) :

we refer to Theorem 2.5.2 and compute the following difference:

2 2
n n
= sup > ailar)u — hiw,-) 1D arlar)o — halz, )
.Z‘E[—T,T] k=—n k=—n
+0 2% .2 +0 2% .2

According to Theorem 2.5.2 we expect to obtain the estimate
A(T,0) < C (T +1d ~ Qu)(p,0)llz2xzz) ~ € (7 4073 (an + b))

for some constants a and b. That is why we first plot the scaled error In(A(7',n)) versus the
length T, see Figure 3.3. We choose n = 20. For values of T" smaller than 30 the scaled error
In(A(T,n)) decreases and we have a linear behaviour. But for larger values the error because
of truncating the Galerkin modes prevails. If the number n of Galerkin modes increases the
latter error becomes smaller. One can also verify that the constant C' of the predicted estimate
is independent of n, see Figure 8.2 in [15]. Secondly, one analyses the scaled error n%/2A(T,n)
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Figure 3.2: Solitary wave solution numerically computed with bvp4c.

for some fixed length T" and for different numbers n of the Galerkin modes. We expect a linear
behaviour which is confirmed by Figure 8.1 in [15].

Note that we could not exactly recover the diagrams shown in [15]. While the behaviour of
T is reproduced correctly the error levels for large T differ from those in [15]. We were not
able to finally trace the reasons for this difference. However, note that the authors of [15] used
another solver for the BVP and possibly also other norms for their computations.
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InA(T,n)
&
T
|

-6 1 1 1 1 1 1 1 1 1

Figure 3.3: Scaled error In(A(T,20)) versus the length 7' of the interval [T, T].
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A Appendix - Background Theory

A.1 Classical Analysis

The following two theorems are from [2], Chapter VII.

Theorem A.1.1 (Frechet differentiability) [2]
Let (X,||-||x) and (Y,]|| - ||y) be Banach spaces over K and let U C X be open. Moreover, let
f:U—=Y and xg € U. Then the following statements are equivalent:

1. f is differentiable in xg.
2. There is Ay, € LIX,Y] and ry, : U — Y continuous in x¢ with ry,(z9) =0 so that

f(@) = f(z0) + Ay (z — 20) + 7y () || — w0l|x, =€ X.
3. There exists a Az, € LI X,Y] with
f(@) = fzo) + Azy(x — w0) + o(||z — zol|x) (2 — 20).

The operator Ay, is uniquely determined and is denoted by D f(xo).

Theorem A.1.2 (Taylor’s theorem) [2]
Let (X,||-||x) and (Y,|| - ||ly) be Banach spaces over K, let U C X be open and g € N\ {0}.
If fe CYU,Y), z € X, h € U and if the line from x to x + h is in U, then

q
f(z+h) :Zk 1€+ Ry(f,z;h)
k=0

L -t

with Ry(f,xz;h) == ; ﬁ

[Df (2 + th) — Df(x)][h]%dt € Y.

Moreover,

: 1
Ry(f,z;h) = o[|h[|")  with |[Rq(f,2; h)lly < foglggl\quf(ch) DA f () ppx vl ]|

The following theorem is taken from [5] and is very important for the proof of the main results
of Sections 2.1 and 2.4.
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Theorem A.1.3 (Contraction mapping theorem with parameters) [5]
Let (X,]| - ||) be a Banach space and

F:UCX xR — X, (u,pu) — F(u,p)

be continuous, where U is open and | € N. Moreover, let go : V C Rt — X be continuous with
V' open and let r > 0 so that

S = {(up) € X x B [Ju— go(u)l| < rop€ V} C U
Let g € [0,1) so that

| F'(u, p) = F(w, p)|| < gllu —w|| V(u,p), (w,p) €8,
[[F(go(p), 1) — go()l| <r(1—¢q) VueV

Then, for every p € V the fized point problem F(u,u) = u has a unique solution y = g(u) in
{ue X :|lu—go(p)|| <r} and g:V — X is continuous. Furthermore,

iql!u — F(u,p) = (w—=F(w,p)l| V(u,p), (w, p) €. (A.1)

Finally, g € CP(V,X) if F € CP(U,X) and gy € CP(V, X).
The next definition and theorem are from [1], Chapter 1.

Definition A.1.4 (Holder constant, Hélder spaces, Hélder continuous) [1]

Let S C R™, where R™ is equipped with an arbitrary norm || - ||. Let (X,||-||x) be a Banach
space, ¥ > 0 and let f : S — X. Then we call
Hily(f,S) :=sup { Hf(ﬁ;:‘;(%ﬂx cx,y €S, T F# y} (A.2)

Hélder constant of f on S for the exponent 9. Moreover, we define the Holder spaces by
C™Y(8,X) :={f € C™(S,X) : Hily(d°f,S) < oo for |s| =m}, (A.3)

where m € N. We call a function f € C%Y(S, X) Hélder continuous. The case ¥ = 1 yields
Lipschitz continuous functions. Finally, we set

1 fllomos) = > 110°fllcos) + > Hilp(°f, ). (A.4)

[s|<m |s|=m

Theorem A.1.5 [1]
Let @ C R™ be open and bounded, let m € N, 0 <9 <1 and let (X,||-||x) be a Banach space.
Then (C™Y (9, X), || - |lem.o (@) is a Banach space.
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A.2 Functional Analysis

A.2 Functional Analysis

Definition A.2.1 Let Uy and Uz be subspaces of a normed vector spaces (X, || - ||x) with
UirNUy ={0}. Let Uy be equipped with a norm || - ||y, and Uz with ||-||y,. Then Uy @ Uz notes
the direct sum of Uy and Uy with the norm ||w||g = ||w||v, + ||w||v,, where every w € Uy & Uy
can be uniquely written as w = wy + wy with wy € Uy and wy € Usy. We define also’

< w1 ) =w e U, @ Us. (A.5)
w2

Let (Y, || - |ly) be another normed vector space. Then X @Y denotes the direct sum of X and
Y with the norm ||(wx,wy)||le = |lwx||x + [|lwy ||y, where wx € X and wy € Y.

The next definition and lemma are from [25].

Definition A.2.2 (Resolvent set, spectrum) [25]
Let A: D(A) C X — X be an operator on a normed vector space X. Then

p(A) :={X € C|R(A — A)is dense and (A — A) has a continuous inverse}

is called the resolvent set of the operator and Ry(A) := (A — A)~! the resolvent of A at the
point X € p(A). Moreover, c(A) := C\ p(A) is defined as the spectrum of A.

Remark A.2.3 If X is a Banach space and A is closed, \ € p(A) results in R\(A) € L[X].

Lemma A.2.4 [25]
Let A: D(A) C X — X be an operator on a normed vector space X. Suppose A is such that
RAN—A)=X if x€ p(A). Then, if \,u € p(A) one obtains

Ry\(A) — R, (A) = (p— NRxR,, (resolvent identity) (A.6)
RA(A)R,(A) = R, (A)RA\(A). '

The next definition of compact operators and maps is taken from [26].
Definition A.2.5 (Compact operator, compact map) [26]

e A compact operator between normed vector spaces X and Y maps bounded sets on rela-
tively compact sets. One denotes the set of all compact operators by K[X,Y]. Moreover,
one sets K[ X] := K[X, X].

e A compact map is a continuous map between Banach spaces that maps bounded sets on
relatively compact sets.

'This notation is also used in [25], Chapter V.5.
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A Appendix - Background Theory

Theorem A.2.6 [26]
An operator A : D(A) C X — X on a normed vector space X with R(A—A) = X for X\ € p(A)
has a compact resolvent, if A=! € K[X].

The following theorem is taken from [12], Chapter 7.

Theorem A.2.7 [12]

Let X be a compact metric space, Y be a Banach space and F C Cy(X,Y). Then F is relative
compact if and only if F is equicontinuous and {f(x)|f € F'} is relative compact in'Y for all
reX.

The next definition of the dual space and the next theorem is from [26], Chapter II.

Definition A.2.8 (Dual space) [26]

Let (X, ]|-]|x) be a normed vector space. Then let (X',||-||x/) denote the Banach space L[ X, K]
equipped with the norm ||x'||x: = ||z||px k). We call X' the dual space of X and its elements
' € X' functionals. Moreover, we define

(' x) :=2'(z), 2'eX, xeX.

Theorem A.2.9 [26]

Let A: D(A) C X — Y be a bounded operator, where D(A) is a dense subspace of a normed
vector space (X, ||-||x) and where (Y,||-[|y) is a Banach space. Then there exists a unique con-
tinuous extension A € L[X,Y], i.e. there is a bounded operator with A|D (a) = A. Furthermore,

Al px vy = 1Al Lipeay vy
Now we define the conjugate of a densely defined linear operator by citing [25]:

Definition A.2.10 (Conjugate of a densely defined linear operator) [25]
Let A: D(A) C X — Y be a densely defined operator, where (X, ||-||x), (Y,||-||y) are normed
vector spaces and D(A) is a subspace of X. Let

D(A)={y €Y' :y oAcLID(A),K]}. (A7)

Because of Theorem A.2.9 the operator y' o A has a unique extension to a continuous linear
functional on D(A) = X. We denote this element of X' by A’'y'. Let the conjugate of A be the
linear operator A" : D(A") CY' — X' defined by

(A'y)(z) =y (Az), z € D(A),y € D(A). (A.8)

Theorem A.2.11 [25]
Let A satisfy the assumptions of the above definition. Then A’ is closed.

The next theorem is a continuation version of the Hahn-Banach theorem. It is taken from [26],
Chapter III.
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A.2 Functional Analysis

Theorem A.2.12 (Hahn-Banach theorem, continuation version) [20]
Let (X,]|| - ||x) be a normed vector space and U be a subspace of X. Then every u' € L[U,K]
has a unique continuation ¥’ € X' with

o=, |l2'|lx = [lull g
Hereupon we define annihilators. Confer again [26], Chapter III.

Definition A.2.13 (Annthilator) [26]
Let (X,]|| - ||x) be a normed vector space and U C X, V C X'. Then

Ut = {2 e X'|2/(x) =0 VzecU},

Vi ={reX| (L'/(x) =0 Ve v} (A.9)

are closed subspaces of X' and X, respectively. U~ is called annihilator of U in X' and V|
annzhilator of V in X.

Theorem A.2.14 [26]
Let (X,|| - ||x) be a normed vector space and U a closed subspace of X. Then there exist
canonical isometric isomorphism

(xX/uy=vt, U =x')Ut
The following definition and theorem deal with Fredholm operators. We cite [23].

Definition A.2.15 (Fredholm operator) [25]
Let X andY be Banach spaces. A € L[X,Y] is called a Fredholm operator if

e dimN(A) < oo,
e R(A) is closed,
e dim N(A4') < oo.
The Fredholm index of A is defined as

ind(A) = dim(N(4)) — dim(N(A")).

We note that dim N(A’) < oo can be replaced by codimy (R(A)) = dim(Y/R(A)) < cc.
Theorem A.2.16 (Compact perturbation of a Fredholm operator) [23]
If F € L[X,Y] is a Fredholm operator and K € L|X,Y] is a compact operator from Banach

spaces X to'Y, then F + K € L[X,Y] is also a Fredholm operator and satisfies ind(F + K) =
ind(F).

The last theorem of this section is an analogon to the open mapping theorem for closed oper-
ators, confer [26], Chapter IV.
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A Appendix - Background Theory

Theorem A.2.17 (Analogon to the open mapping theorem for closed operators) [26]
Let X andY be Banach spaces and let A : D(A) C X — Y be a closed and surjective operator,
where D(A) is a subspace of X. Then A is open, i.e. A maps open sets onto open sets. If A
is also injective A1 is continuous.

A.3 Sectorial Operators, Analytic Semigroups and Fractional
Powers of Operators

In this section all definitions and theorems are taken from [11], Chapter 1.

Definition A.3.1 (Sectorial operator)
Let (X, || - ||) be a Banach space and let A : D(A) C X — X be densely defined and closed. A
is called a sectorial operator if for some ¢ € (0, 3), some M > 1 and real a

Sap:={A€Cl¢ < |arg(A —a)| <7, A # a} C p(4),
A=A <

A .
|>\_a’ A eSa,¢

Definition A.3.2 (Analytic semigroup)
Let (X, ]| -]|) be a Banach space and {T(t)}+>0 a family of continuous linear operators on X
which satisfy

1. T(0)=14d, Tt)T(s)=T(t+s) fort>0,s5>0,

2. T(t)xr — x ast — 0T, for each z € X,

3. t— T(t)zx is real analytic on 0 < t < oo for each x € X.

Then {T'(t) }+>0 is called an analytic semigroup on X. Furthermore, we define

D(L) := {x €eX: Eltli%a %(T(t)az - x)} , Lz:= tli%1+ %(T(t):v —z) VYxe D(L)

and call L the infinitesimal generator of the analytic semigroup. We usually write T(t) = e®*.

Theorem A.3.3 Let A be a sectorial operator and define

1
tA 1 Xt
e o F( ) (& s

where T is a contour in p(—A) with arg(\) — +0 as |A| — oo for some 6 € (5,7). Then

—tA : : e — At
{e } >0 forms an analytic semigroup and —A is its infinitesimal generator. Moreover, e

can be continued analytically into {t # 0 : |arg(t)| < e} which contains the positive real axis.
We obtain fort > 0

d
ﬁefAt — _AefAt.
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A.3 Sectorial Operators, Analytic Semigroups and Fractional Powers of Operators

If R(c(A)) > a it follows fort >0

—_ —a - C a
e llpgx) < Ce™, [l Az < Ze

for some constant C. Conversely, if —A generates an analytic semigroup, then A is sectorial.

Corollary A.3.4

e If A is sectorial and m € N\ {0}, then R(e~4) C D(A™) for t > 0.
Consequently, D(A™) is dense in X for every m > 1.

o If {74t t > 0} is a strongly continuous semigroup ((i) and (i) of the definition of an
analytical semigroup are met fort > 0) and ||e= || < C, ||Ae= || < Ct7! for0 <t <1,
then {e=4* t > 0} is an analytic semigroup.

o [f A € L[X] with X Banach space, then e~ as defined above extends to a group of linear

operators
e Ate™As — ¢7AWTS) for s teR (A.10)

—At __ 00 —At)"
and e=* =37, ( n!) .

Definition A.3.5 (Fractional powers of sectorial operators)
Let A be a sectorial operator with ®(c(A)) > 0. We define for any a > 0

1 oo
AT = / totem Ay, (A.11)
0

where (o) = [[°t* e~ dt is the Gamma function.

Theorem A.3.6 If A is a sectorial operator on a Banach space X with R(o(A)) > 0, then
A~ € L[X] for any a > 0. Moreover, for any o > 0, 3 > 0 the operator A~ is injective and
satisfies A= AP = A~ (ath)

If 0 < a < 1 we obtain

_ sin(ra)

A / AT+ A) 7 ta
0

™

Definition A.3.7 If A is a sectorial operator on a Banach space X with R(c(A)) > 0 we
define A as the inverse of A= with D(A%) = R(A™%) for a > 0 and A° as the identity on
the space X.

Lemma A.3.8

o A% is closed and densely defined for a > 0.

e a> (= D(A% C D(AP).

o A%AP = APA* = A**B on D(AY) with v = max(a, 8, + ().
o [A% e~ =0 on D(A%) fort > 0.
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A Appendix - Background Theory

Theorem A.3.9 Let A be sectorial on a Banach space (X, || -||) with ®(c(A)) > > 0. It
follows that for each o > 0 there is a constant C,, < 0o such that

||Ao‘e_AtHL[X] < Cut™%™%  fort>0

and if 0 < a < 1, z € D(AY),
1
(e~ — id)z|| < aCl_ato‘HAo‘xH fort>0.

Moreover, Cy, is bounded for o in any compact interval which is contained in (0,00).

Theorem A.3.10

o [f A is self adjoint and positive definite, then so is A% for all o > 0.

o Let A be a sectorial operator with R(o(A)) > 0, then:
A=Y is compact < A% is compact for all a > 0 < e~ 4t is compact for t > 0.

e For cach x € X, t — tAe x is continuous from [0,00) to X and ||tAe= || — 0 as
t—0t.

o Ifx € X and A is sectorial on X with R(c(A)) > 0, then t*||A% Az|| — 0 as t — 0F
for0<a<1.

Definition A.3.11 (Interpolation space)
Let A be a sectorial operator on a Banach space X. We define A1 := A+ aid with a chosen
so that R(c(A1)) > 0. Furthermore, we define for each a > 0 the interpolation space

X% = D(AY) with the graph norm

(e « (A12)
l|z]|xe = [|ATz|], ze€ X

Remark A.3.12 One can prove that different choices of a give equivalent norms on X®.
Therefore, we suppress the dependence on a.

Theorem A.3.13 If A is a sectorial operator on a Banach space X, then X< is a Banach
space in the norm || - ||xa for a >0, X° = X, and for a > 3 > 0, X* is a dense subspace of
X8 with continuous inclusion. If A has compact resolvent, the inclusion X® C XP is compact
when o > 6 > 0.

If Ay, Ay are sectorial operators in X with the same domain and R(o(A
and if (A1 — A2) AT is bounded for some o < 1, then with Xjﬁ D(A 6)
with equivalent norms for 0 < 6 < 1.

J)) Ofor]—12
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B Appendix - Details of the Numerical
Example from Chapter 3

Here, we will present the computations which lead to a system of ordinary differential equations.
First, we give some useful definitions and simple computations:

= haz(z,y) = gsech2 (g) tanh? (g) - gsech2 <g> <; - %tanh2 (2)) .

If (u,v) € R(Qn) then there are coefficients {ay }re{—n,...~0+0,...n} SO that

(V)= Do 2w ),
0

k=—n k=—mn

+ +0

The coefficients ay, are called Galerkin modes and they depend on = but not on y. Moreover,
note that (gx), = L\/g)cos(kﬂy) and (qr)v = :l:% cos(kmy) for k € Z\ {0} and (qu0)u = %,
(g+0)o = £1. We define also

o ak, k€ Zyo _ ) —ak kel
(:I:ak) T { —ay, k c Z—O ’ [ia—k] T { a_y, k c Z—O ’

- a—, k€ Zyo
{iak} T { —a_y, k? € Z—O )

(VB keZ\{0}
(V2,2) '_{ 2, ke {-0,10)

If the symbol + appears but not standing in front of a Galerkin mode, it corresponds to the
sign of k which belongs to g.
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B Appendix - Details of the Numerical Example from Chapter 3

Differential equation of (3.6)

v
Q"< —Uyy — v+ u(l + 2p — u) + pyy — p(1 +p) >

v
Z <qk < —Uyy — cv +u(l +2p —u) + pyy — p(1 +p) >>H1XL2 !

k——n
n Yot nar(qr)o
= qk, n +0 qk
£ + 30 ar(q)u(1 +2p — u) + pyy — p(1 + p)
16” +0 HlxI?2
_ <<qk>u, zal<ql>v> et z< -3 - Y ata) > "
k=—n k=—n 0 kaan l_—n l_—n 3
+> <(Qk)v> > ag)u | 1420 =Y aj(gi)u | +pyy —p(1 +p)> Ok
kj:?)n lzi?)n jj:?)n L2
- b(k) — *q ato  a—o
= ———— cos(kmy), —=cos(kmy) + — — — ) @
kzn < (\/5’ Q)k lz:n \/5 2 2
+0 1#0 .2
= b(k) b(k) .
+ —— km sin(kmy) +a Im)sin(km
Z< /5 yZ 7 (Cmysinkny) ) o
k0 140 12
" +1 - +aq; a4 a_o
+ cos(kmy) 12772 cos(lmy) — ¢ —— cos(kmy) —c— + c—
k_zn<(m) 30 S cosly) - 3 2 sl - 2> "
< 140 140 12
+ z”: £l cos(kmy), Zn: b(l) cos(imy) | 1+ 2p — z”: ﬂb(j) cos(jmy) — 440 _ 9=0
k=—n (\/57 2)k l=—n f Jj=-n \/§ 2 2
+0 1£0 §#£0
1 " a; . . aig G_g
+5 (a0 +ao) | 1+2p— Z 5t@) cos(imy) - - > 0
j=—n
j;éO L2
+ Xn: <i1 cos(kmy), 12y° — 4 — p(1 +p)> qr + <1 129> —4 —p(1 +p)> q+0
— \/§ ’ 2 2’ .2
k0
1
+(—5: 12 —4-p(1+p)) g0
2 12
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" b(k " bk 2 2
= g_: g)(iak)% + ;_: g)[ia—k]% + Z(a+0 —a—o)q+o + Z(a+0 —a—0)q-o
k0 k0
"L bk "L b(k
+ 3 MWieraiag - 3 M ket o
o s
"L b(k "L b(k
+ Z (2)1627r2(:|:ak)qk + Z (2)k27r2{:|:a_k}qk
0 yne
" e L 2 2
- Z §(iak)(i%) - Z §[ia—k](i%) + 1(—Ca+0 + ca—o)q+o0 — 1(—0a+0 + ca—o)q-o
o0 Yoo
— b(k) — b(k)
Ig: T(i ) +;§: {Fa_r}ak
A0 A0
" ~ 1)HEH (2% + 12K212 4 214
Rl U Gl ) o)

e — 2 gt (l8 + k8 — 4Kk612 + 6kA1A — 4k2l6)
kA0 [1]£]k] 10

N Z b(1) 96(— )1+lal e Z b(l) 96(— )1+ZWF0 N Z b(k) —45 + 16k*7*

-
22  nil 2v2 il e T2 15k (k)4
z;ﬁo Z;AO k=0
—45 4 16k 7! "L b(1)? " b(1)? "L b(1)?
v z O taca - > Wateno - 3 Waasigro + 3 Watay
15k4T — —~ 4 -
k:;éO 10 10 140
2 " bk " bk

+ Z bb) aa_i1g-o+ Y (4)(a+0 —a—o)(Far)g + Y (4)(a+o —a—o){Fa—r}qk

0 = =i

2 2 1 96(—1)1k
+ (a0 +a-0)aro — 7 (aro +a—o)g-o + Z 2z ki (ato +a—o)(+aqx)

k:;éO

132 1 32 "L bk

+ 7 15 (@r0 +a—0)dro — 5 - (40 +a—0)g-0 - kZ (4)(a+o + a—o)(Fa)qr
kA0
n
b(k 2 2

- Z (4)(a+0 +a—o){xa_r}ar — g(a+0 +a-0)’qr0 + é(a+0 +a-0)%¢-0

0

"1 48(—1)F(k*r* + 1680 — 160k27% + kS70) 1 592 1 592

> = s (£6k) = 5 2720+0+ 5 27200

— 2 k8 2 315 2 315

k+£0
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B Appendix - Details of the Numerical Example from Chapter 3

Considering the left hand side of the differential equation (3.6)

0
Oz
k_;éo

and equating coefficients yield the following system of differential equations

o) 0
Z ka—kz_a ka—Z*akqwr 5 00 4+0 T 5-a-0 40,

0 1 _ —45 + 16k*7!

—ap =~ {2 —— T (k) ) (=

9z kT 9 ( b(k)™ F e sriaa o) ) (Fax)
1 —45 + 16k*7*

)R (2K + 12K212 + 214
by < ) )

1 96(—1)k+!
2 T2 mA(S 4 kS —4kOP 1 6kTT —4k209) T 22 kind
1[k| 170
2b(k
+ 220 g~ ag)(ap) + {ai))
L1 48(—1)*(k*m* + 1680 — 160k%72 + kS7)
NG k878
for k=-n,...,.—1,1,...,n,

(B.1)
O (A2 132y o (2 132 _i (1) 96(~1)"+
0z 07\ "1 1 T a115) 0\ a1 )0

2\[ Taa W
0
n
b(1)? 2 1 592
+ ZZ 1 ay(a; +a—p) + g(a+0 +a—o)®+ 3 315’
10

D (A e 182N (2 132 +ib(l)%( D
9z 0T\ 4" 4 "1 )T\ T 1) 40

2\[ oA
l#
n
b(1)? 2 , 1592
~ 1 al(al+a_l)_§(a+0+a_0) _§ﬁ
140
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Integral condition of (3.6)

At first some auxiliary computations:

(0 (0 Dy =S ) (i D)= Lot [ o
5 - 5 = ST, 5\ T,
q+0 h, e :I:% By g2 L2 y)ay 9 y)ay

2 - -1
8 3 x
= — + Zsech? (f) + hy
B + gsech” (5 hy(z,y)

b()
<qh< e >> _ <( Wz o) )( e )>
hx:r HlxI?2 (\/5’2)l COS(lﬂ'y) hzm iz

A0
(@, Qr) L2512 —/_1 (V2.2) (V2.2)s

S| +1
+ / cos(lmy cos(kmy)dy
( )(\/5,2% (kmy)
»?

—{ T ik E ey ik B (k£ 0V E#0)
3+4 fiir k1 € {-0,+0}

with 4+ becoming positive for same signs of k and [ and becoming negative
for different signs.

cos(kmy)dy

Now we can express the integral condition in Galerkin modes:

T
[ (@ulhashe) @), (0)(0) = Qulhsho) (@) g

-T
n hx n n h
%( >> Qs akqr — <q-,< >> q; ) dx
Z< hxw Hlx[L2 k;n j:z—n J hx Hlx[L2 !

-[{E

+0 +0 +0
T n n h
[ X)) adaadia
-T l=—n k=—n T HlxL2
+0 =40

Sk

h
>> (@, 4j) 12 x 12 <Qj7< b >> da
l=—nj=—n e HlxL?2 T Hlx L2

+0 =0
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B Appendix - Details of the Numerical Example from Chapter 3

T n
+/ Z {(ha (2, y) + haa (2, y))ar(q+0, @) 12 x 12 + (ha (2, y) — haw (T, y))ar (g0, @) 12512 }

s {mz(x,y)+hm<x,y>><q+o,qj>mp (o (1 )>HL

+(ha (2, Y) — haw(,Y)){q-0, G} 12x 1.2 <Qj7 ( IZ >>H1XL2}] du

-/ i [ute) + ) s (3 + S (3) + huto)) }
+ (ha(z,y) — haw(z,Y)) {a—o - (185 + %sech2 <%> - hx(%?/)) H dz.

We will consider this integral condition by adding the following differential equation and bound-
ary conditions:

%anﬂ = (he(z,y) + hax(z,9)) {aw — <1‘; + gsech2 (g) + hy(z, y))}
+ (ha(2,y) = hae(2,y)) {ao - (i + %sech2 (g) - hx(w,y)> } . (B2)
an+1(T) =0
an1(=T) =

Computation of the equilibrium of (3.6)

We search an element

n

apqr = Z ag ( EZZ%Z > € R(Qn)
10

k=—n k=—n

u JR—
o )=
that satisfies

Q Y =0
"\ —uyy —cv+u(l+2p—u)+py —p(l+p) )

This is equivalent to

0 = ((q;)usv) g1 + (@) vs —tyy — cv +u(1 4 2p —u) + pyy —p(1+p));2,
j=-n,...,—0,40,...,n.

Because of (¢—j)u = (¢j)u and (¢—;)v = —(gj)v for j = +0,1,...,n we choose the ansatz
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a; = a_j; for j = 40, 1,...,n which results in

n n n
v=Yap(gr)o=— Y arlge)v+ > arlar)s =0,
k=—n k=+0 k=40
+0
n n n n
u = Z ak(Qk)u - Z ak(Qk)u + Z ak(qkz>u =2 Z ak(Qk)u-
k:ian k=40 k=40 k=40

Due to v =0 and

<(Qj)vu —Uyy — CV + u(1+2p —u) + Dyy — p(1 +P)>L2

= —((q—j)v, —tyy —cv +u(1 +2p —u) +pyy —p(1 +p));2, Jj=+0,1,...,n

it suffices to solve

((¢j)vs —tyy —co+u(l +2p—u)+pyy —p(1+p));2=0, j=40,1,..,n

n
with u = 2 Z ak(qr)u-
k=+0

We divide

<(Qj)va —Uyy — CU + u(l+2p —u) + Pyy — p(1 +P)>L2

= ! cos(jmy), — Y bik) aa—Qcos s
- <(\/§’2)j (Jmy), 2kz—;0 (\/22)]9 kayQ (kmy)

+2 3 UE) _ o cos(imy) (1 +2p(y) =2 ) -, COS(lﬂy)> +pyy(y) —p(y)(1 +P(y))>

o (V2,2)1 =0 (V2:2)
_ < (\/% 57 o). 2 kéo (;g;)kakk%z COS(kﬂy)>L2
g e 3 <k>>
. <<¢§1 S Cos(jﬁy),zlkio : };’g)kk cos(kmy) (1 — y2>2>L2
. < (\/51’ st _4’;0 ( 2%#“ cos(kry) éo : \b&(g)lal cos<zwy>>L2
+ < (\/51, 2); cos(jmy), 124" — (1 —y*)* (1+ (1 - y2)2)>m
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B Appendix - Details of the Numerical Example from Chapter 3

into the cases j = 1,...,n and j = 40:
((@j)v, —uyy — cv +u(l +2p —u) + pyy — p(1 +p)) 12

1 . —45+ 16547t 1 192(—1)47
= (b(]) ! + 15]—47_‘_41)( ) a; + \/52 j47T4 a4

96(—1)117+k (254 112522 + 2k*)  b(k)
I
k=1

1
—4j5K% 1 657k + kS — 452k + j8) 2 * (3)ajao

kAj

1 (74r* + 1680 + %75 — 1604272
+—48(—1)J(‘7 it o i) i1

V2 5878

((q40)vs —tyy — cv +u(l +2p —u) + pyy — p(1+p)) ;2

n

1 64 192(—1)1** b(k) o, s 5 1592
= (44— - b(k)? —a2y— = ——.
1 < * 15) “+0+; Kirt 22" ;a’“ ()" = %0 = 5 375

In the following we apply Newton’s method to the function

A (1) As(j k) As(1) a1
F(ay,...,an,a4+9) = Ayl B) . A At a.n
Ag(1) - Ag(n)  As(n+1) a+o

f1 (al, ceey Ay a+0)
+ .
f'LL(alw--’anaa—i—O) ,
f(a17 ooy Op,y CL+0)
where

, N1, —45 416507t ,
i) = (o) + RS0 )L e ),

96(—1)1Hi+k (254 1 12522 + 2k%) (k)

As(j, k) = T AjOKT 1 6k L S — 42RO 4 ) 2 Joke{l,.,n}, k#j,
Az(j) = \/152 1922.4_734)1+j ayo, Je€{l,...,n},
Ay(j) = 1925.4_7331ﬂ Z(\% je{l,..,n},
Asfn 1) =22,
fi(a, ., an, aso) = —2b(j)ajaro + \;548(—1)j (j47r4 + 1680 ;Siﬁgﬁ — 160j2772)7 je{l,..,n},
fi(a1, .y an, ayo) = —kzn:laib(sz —aiy— % %
Because the Fourier series of p is given by
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we use the first guess

48(—1)F1 1

8
— =— 7 " pk)t k=1,..,n.
157 (ak)() kA \/§ ( ) yeees O

(at0)o =

for Newton’s method. In the following we will call the solution coefficients of the equilibrium
d4o and dj so that

&) =2 di(qr)u- (B.4)

Boundary value conditions of (3.6)

For the following computations consider (B.4).
Q+.n(c)((u, v)(T) = (pn(c),0))
= D {ak)u, wT) = pule)) g + {(gr)o, 0(T)) 12} i

1 n
— / b(k) cos(kmy) Z b\/(gaz(T) cos(lmy) + %G+O(T) + %G—O(T) —palc) | dy

1 n
N / Ok) o sin(kmy) 3 8D 4o (T) (— 1) sin(iry) + 040 - gypn(c) dy

1
+ / ! cos(kmy) Z L(ial(T)) cos(lmy) + la_i'_o(T) + 1a_o(T) dy+ ¢ qx

L (V2,2); =2 2 2
10
n 2 n 2
= M g+ 3 M s+ Gaso(m) + %a-o<T>>q+o
k=1 k=1
n 1 b(k) s . - ) k27r2a (T
+Z(—k7r)b(k)a_k(T)b(k)(— — —km)q + Z/ k‘?TSlIl (kmy) (;9 < Z di(q) ) dy qx
k=1 I=+0
+ % T)qr + Z )ax + <;G+O(T) - ;a—O(T)> q+0
k=1
=0
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B Appendix - Details of the Numerical Example from Chapter 3

<~
1 1
0= 5(b(k:)2 + E21?b(k)? + Dag(T) + 5(b(k:)2 + E*m%0(k)? — Da_p(T) — 2d, k=1,...,n,
0=a4o(T) —do
<~
(Lk(T) = dk7 k= 17 y T,
a+0(T) = d().

Similar computations lead to

Q) (1, 0) (=T) = (pa(€),0) =0 <= {skSE_TT))_:ddO’“_’ ke -1, —n

Finally, we summarise these boundary conditions:

ap(T) =di, k=1,..,n, a+o(T) = dy, (B.5)
a,k(—T) = d,k, k= —1, ey N, a_o(—T) = Cl(). '
Initial guess for the boundary value problem (3.6)
h n n
Qn< h ) = Z <(Qk)Uah>H1 qr + Z <(Qk)v7hx>L2 dk
To" To"
A 3 x 1 3 T
= — cos(k “sech? (2 - “sech? (2 _
32 (geosthmyot) e (5)) a0 + et (5)) 0
k0
1 3 L/ - b(k), . 0
4+ ( =, p(y) + =sech” | = > qio + <—k;7rsm kry), —p(y qk
(g + 5t (3)) oo+ 30 (~ghmsinies) So0))
k0
N ES| 3 T o (T 1 3 T o (T
+ kz <\/§ cos(kmy), —itanh (5) sech (2>>L2 qr + <—2, —itanh (5) sech (2)>L2 g—o
k#0

1 3 x T
+ <2, —itanh (§> sech? (5) >L2 q+0

n _1\1+k -1
3 T (0 () 1 (5) i (5))

k=—n

k=0

+ % (1? 4+ 3sech? (g) — 3tanh (g) sech? (;v)) q+0-

106




This leads to the following initial guess for the Galerkin modes:
48(—1)1FF b(k)~?

a =
k k4ﬁ4 Vﬂj ’

a_g = % (1? 3sech? <§> 3 tanh (g) sech? <;>) ) (B.6)

1/16 T T T
=5 (1 s’ (3) ~ e (5) e (3) )
a+0 = 3 <15 + 3sec 5 3tan 5 ) Sec 5

Error estimate determined by the approximation of the true solution using Galerkin
modes

k=-n,..,—1,1,..,n,

Let

n

En = Z arqg
kj:an

be a solution of the BVP that is given by (B.1) (B.2) and (B.5). Now we consider the error

A(T,n) = sup ‘hnl','—( ’ >
( ) z€[-T,T] { (@) hx(it, ) L2x 2
2 2
= sup > arlgr)u — bz, ") 1D arlar)o — ha(z, )
CEE[*T,T] k=—mn k=—n
+0 2% 2 +0 L2x L2

First summand:

+0 L2x L2

1 n )
) /— 2 (\%k;)k cos(hy) — (1 = 4P = e (5) |

k=—n

+0

o 1 1 - 1 1
= /_ Z akb(\/];) cos(kmy) + 50-0 + 0+0 Z alb\/(lé) cos(lmy) + 50-0 + 50+0 dy

k=—n l=—n

k0 140
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B Appendix - Details of the Numerical Example from Chapter 3

"1 "1 1 "L A8(—1)1 R b(k 16
= 55(745)2@% + ) §b(k)2aka—k +5(ao+am0)? -2 (47)&% — —(a—o +a4o)

2 R A VR &
k#0 k#0 k=0

1 1 1

3 9
— 3sech” <£> (a—o + a+o) +/ (1—y?)'dy + / 2(1 —y?)* Ssech? (§> dy +/ “sech? (£> dy
2 1 1 2 2 1 4 2
n n n
1 1 48(—1)14F b(k) 16
= Z 5[)(1{})2@% + Z ib(l{j)Qak(JJ_k -2 Z ]{47T4 W&k - 175((170 + a+0)
= 0 =
1 256 48 9

- 3S€Ch2 (g) ((170 + CL+0) + 5(0170 + CL+0)2 + ﬁ + 1*5860112 (g) + gsech4 (g) .

Second summand:

2

k=—n
+0 2% L2
2
1 n
+1 3 x 9 (T
= ap———— cos(kmy) — (1 —y?)? — —=tanh (—) sech (—) dy
/_1 g_: (v2,2)y 2 2 2
+0
1 n n
+1 1 1 +1 1 1
= ap—= cos(kmy) — —a_o + =a a;—= cos(lry) — —a_g + -a d
/_1kznkﬂ(y)202+o lz:nzﬂ(y)QOQJroy
k0 1£0
&+l
-1—2/1 kz ak\[cos(kmy) — 2a_o+§a+0 itanh <§) sech? (—) dy
k0

1 1 1 T T
= —a,% — Z —apa_p + =(—a_o + ay0)® + (—a_o + ayo) 3 tanh (§> sech? (5)

Note that the coefficients a; depend on .
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Symbol Dictionary

112

embedding

set of all continuous maps from a metric space X to a metric space Y
set of all m-times continuously differentiable maps from an open
subspace U of X to Y, where X and Y are Banach spaces
Holder space, where S C R™ and X is a Banach space

set of all bounded operators from normed vector spaces X to Y
set of all bounded operators on a normed vector space X
interior of a set J which is contained in a metric space

range and kernel of a linear operator A, respectively

reslovent, resolvent set and spectrum of an operator A, respectively
commutator

direct sum of normed vector spaces

set of all compact operators on a normed vector space X

dual space of a normed vector space X

dual pairing of 2’ € X' and z € X

conjugate of a densely defined operator A

annihilators of U in X’ and of V in X, respectively, where X is
a normed vector space

real and imaginary part of a complex number z

partial derivative of f with respect to x

Laplace operator with respect to y

del operator with respect to y
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