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Chapter 1

Introduction

1.1 Finite-time blowup

In this thesis, we study the stability of a finite-time blowup solution of a partial differential
equation (PDE). Partial differential equations can be used to model phenomena in a wide
range of applications. Examples of well known partial differential equations are: the heat
equation which models heat conduction in a medium; the Navier-Stokes equation which de-
scribes the motion of fluids; and (a system of coupled nonlinear) reaction-diffusion equations
which model(s) the density of for example chemical substances that can undergo a reaction.
In initial value problems (also called Cauchy problems), an initial state at = 0 and boundary
conditions are specified. And, if local existence and uniqueness of solutions is established,
the aim of initial value problems is to solve these equations and thereby determine the state,
depending on space, for + > 0. A priori, it is, however, not clear that through solving the
equation it is possible to determine the state for all 7 > 0.

We first give an introductory example of this by considering an ordinary differential equa-
tion, i.e. an equation for a function that only depends on time and not on a space. Consider
the initial value problem

i=u’, (1.1a)
u(0) = up, (1.1b)

where ¢t > 0 and we denote differentiation with respect to time ¢ by (over)dot. As is taught in
basic courses on differential equations, the unique solution to this equation is given by

- ifuy #0,

u(tyug) =4 w ' (1.2)
0 if ug = 0.

We now define what we mean by a finite-time blowup solution of equation (1.1).

Definition 1.1.1. A finite-time blowup solution of equation (1.1) is a solution u(t) for which
there exists a 0 < T < oo such that

Lim [u(#; up)| = oo,
1T

where by |.| we denote the absolute value.
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Thus, the norm of a finite-time blowup solution of (1.1) blows up as we approach the
blowup time 7. For this example, it should be clear that u(t, ug) as given by (1.2) is a finite-
time blowup solution if and only if #y > 0 and the blowup time 7' = ul Furthermore, the

solution ceases to exist at # = T. For simplicity, we choose ug = 1, in which case T = 1.
It is possible to scale out the blowup in a self similar way, i.e. we can write

o)
L)’

u(t;1) = (1.3)
where: 7 is monotonically increasing from 0 to infinity as ¢ ranges from 0 to 7', Q is a bounded
function of 7 and L(#) vanishes as ¢ tends to the blowup time 7. The idea is that L(¢), i.e. the
denominator in the right hand side of (1.3), is the blowup rate and causes blowup in u(z; 1)
because it vanishes as ¢ tends to the blowup time 7. Therefore, we also pose the requirement
that Q is bounded away from O for 7 large enough. Substitution into (1.1a) leads to

OWE QL) _ Q)
Lo L@?  Lo?

(1.4)

The next step is to pose extra requirements such that this equation can be written as an au-
tonomous equation in Q. This step is ad hoc and cannot be guaranteed to work for every type
of equation. In this case, we pose the requirement:

Lo 1

L) L@?  Lp?

From this, we obtain L(¢#) = T — t and 7 = —log(T — ). The equation for Q now becomes
0=0-0 (1.5)

It follows from equation (1.3) that if we can construct a stationary solution of (1.5) which
is not the zero solution and is bounded away from zero for 7 large enough, then we have
constructed a finite-time blowup solution of equation (1.1). Here, Q = 1 is such a stationary
solution, so that we indeed recover u(t) = ﬁ through (1.3). In principle, other solutions of
(1.5), i.e. non-stationary solutions or solutions that are not bounded away from O for 7 large
enough, can also be studied, but they are, however, not guaranteed to correspond to blowup
solutions. This rescaling technique is common in the study of blowup solutions and we will
use similar techniques in more complicated problems, see Section 1.2.4.

1.2 The Ginzburg-Landau equation

In this thesis, we will study a finite-time blowup solution of the Ginzburg-Landau equation.
The Ginzburg-Landau equation is an amplitude equation and has applications in many fields,
among which: nonlinear optics, turbulence, Rayleigh-Bénard convection, superconductivity,
superfluidity, Taylor-Couette flow and reaction-diffusion systems, see [5, 10, 11, 32, 43] and
the review article [2]. Mathematically, it can be derived from nonlinear partial differential
equations on unbounded domains, and it describes the leading order amplitude of a pattern
close to a threshold where the pattern appears, i.e. where it bifurcates (see definition below)
from a trivial state. In [28], an overview and the validity of this derivation is presented. The
derivation in [28] starts with a very general nonlinear partial differential equation of the form:

Byt = L(u, By, Oy + N(, B, Oy, 1), (1.6)
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where u is a function of time ¢ and space (x,y) € R? x =, T is a bounded cross section
of a real coordinate space, u is a real valued parameter, and N(u, Oy, 0y, su) = O(e?). The
idea is that u = 0 solves this equation and that, through varying the parameter y, this solution
changes stability under the right spectral assumptions (see [28] for more details on the spectral
assumptions). A change in the number of stationary solutions of (1.6) or a change in the
stability of the stationary solutions through varying the parameter y is called a bifurcation, see
[21] for more information on bifurcations and structures that can appear when a bifurcation
takes place. When a so-called Hopf or Turing-Hopf bifurcation takes place, the amplitude A
of the most unstable spectral mode is independent of the bounded variable y and its dynamics
is (under certain conditions, see [28]) to leading order given by the complex Ginzburg-Landau
equation (GL). The GL can be scaled into the form

A = pA + (1 +ic)V?A — (1 + iD)|APA, (1.7)

where A(x, 1) is a complex amplitude, x € R? and ¢ > 0. Furthermore, the parameters b,
p and ¢ are real-valued. Since taking the complex conjugate of this equation results in an
equation for A of the same form but with the sign of » and ¢ reversed, we choose without loss
of generality ¢ > 0. The discussed derivation of the GL loses its validity for large amplitudes.
Therefore, it is of particular interest to study existence and stability of blowup solutions to
the Ginzburg-Landau equation, see for example [37].

Another way to introduce the Ginzburg-Landau equation is through considering function-
als of which the minimizers are the stationary solutions of Ginzburg-Landau type equations.
Note that the Ginzburg-Landau equation typically has real coefficients in these cases. Further
details can be found in [4].

1.2.1 The complex Ginzburg-Landau equation near the Nonlinear Schro-
dinger limit

Since there is a lot of literature on (finite-time) blowup in Nonlinear Schrodinger equation

(NLS), see for example [44] and the references therein, we study the GL near the Nonlinear

Schrodinger limit. This limit can be obtained form equation (1.7) if we simultaneously let b

and ¢ tend to infinity. When b and ¢ are both of O (é), where 0 < € < 1, we obtain, after

rescaling, an equation of the form:

)
i‘;—t —ipe?® + (1 — ie)V?D + (1 + ibe)| D7D = 0, (1.8)

where @(x, t) is a complex amplitude, x € R4 ¢ > 0and b and p are both O(1) parameters.
For & = 0, equation (1.8) is known as the NLS. Since studying a more general nonlinearity is
common in the NLS, see for example [44], a parameter o > 0 is introduced in (1.8) and we
also study a GL with a more general nonlinearity.

As in [9, 36, 40], we consider a GL without a linear term, see also Remark 1.2.3 for a
motivation of this choice. Thus, for p = 0, we obtain:

D
iE + (1 —ie)V*® + (1 + ibe)| O D = 0. (1.9)

Furthermore, we pose the following initial and boundary conditions

O(x,0) = Do(x), (1.10a)
|| — 0 as |x] — oo. (1.10b)



1.2. The Ginzburg-Landau equation 6

Although we introduced d as the dimension, we also consider non-integer d. This is very
common in the existing literature where radially symmetric blowup solutions are studied, see
for example [44] and the references therein. The Laplace operator in a radially symmetric
setting reduces to 9> + d—:'c'ir, where r > 0 is the radial coordinate, and we can then simply
interpret d as a non-integer parameter.

The topic of this thesis is the stability of finite-time blowup solutions of the GL with
respect to both radially symmetric and non-radially symmetric perturbations. A detailed dis-
cussion of the interpretation of non-radially symmetric perturbations for non-integer values
of the dimension d will be given in Section 4.1.2. Completely analogous to the example in

Section 1.1, we now give the definition of a finite-time blowup solution of (1.9).

Definition 1.2.1. A finite-time blowup solution of equation (1.9) with boundary and initial
conditions given by (1.10) is a function ®(x, t) for which there exists a0 < T < oo such that:
1.2.1.a ®(x,1) exists as a bounded and smooth (enough) solution of (1.9) for0 <t < T;

1.2.1.b ®(x,1) satisfies initial condition (1.10a) and boundary condition (1.10b);

1.2.1.c limyr max |D(x, 7)| = co. Here, | - | denotes the absolute value in the complex plane.
xeRR

In general, infinite-time blowup solutions of partial differential equations are also studied, for
the NLS see for example [27, 31, 38]. However, in this thesis, we do not study infinite-time
blowup solutions and, unless stated otherwise, make the following convention: when we refer
to blowup solutions, we always mean a finite-time blowup solution.

We make the following assumptions for the parameters d and o in equation (1.9). Unless
stated otherwise, these assumptions are supposed to hold throughout this thesis.

Assumption 1.2.2.
1.22.a d > 1,

1.2.2b 2<0d<?2+ 20,
122c0<o0<2.

Assumption 1.2.2.a is used in many places in this thesis and especially in Lemma 2.2.6,
the fundamental lemma that makes the more abstract existence results as presented in Theo-
rem 2.1.1 more explicit. The restriction stated in Assumption 1.2.2.b is made because (self-
similar) blowup can only occur if ood > 2 and local existence of solutions is guaranteed if
od < 2+ 20, see [13] equation (3.39), [26] Remark 5.11 and [26] Figure 7.1. Note that
although the restriction od < 2 + 20~ is common in the existing literature, see [9, 36, 40], as
far as we are aware, it is not clear that local existence is guaranteed to fail for od > 2 + 20
Thus, we leave the possibility open that the results presented in this thesis can be extended
beyond the parameter range specified in Assumption 1.2.2.b. Finally, Assumption 1.2.2.c is
often made in the existing literature on the NLS, see for example [14]. Assumption 1.2.2.c is
also used in Lemma 2.2.6 for technical reasons.

In short, the analysis performed in this thesis can be described as follows: we first es-
tablish existence of a blowup solution, then we perturb the blowup solution with a small
perturbation, linearize and analyze the corresponding eigenvalue problem. We next describe
the context in which we study blowup, describe how this fits into the existing literature and
give an overview of the methodology.
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(a) Blowup in physical radially symmetric coor-  (b) Blowup in rescaled radially symmetric coor-
dinates. dinates. Note the convergence to the stationary
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Figure 1.2.1: Numerical simulation of the full GL ford = 3, 0 = 1, ¢ = 0.1, b = 0 and ®y(r) =
exp (—rz). The thin lines represent snapshots of the profile at subsequent times between ¢ = 0 and the
blowup time 7. The bold lines represent the final blowup profile. This is a reproduction of Figure 2.1
in [9].

1.2.2 Blowup in the NLS

Recall that for € = 0, equation (1.9) is known as the Nonlinear Schrédinger equation (NLS).
In the NLS, od = 2 is the so-called critical case: for od < 2 there are no finite-time blowup
solutions, for od > 2 there are self-similar finite-time blowup solutions and for od = 2
there are finite-time blowup solutions, but the blowup is not necessarily self-similar, see [38,
44] for an overview of the literature on blowup in the NLS. As already noted, the critical
dimension also appears in the parameter range for d and o specified in Assumption 1.2.2.b.

1.2.3 Blowup in the GL

Upon studying the GL in the NLS limit, blowup solutions of a similar type as those arising in
the NLS can be found. Existence of blowup solutions is studied in [9, 36, 39, 40]. Stability of
blowup solutions is studied in [9, 36] with numerical methods. After transforming to radially
symmetric coordinates, Figure 1.2.1a shows an example of a blowup solution in the GL.
Similar to the introductory example in Section 1.1, we will introduce a rescaling such that
the blowup solution corresponds to the stationary state of a rescaled differential equation, see
Section 1.2.4. Figure 1.2.1b shows blowup solution presented in Figure 1.2.1a in rescaled
coordinates.

1.2.4 The dynamical rescaling

In this section, we discuss a rescaling that scales a radially symmetric finite-time blowup
solution of (1.9) into a solution that converges to a stationary profile in infinite time, see
Figure 1.2.1. A radially symmetric solution of equation (1.9) satisfies

d-1
iD, + (1 —-ie) ((I),, + —d),) + (1 + ibe)| O @ = 0, (1.11)
r
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where r > 0 is the radial coordinate. As in [9, 36, 39], we introduce the transformation

-
&= 0 (1.12a)
= f ! d 1.12b
T .= W S, ( . )
0
O£, 7) = e T L(1)7 D(x, 1). (1.12¢)

We will refer to the (7, r)-coordinates as the physical coordinates and to the (&, T)-coordinates
as the rescaled coordinates. From (1.11), we obtain

iQ: + (1 —ig) (Qgg + d; ! Q‘f) - wQ + i?Q +ia(m)EQs + (1 +ibe)| QP70 = 0, (1.13a)
dL
a(t) = —LE. (1.13b)
And, the boundary conditions are given by
0:0,7) =0, (1.14a)
|0, )l - 0 as § — oo. (1.14b)

Note that condition (1.14a) ensures that when the solution of (1.13a), i.e. a function of £ > 0
and 7, is interpreted as a radially symmetric function in R, it is smooth in the origin.

We now show that if we assume that L(¢) vanishes as ¢ tends to the blowup time 7', a(7) is
a positive constant and that Q is a non-zero solution of

d-1
3

(1 —is)(Q§§+ Qf)—a)Q+i§Q+ia§Q§+(1 +ibe)lOPQ =0 (1.15)

with boundary conditions

0:(0) =0, (1.16a)
Q)] — 0as & — oo, (1.16b)

then Q(¢) corresponds to a finite time blowup solution of (1.11). For constant a > 0, we
obtain from (1.12) and (1.13b) that

L(t) = \2a(T — 1) > 0, (1.17a)

11 T -t
T=——10
2a £

(1.17b)

where T is the finite blowup time of the problem. Now, first, observe that as ¢ tends to the
blowup time T, i.e. as 7 tends to infinity, L(¢) tends to zero. Second, since the stationary

solution is assumed not to be the zero solution, it is non-zero at least one point &. And,

since |Q (&y, 7)| tends to a non-zero value as 7 tends to infinity, |®(x, )| = |% blows up

as ¢ tends to the blowup time 7. Note that, as required, L(¢), see (1.17a), indeed vanishes as
t tends to the blowup time 7. Therefore, it follows from (1.12) that a stationary profile in
rescaled coordinates will, apart from blowing up, also contract towards the origin in physical
coordinates.
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Rescaling (1.12) plays, in the following way, a similar role as the rescaling as the introduc-
tory example discussed in Section 1.1, see also equation (1.4). First, the rescaling transforms
the original differential equation, i.e. (1.11), into a rescaled differential equation, i.e. (1.13a).
Then, extra conditions are imposed such that the resulting differential, i.e. (1.13a), is au-
tonomous when seen as an equation in 7. After that, stationary profiles of (1.13a) correspond
to blowup solutions of (1.11).

Now that we have explained the dynamic rescaling, we motivate why we study a GL
without a linear term. The linear term —ipe® in (1.8) would have produced an extra term
—ipe?L(t)*Q in (1.13a) which varies explicitly in time. Since L(r) = V2aTe ™, this term
decays exponentially fast as 7 tends to infinity. Therefore, this term is very small close to
the blowup time. This motivates the choice to first fully understand existence and stability of
blowup solutions in a GL without a linear term. We formulate this in a remark.

Remark 1.2.3. The linear term —ip’® in (1.8), produces an extra term —ipe’L(t)*Q in
(1.13a). This term decays exponentially fast as T tends to infinity and is thus expected to be
small close to the blowup time. This motivates the choice to (first) study a GL without this
linear term.

1.3 Existence and numerical stability

1.3.1 Numerical results on existence and stability of blowup solutions

In this thesis, we focus on one of the types of blowup solutions studied in [9] which will be
called the m;,-solution.

Definition 1.3.1. The solution of which we study existence and stability in this thesis will be
called the my-solution and comes in two types: my"*" and miy**’, see Definition 2.2.2 for a
precise formulation.

In [9], numerical and asymptotic methods are employed to study the existence of radially
symmetric blowup solutions (including the m;-solution) of equation (1.11). And, numerical
stability with respect to radially symmetric perturbations is also studied. In this section, we
focus on the numerical results. Figure 1.3.1a shows several stationary solutions of equation
(1.15) ford = 3, b = 0, w = 1 and 0 = 1. These solutions thus correspond to blowup
solutions of equation (1.11). Apart from at the origin, blowup can also take place at & = £ for
some k > 0. These solutions correspond in Figure 1.3.1a to the ones with a maximum away
from the origin and are labeled with “k = 2. Since for fixed £ the physical coordinate r tends
to zero as 7 tends to the blowup time 7', solutions of which the blowup takes place at & = £
look in physical coordinates like a contracting ring of which the absolute value blows up as ¢
tends to the blowup time 7.

Different blowup solutions of equation (1.11) require a different rescaling to scale out the
blowup. Figure 1.3.1b gives the relation between € and a for given d, b and o, i.e. the figure
shows the relation between & and the rescaling L, depending on a, which selects the blowup
solution that can be studied with that particular rescaling. Ford =3,b =0, w =l and o =1,
the my-solutions correspond to solutions on to the lower part of the k = 2-branch in Figure
1.3.1b. In Figure 1.3.1a, the solution which is small at the origin and with its maximum away
from the origin is an m;-solution.

In [9], numerical stability of the m,-solution with respect to radially symmetric perturba-
tions is studied by full PDE-simulation of equation (1.11). Solid and dashed lines in Figure
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(a) Blowup solutions of the GL in the rescaled (b) Solution branches in the (&, a)-plane.

radially symmetric coordinates.

Figure 1.3.1: Blowup solutions and solution branches of the GL in rescaled radially symmetric coor-
dinates. Note that the blowup rescaling (1.12) depends on the parameter a through (1.17). The positive
integer k indicates the number of maxima if we extend the solution, interpreted as a function of a one
dimensional variable ¢ > 0, symmetrically to the interval (—co, o). The solutions corresponding to the
*’s in Figure 1.3.1b are shown in Figure 1.3.1a. In both figures d = 3, b = 0, w = 1 and o = 1. These
figures are a reproduction of Figures 1.1 and 1.2 in [9].

1.3.1b represent respectively (numerically) stable and unstable solutions. Particularly surpris-
ing are the stability results of the m;,-solution on the lower part of the k = 2-branch in Figure
1.3.1b. Although not always the case (see for example [29]), it is common for ring solutions
of PDE-models to be unstable, see [6, 8, 12]. Moreover, one might expect that k = 1-solutions
are physically more likely to be observed than ring solutions, i.e. the m;-solution. Therefore,
in the range 0.2 < & < 0.25 the situation becomes even more interesting, because there the
k = 1-solutions do not, but the m;,-solution does exist.

Studying blowup solutions with merely numerical methods is tricky, especially when the
blowup takes place in finite time and when the spacial domain is infinite. For this reason, it
is essential that methods are devised by which blowup behavior can be studied analytically.

1.3.2 Analytic existence results

The my-solution, as defined by Definition 1.3.1, corresponds to solutions on the lower part
of the k = 2-branch. We will focus on the part of the £ = 2-branch where both £ and a
are small. Existence of the mj,-solution has been studied with asymptotic methods in [9]. In
[40], existence has been studied with analytic methods and it is shown that the m;-solution
is, actually, only one of four ring-like solutions that equation (1.15) admits if @ and & are both
small. Recently, an asymptotic construction of one of the other three ring-like solutions has
been presented in [39], see also Theorem 2.1.1 and Section 2.5.1 for more details. In the
remainder of this thesis, however, we limit the discussion to the m,-solution.

1.3.2.1 Regions and assumptions used in the asymptotic construction

The rigorous existence result of the m;,-solution relies heavily on insights obtained by asymp-
totic methods. We now present several assumptions, observations and definitions needed for
further discussion.

Upon rescaling 7, &, a and Q in equation (1.15) or (1.13a), it is possible to scale w to
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Figure 1.3.2: Overview of all the different regions in the asymptotic construction. Furthermore, the
type of equation to which equation (1.15) reduces at leading order is indicated for all the regions.

1. Alternatively, w can be left free and we can rescale a, w and Q such that |Q(0,0)| = 1.
Without loss of generality, we make the following assumption:

Assumption 1.3.2. Unless stated otherwise, we set w = 1.

We continue with the observation that equation (1.15) is phase invariant. This leads to the
following conclusion.

Remark 1.3.3. Since (1.15) is phase invariant, every solution is part of a family of solutions.

Based on the numerically suggested linear behavior between € and a when they are both
small (see Figure 1.3.1b), we introduce the following scaling.

Assumption 1.3.4. & = Ka for some 0 < K = O(1).

The asymptotic construction is performed in the small parameter a. Thus, from now on
we assume:

Assumption 1.3.5. 0 <a,e < 1.

It might seem counterintuitive to, as in Assumption 1.3.4, write € as a function of a, this
is done for historical reasons: for example, in the numerical analysis presented in [9], the
parameter a is tuned until a blowup solution is detected.

Finally, in the asymptotic construction the half-line & > 0 is divided into several regions.
Since both the asymptotic construction of the mj-solution and the study of stability of the
my-solution relies on this division into regions, we present it here. Figure 1.3.2 shows the
distinguished regions used in the asymptotic construction. Furthermore, it also indicates the
type of equation to which (1.15) reduces at leading order in the indicated region. We now
define the regions used in the asymptotic construction.

Definition 1.3.6.

1.3.6.a In the inner region, i.e. the region corresponding to Region I in Figure 1.3.2, £ < é

1.3.6.b In the bump region, i.e. the region corresponding to Region 3 in Figure 1.3.2,
|§ - g' < é This is the region in which the ring solutions on the lower part of

the k = 2-branch have their maximum.

. . . . . . 2 1
1.3.6.c Inthe far field, i.e. the region corresponding to Region 5 in Figure 1.3.2, |§ - ;l > .
These three regions do not overlap, therefore, in between these regions, there are transition
regions which are called Region 2 and Region 4. In the transition regions, the equation
reduces to a parabolic cylinder equation with slowly varying coefficients, see Section 2.3.
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1.3.6.d In Region 2, i.e. the transition region between the inner region and the bump region,
we have £ > 1, £ < fand|§— §| > 1.
At the point & = % in transition Region 4, the parabolic cylinder equation has a turning point,
see Section 2.3.6. Therefore, we split up Region 4 into three parts: 4a, 4b and 4c.
1.3.6.¢ Region4a consists of all & for which é—% > 0, |§ - §| > 1, f—% < 0and |§ - %| > 1.

1.3.6.f In Region 4b, |¢ - 2| < a”3;
1.3.6.g For Region 4c, we require & — % >0, |§-‘ - %i > land ¢ < a%

1.3.2.2 Extension of the existence results

In Chapter 2, we extend the existence results for the my-solution as presented in [9] and
[40]. An important discovery is the existence of a saddle-node bifurcation that the system
undergoes as we pass (for o = 1) the curve d*>+24bd—32b+16b*> = Oin the strip2 < d < 3 of
the (d, b)-plane, see also Figure 2.2.1 and Corollary 2.2.7. The solutions on the two branches
of the saddle-node bifurcation will be called m,™" and my™*".

Definition 1.3.7. The solutions on the upper and lower branch of the saddle-node bifurcation,
i.e. the branches with the largest and smallest value of k, as denoted in Figure 2.2.1 and
upper lower

Corollary 2.2.7 will be called respectively m,"" and my"", see Definition 2.2.8 for a precise
Sformulation.

Note that Figure 1.3.1b does not display the saddle-node bifurcation, and, therefore, m;p per

and m12°“’er should not be confused with solutions on the upper and lower part of the k = 2-
branch in Figure 1.3.1b! Since, as can be verified, the saddle-node bifurcation takes place for
values b < 0 and the case b < 0 is not included in [9] and [40], this can be seen an extension
of the existence results to a wider parameter range.

We also present in Chapter 2 a non-trivial higher order extension of the asymptotic con-
struction presented [9] and a detailed matching procedure. The higher order extension is
needed for the spectral stability analysis we perform in Chapter 3.

1.4 Stability

In Chapters 3 and 4, we study the stability of the m;-solution with analytic methods. Our
goal is to obtain explicit stability results through using the asymptotic construction of these
solutions as presented in [9] and further extended in Chapter 2.

After adding a perturbation V to the blowup solution in rescaled variables and lineariza-
tion, we obtain a linear evolution equation of the form

Ve = Ly(@)V,

where Ly(a) is a matrix containing second order partial differential operators and V is a vector
with complex valued functions.

Definition 1.4.1. A (rescaled blowup) solution Q(&) of equation (1.15) is called linearly
stable if for every allowed perturbation Vy, the solution V(1) of the linearized equation V. =
Ly(a)V with V(0) = V,y vanishes (in an appropriate norm) as T tends to infinity.

By “allowed”, we mean allowed according to an appropriate criterion in this definition, e.g.
through choosing an appropriate function space.

Definition 1.4.2. A rescaled blowup solution Q(&) of equation (1.15) is called spectrally
stable if the spectrum of the linear operator Ly(a) is a subset of {c € C : Re ¢ < 0}.
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The spectrum of Ly(a) does not solely consist of eigenvalues (of finite multiplicity), i.e.
isolated values of A € C for which the equation

Ly(a)V = AV (1.18)

has a solution V in the appropriately chosen function space and for which the dimension of the
kernel of Ly(a) — A is finite. This part of the spectrum is also referred to as discrete spectrum.
The part of the spectrum that does not correspond to eigenvalues (of finite multiplicity) is
defined as essential spectrum, see [19]. Although the relation between linear and spectral
stability may be subtle, see for example Chapter 5 of [19], it is straightforward to conclude
the following for eigenvalues. Suppose we construct an eigenfunction V, i.e. an explicit
solution V of the eigenvalue problem with corresponding eigenvalue A, then the function
e'"V solves V. = Ly(a)V. From this relation, we conclude the following.

Remark 1.4.3. IfV is an eigenfunction corresponding to an eigenvalue A with positive real
part, then the solution Q is both linearly and spectrally unstable.

1.4.1 Spectral stability with respect to radially symmetric perturbations

In Chapter 3, we study spectral stability with respect to radially symmetric perturbations of
the my-solution. Thus, the perturbation V then only depends on the radial coordinate £&. We
will show that the mlz"Wer -solution is spectrally and linearly unstable with respect to radially
symmetric perturbations. Furthermore, for the m;p P*_solution, we do not find any spectrum
that leads to instability. See Figure 3.4.1a and Theorem 3.4.1 for further details.

1.4.1.1 The unperturbed NLS spectrum

For our stability analysis, we use the same regions as in the asymptotic construction of the
solution. The use of the asymptotic construction and the associated division in spatial regions,
see Figure 1.3.2, in the stability analysis is inspired by an example presented in [23]. Here,
the author studies with Evans function techniques how zero eigenvalues are perturbed in a
perturbed NLS:

i0:S +3°S —aS +|S[*7S = aR(s,S,S), (1.19)

where S(s,7) is a complex valued function, 7 > 0 is the temporal coordinate, s € R is
the spatial coordinate, « is a positive real valued constant and R(s,S,S) is a nonlinearity.
Although explicit theory in [23] is only developed for equation (1.19) with various special
forms of R, the general framework presented is much broader. We can transform equation
(1.13a) in the bump region into equation (1.19) in the following way. First, zoom in on the
bump region with the translation s = & — £. Second, by setting Q(s, 7) = eSS (s, 7), where
ko 1s a leading order approximation of «, the leading order equation will be in self-adjoint
form, i.e. the first order derivative vanishes. Furthermore, with this transformation S (s, 7)
satisfies a PDE of the same form as equation (1.19), see also equation (2.10). Outside the
bump region, this transformation is still valid, but then the perturbation R(s, S, S) will, as we
will show, no longer be small. This will be covered in more detail in Chapter 3. Nevertheless,
eigenvalue problem (1.18) can be transformed with a similar transformation. The resulting
eigenvalue problem will be written as:

L@W = W, (1.20)

The unperturbed NLS spectrum, i.e. the spectrum of L(0), is known and consists of an
eigenvalue A = 0 with algebraic multiplicity 4 and geometric multiplicity 2, see [23, 25, 45].
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Furthermore, unperturbed essential spectrum consists of the imaginary axis with the section
around the origin removed. As a becomes non-zero, an a priori unknown number of these 4
eigenvalues will move away from A = 0. If one of these eigenvalues has positive real part for
a # 0, this implies spectral (and linear, see Remark 1.4.3) instability. Similarly, the essential
spectrum also perturbs and might lead to spectral instability.

1.4.1.2 The perturbed NLS spectrum and Evans function techniques

In Chapter 3, the unperturbed NLS spectrum will be taken as a starting point and we will limit
the study to the part of the spectrum that can be seen as a perturbation of the unperturbed NLS
spectrum. Since the stability analysis will use the asymptotic construction of the m,-solution,
the regions distinguished in the asymptotic construction of the m;-solution, see Definition
1.3.6, also play a role in the stability analysis.

To study the perturbed NLS spectrum, we will study two types of solutions of eigen-
value problem (1.20): solutions that are exponentially localized in the bump region and
solutions that remain bounded in the bump region. In the second case, we show using
asymptotic methods that the perturbed NLS essential spectrum is contained in the subset
{z € C: Re(z) < 0}. This implies that the perturbed NLS essential spectrum does not lead to
spectral instability, see Theorem 3.3.3.

Remark 1.4.4. The term localized as a property of real or complex valued functions is not
precisely defined, but is often used to describe qualitative behavior of functions. With loca-
lized, we mean vanishing at infinity. With localized in a region, we mean that the function is
small in the complement of the region, where small will dependent on the context. See [18]
for a discussion. We will use the term localized in qualitative discussions in this thesis and
will avoid the use of the term in theorems.

To determine the perturbed NLS discrete spectrum, we study solutions that are expo-
nentially localized in the bump region. As in [23], Evans function techniques are used to
determine the perturbed NLS discrete spectrum. The Evans function, which is a standard
technique for eigenvalue problems, is an analytic function associated to the linear operator
L(a) of the eigenvalue problem and its zeros are the eigenvalues of L(a), see [1, 15, 23,
41]. The construction of the Evans function relies on exponential localization of the eigen-
functions of L(a). However, it follows from the asymptotic construction that eigenfunctions,
associated to the spectral stability of the m;-solution, will decay algebraically in the far field.
This is one of the reasons that, although the theory in [23] forms the basis of our study, it is
certainly not directly applicable and has to be extended, see Section 3.2.1.

In Section 3.2, we show that the Evans function E(A4, a) has a Taylor expansion around
A =0and a = 0 of the form

JEO, 0, 8,03 E(0, 0 o, B202E(0, 0) 5, BOEQ.0) |
41 3 212! 1131

E(1,a) = /l( + 0(3)) )

(1.21)
where by 0(3) we indicate terms that are of higher order compared to terms of degree 3 in a
and A. From the fact that the Evans function vanishes at the eigenvalues, we can determine
the leading order location of the eigenvalues near O for 0 < a < 1. Note that it also follows
from (1.21) that, under the assumption that 339, E(0, 0) # 0, 3 eigenvalues move out of 1 = 0
as a becomes non-zero. Expressions for the derivatives of the Evans function needed in (1.21)
can be deduced by extending the theory developed in [23].
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1.4.1.3 Conclusion

As explained, the m,-solution undergoes a saddle-node bifurcation upon (for o = 1) passing
the curve d? + 24bd — 32b + 16b* = 0 in the strip 2 < d < 3 of the (d, b)-plane, see also
Figure 2.2.1. The conclusion of Chapter 3 will be that the perturbed NLS spectrum does not
lead to instability for the m,""-solution, i.e. the solution on the upper branch of the saddle-
node bifurcation, and that the mlz"wer-solution is spectrally (and linearly, see Remark 1.4.3)
unstable, i.e. the solution on the lower branch of the saddle-node bifurcation, see Theorem

34.1.

1.4.2 Spectral stability with respect to non-radially symmetric pertur-
bations

In Chapter 4, we study stability of the m;p P_solution with respect to non-radially symmetric
perturbations. Since the mlz‘)“’er-solution is already unstable with respect to radially symmetric
perturbations, its stability with respect to non-radially symmetric perturbations will not be
considered. Apart from determining spectral stability with respect to non-radially symmetric
perturbations, a second goal in Chapter 4 is to investigate to what extend we can generalize
the techniques used in the radially symmetric setting such that they can be applied in the
non-radially symmetric setting.

The first step in the non-radially symmetric case is to expand the eigenvalue equation
into spherical harmonic modes Y;" and to derive an eigenvalue problem for each mode. Each
mode will then be analyzed separately.

As in the radially symmetric case, the unperturbed NLS point spectrum will be taken as
a starting point. In the second step, we apply the same techniques used in the radially sym-
metric setting to derive an explicit expressions for a Taylor expansion of the Evans function
around 4 = 0 and a = 0 for each mode ( a priori parametrized by £ and m, although the
eigenvalue problem turns out to be independent of m):

3*E(0,0,¢ 0.0°E(0,0,¢ 9%28%E(0,0, ¢
EA,a,t,m) = E(d,a,t) = = (4' )/l4+ ‘3'(1, )ﬁ3a+% 242

ROEO.0.0) 1 iE0.0.0
TE T TR

+o), (1.22)

where by 0(4) we indicate terms that are of higher order compared to terms of degree 4 in a
and A. From (1.22), the perturbed NLS point spectrum can be determined to leading order.
Although it turns out to be sufficient to study the case £ = 1, the case £ = 2 will also be
analyzed as an illustration.

Finally, the conclusion of Chapter 4 will be that, if non-radially symmetric perturbations
are included, the perturbed NLS spectrum leads to spectral (and linear, see Remark 1.4.3)

instability for the m,*™"-solution, see Theorem 4.3.1.



Chapter 2

Existence of ring-like blowup
solutions

2.1 Set-up

In this chapter, we study the existence and asymptotic approximations of a ring-like self-
similar blowup solutions of (1.9), initial and boundary conditions given by (1.10), called the
my-solution. We will start this section with a discussion of the existence of several types
of blowup solutions of (1.9) and a list of defining properties of the m;,-solution is given in
Assumption 2.2.1. A precise definition of the m,-solution will be given in Definition 2.2.2.

As explained in Section 1.2.4, ring-like self-similar blowup solutions of (1.9) may appear
if Q satisfies

. . d-1 .a . . -
i0:+ (1 - la)(fo + TQf) -0+ z;Q +ialQs + (1 + ibe) Q7 Q = 0, (2.1
where & > 0, the given initial condition is denoted by Q(0, 7) and boundary conditions are
given by

0:0,7) =0, (2.2a)
O, 7)) — 0 as & — oo. (2.2b)

Ring-like blowup solutions of (1.9) now correspond to stationary solutions of (2.1). As de-
noted in Section 1.2.4, equation (1.9) is phase invariant and every solution is thus part of a
family of solutions. Let ¥ be the phase of the m;,-solution in the origin, i.e. the phase of
0(0). Of course, we could set ¥y = 0, but we prefer to set ¥y to such a value that the leading
order of a rescaling of the solution is real-valued in the bump region, see Section 2.2.2 and
expression (2.67). Thus, the stationary bump solutions we study in this chapter satisfy

(1-ie) (Qé:f + d%ng) -0+ i%Q +iaéQs + (1 + ib8)|Q|2O—Q =0, (2.3a)
00 P
0:(0) =0, _|Q(0)| =e"%and |Q&)| > 0 as & s (2.3b)

where b € R,0 < e < 1,0 < @y < 2m, Q is a complex-valued function of & and the valid
parameter range for d and o is as defined in Assumption 1.2.2

16
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We are interested in the existence of the ring-like solutions on the lower part of the k = 2-
branch, see Figure 1.3.1. Rigorous existence results for solutions to (2.3) can be found in
[40]. From these rigorous existence results, it follows that there exist four k = 2-solutions,
i.e. solutions with two maxima on the real line (one of these four will be the m,-solution).
We reformulate the main result presented in [40] in such a way that it directly applies to our
setting.

Theorem 2.1.1. LetO<a < 1,0< Yy <2m, b>0and?2 <d < 4 be given and let o = 1. If
there exist 0 < Ky = O(1) and 0 < n < 2 such that:

2.1.1.a 52— Ky - 2(2b - DK, (1 - "z) 0,

2.0.1b 3 (54 + Kon) + 3 =0,

then there exists an ny(a) such that for n < ny(a) there exist 2n unique n-bump solutions of
equation (2.3), i.e. solutions with 5 maxima on the half line £ > 0, with

2.1.1.c € = Kya + o(a),

2.1.1.d nis an even integer.
Furthermore, no(a) increases as the parameter a decreases. The maxima of a particular

solution are located between & = 0 and & = & = Z_T‘ﬁ and are O (—loga) apart. For

n—1 of the 2n solutions |Q(&pax)| = O (a%) and the last maximum of these last n — 1 solutions
occurs near &yqx with |Q| = \/za%(l - % \a)+o (a%).

Proof. See Appendix A. O

According to Theorem 2.1.1, there exist four different 2-bump solution on the lower part
of the k = 2-branch in the limit ¢ — 0, i.e. the part of the k = 2-branch where both
a and & are small, see Figure 1.3.1. In Section 2.2, we present a higher order asymptotic
construction of one of these four 2-bump solutions called the m,-solution, which extends the
less detailed leading order asymptotic construction in [9]. Furthermore, the m,-solution has
also been observed numerically in [9]. This construction extends Theorem 2.1.1 for one of
these solutions to certain negative values of b, see also Corollary 2.2.7. In Section 2.5.1, we
discuss the relation between the constructed solution and the four different 2-bump solution
on the lower part of the k = 2-branch that exist according to Theorem 2.1.1. Recently, the
asymptotic construction for another of these 4 blowup solutions has been presented in [39],
see also Section 2.5.1.

We point out that Condition 2.1.1.a together with Condition 2.1.1.b defines a system of
equations from which K and 7 can be solved as a function of d and b. The exact same
system of equations also plays a role in the asymptotic construction presented in Section 2.2
and arises as a solvability condition when one requires that the O(a) correction to the leading
order solution is bounded. Lemma 2.2.6 gives conditions on d and b under which this system
of equations has a unique solution.

2.2 Asymptotic construction of a ring-like blowup solution

In this section, we present an asymptotic construction of a ring-like solution, introduced as
the my-solution in Section 2.1, to the ordinary differential equation (2.3a) that goes beyond
the existence results and asymptotic construction in the currently existing literature, see [9,
39, 40]. If convenient, we will restrict ourselves, as will be explicitly indicated in the text, to
the case o = 1 to avoid technical difficulties. We closely follow the approach in [7, 9]. This
section extends the known results in three ways. First, we extend the analysis in the bump
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region, the region near the peak, to higher order. Higher order expressions are needed in the
study of the stability of the m;,-solution, see Chapters 3 and 4. Second, we give details of the
matching procedure for the GL. So far, these details have only been presented for the NLS,
see [7]. And finally, we extend the asymptotic results in [9] for certain negative values of b,
which leads to the discovery of a saddle-node bifurcation, see Corollary 2.2.7.

Assumption 2.2.1. The my-solution we construct is assumed to have the following proper-
ties:
2.2.1.a Q(0) is exponentially small in a.

2.2.1.b The absolute value of Q attains its maximum at & = % for some O(1) constant 0 <
k < 2. This assumption is based upon the proof of Theorem 2.1.1 (see [40] and
Appendix A) and the numerical simulations in [9]. The requirement k < 2 will be
used in Section 2.3.1.

2.2.1.c As also stated in Assumption 1.3.4 and restated here to make the list of assumptions
complete, we assume € = Ka, with 0 < K = O(1). Theorem 2.1.1 shows that for
0 < & < 1 the relation between a and ¢ is linear to leading order, see also the lower
part of the k = 2-branch in Figure 1.3.1. For consistency with existing literature we
prefer to work with the parameter a instead of € as our small parameter, see [7, 9,
36, 40].

2.2.1.d We assume that the following expansions in the small parameter a exist and are
well-ordered:

Q) = Qo(&) + aQ1(€) + @ Qa(é) + 0 (), (2.42)
K =Ko + ak| + a’ky + 0 (a2) s (2.4b)
K = Ko +akK + d’Ky +0(d?). (2.4¢)

As will be covered in more detail in Section 2.5.1, these four assumptions select for » > 0
one particular solution from the four 2-bump solutions that exist according to Theorem 2.1.1.
One of the other solutions attains its maximum o (5) closeto ¢ = %, i.e. for this solution x = 2
to leading order. This is inconsistent with Assumption 2.2.1.b and hence we do not construct
it here. For the other two solutions, Assumption 2.2.1.d does not hold.

The solution studied in this chapter will be called the m,-solution.

Definition 2.2.2. A solution that satisfies equation (2.3) and satisfies Assumption 2.2.1 will
be called an my-solution of equation (2.3).

Note that for b < 0, existence and uniqueness of the m —2-solution is not implied by Theorem
2.1.1 as it is presented here and will be investigated with asymptotic methods in Section
2.2.2.3, see also Corollary 2.2.7.

In the forthcoming sections, we present an asymptotic construction of the m;-solution in
each of the regions described in Section 1.3.2.1, see also Figure 1.3.2. After that we will
perform a matching procedure in a scale in which the regions overlap.

2.2.1 Inner region

Since we assumed |Q(0)] < 1, see Assumption 2.2.1.a, we conclude that in a region close to
& =0wehave |Q*” < 1. For |0]** < 1and ¢ < %, equation (2.3a) reduces to leading order
to

E Qg +Ed-1)Q: — €0 =0. (2.5)
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The transformation Q = & E O reduces this equation to the modified Bessel equation:
- - d-2\") x
& Qe +EQs - (52 + (T) ]Q =0,
see [33] equation (10.25.1). Therefore, the solution to equation (2.5) is given by

0 = Cit T 1e2(€) + Cxé ™ Kz (), (2.6)

where C; and Ck are constants and / a2 and K a2 are modified Bessel functions of the first

and second kind respectively, see [33] Section 10.25. Since & 2K a2 blows up at & = 0, we
require that
CK B O

Note that with this requirement also the boundary condition Q¢(0) = 0 is satisfied. Now, from
(2.6), it follows that
25

r(s)

Also, note that for Q(0) to be exponentially small in a, our analysis must show that Cj is
exponentially small in a. We will derive this in Section 2.3.2, where we will match this
solution in the inner region with a solution in Region 2 by using the so-called intermediate
scale ¢ = a7t with 0 <y < 1 and t = O(1), i.e. a scale in which Region 1 and Region 2
overlap, see Definition 1.3.6. From the asymptotic behavior of the modified Bessel function
for large &, see [33] equation (10.40.1), it follows that the leading order behavior of Q, as
given by (2.6), in the intermediate scale is given by

2d 2
Q@t)=Cr(a1)? 4 = SXP (a1). (2.8)

2.2.2 Bump region

00) =

Cr. 2.7)

In this section, we construct an asymptotic expansion of the m,-solution which is localized
in the bump region, i.e. the region that corresponds to Region 3 in Definition 1.3.6.b. We
defined « such that |Q] attains its maximum at { = 7, see Assumption 2.2.1.b. This motivates
the translation P
E=—+sy, (2.9)
a

where the bump region is restricted by |§ - ﬂ =5 < é Furthermore, we assumed a linear
relation between a and &: € = Ka, see Assumption 2.2.1.c. Upon using (2.9), equation (2.3a)
for Q becomes

d-1
K+as

Oss + ikQs — Q + 101 Q = iKaQy, — a(l - iKa)

0, — iasQ, - i%Q — ibKalQP" Q.

The Liouville transformation Q(s) = e 1ik0sg (s) eliminates the first order derivatives at lead-
ing order. This leads to

K K2 d-1 ]
S”—|1=21S +1S1?S = iKa|S” —ikeS' — 28 +a (S’— lK—OS)
4 4 K+as 2 (2.10)

—i((K—Ko)+as)(S'—@5)_ES —a
2 o

d-1 ;
(S’ - ”‘—Os)—ibKa|S|2f’s,
K+as 2


http://dlmf.nist.gov/10.25.E1
http://dlmf.nist.gov/10.25
http://dlmf.nist.gov/10.40.E1
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where prime denotes differentiation with respect to the translated space variable s. In this
equation, we pose a regular expansion for S (s):

S(s) = So(s) + aS (s) + a2S(s) + O (a3) )

1

This is similar to the expansion (2.4a) for Q, and we have that Q;(s) = e~2%05S (s).
2.2.2.1 Leading order analysis
The equation for S is given by
Sy —aSo+1So* So =0, 2.11)
where
a=1- ﬁ. (2.12)
4

We now exploit the phase invariance and require that the solution Sy is real-valued. This
requirement fixes ¥y, the phase of Q(0) as introduced in Section 2.1, for which we derive
an explicit formula in Section 2.3.3. For S real, equation (2.11) is known as the Duffing
equation. The only positive localized solution of the Duffing equation is given by

So(s) = (o + 1) @) sech7 (o V), (2.13)
see [16].
2.2.2.2 First order analysis

Taking the real and imaginary part of equation (2.10) at O(a) leads to equations for the real
and imaginary part of S ;. For convenient notation, we define the following differential oper-
ators L and L,:

L= (0} -+ Q20 + DS )u, (2.14)
Lou = (0} —a+537)u. (2.14b)
In terms of L; and L,, the equations for the real and imaginary part of S| are given by
d-1
LiRe S| = f(s) = KokoS{, — %(s +k1)So — K—S(’), (2.15a)
0
K Sy d-1
LImS; = g(s) = Ko (s;; - ZOSO) —(s+k1)SpH— ;0 + So—bKySI*.  (2.15b)
Solutions to the homogeneous part of equation (2.15a) are given by
Yi(s) =8, (2.16a)
Sy(f7 o as) irs>o0,
V) =55 (2 ds) i s <o, (2.16b)
3 if s =0,

where ¢; > 0 and ¢ < 0. It can easily be verified that the conditions ,(s) is smooth in
s = 0 and ¥, (s) is an even function of s uniquely determine the constants ¢, ¢; and ¢3. In
particular, for o = 1, it follows that é; = 0, ¢, = —¢; and ¢, is the unique positive root of

% sinh (2 vaz, ) - coth ( Vazy ) + @ =0.
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Note that /; and ¥, are constructed in such a way that

WWi1.¢2) = 1, 2.17)

where by W (1, ¥») we denote the Wronskian of | and . Furthermore, ¢ is localized and
Y, is unbounded. By using variation of constants and (2.17), we obtain the general solution
of equation (2.15a):

ReS1(s) = By + Bayra — Y1 j(; Unf ds +yn j(; Y f ds, (2.18)

where B; and B, are real constants.
Similarly, solutions to the homogeneous part of equation (2.15b) are given by

¢1(s) =S, (2.19a)

) 1 N
$2(s) ZZSOL S_(z) ds. (2.19b)

Again, ¢| and ¢, are constructed in such a way that

W(g1,¢2) = 1. (2.20)
And also, ¢, is localized and ¢, is unbounded. Thus, the solution to equation (2.15b) is given
by
ImS§,(s) = Ci1¢1 + Cagpr — f $rg d3 + ¢2f #18 ds, (2.21)
0 0

where C; and C, are real constants.
2.2.2.3 A saddle-node bifurcation

We require S to be localized. To achieve this, conditions are imposed on f, g, B, and C,. We
formulate these conditions in the following two lemmas.

Lemma 2.2.3. Let L be defined by (2.14a) and let f(s) be a continuous function with asymp-
totic behavior f = c.s"e* Vas 4 o (s"e¥V5) as s tends to £co. Then, the solution u of Liu=f
is given by (2.18). Furthermore, the solution vanishes at infinity iff the following two condi-
tions are satisfied:

2.2.3.a By =~ [ 1 foen 45,

223D [ Y1 foaa d5 =0,

where fuen(s) = L2 and f,44(s) = L2 And finally, if both 2.2.3.a and 2.2.3.b are

satisfied, then the solution u(s) of Liu = f satisfies u(s) = c,s"'e* vas 4 o (s””e: ‘@') as s

tends to +oo for some constant c,.

Proof. From (2.13), it follows that ¢; = S| = Fcie” Vas o(eI ‘”) as s tends to +oo for

some constant ¢;. And also ¢ = S fos 51—2 d§ = cret VO £ ¢35V 4 o (s”e$ ‘”) as s tends
0

to +oo, where ¢, and c3 are constants. By considering the second and fourth term in (2.18)
together, we obtain

S +o00
W [82 + fzjxlf d§] = (chi Vas 4 oo ge® ‘m) [32 F cysle™2Ves 4 fl//lf di+o (s"e12 ‘ﬁs)],
0 0

(2.22)



2.2. Asymptotic construction of a ring-like blowup solution 22

for some constant c¢4. A similar expression can be obtained for the first and third term in
(2.18). From these expressions the results follows upon considering the two limits s —
+00. [m]

Lemma 2.2.4. Let L, be defined by (2.14b) and let g(s) be a continuous function with asymp-
totic behavior g = c.s"e™ V¥ + o(s”ei Vas) s s tends to +oo. Then, the solution u(s) of
Lou = g is given by (2.21). Furthermore, the solution is vanishes at infinity iff the following
two conditions are satisfied:

2.24.a Cz = —j(‘) ¢lgodd d§,

2.24.b [ $18ewen d5 =0,
where gepen(s) = w and g,q4(s) = w. And finally, if both 2.2.4.a and 2.2.4.b are

satisfied, then the solution u(s) of Loyu = g satisfies u(s) = c,s™ eV + o (s”“eI ﬁs) as s
tends to oo for some constant c,.

Proof. The proof is similar to the proof of Lemma 2.2.3. O

Remark 2.2.5. Note that it also follows from expression (2.22) in the proof of Lemma 2.2.3
that the only bounded solutions of Liu = f are localized solutions. Similarly, the only
bounded solutions of Lyu = g are also localized solutions.

Upon using 2.2.3.a and 2.2.4.a, we obtain

B, = @f Y18 d3 (2.23)

2 Jo

and .
C2 = K1 f ¢1S(/) ds. (224)

0
Furthermore, 2.2.3.b and 2.2.4.b lead to a system of equations for xy and Kj:
1-d\ [ r
(KQKO + ) f SPds=-"=2 [ s245, (2.252)
Ko 4
0

=
o3

t”

)

[oN

o

Il
| =
—_—

.

|

—_

|

|

|
|3

=

+

—_
N —
0%8

S5 ds - bK, f S5+ ds.
0
(2.25b)

Note that C, and B, depend on «;. A similar analysis at next order leads to a system of
equations for K; and «.
For o = 1, the integrals in (2.25) can be evaluated explicitly which results in

I =4a (—K()K(Z) +d- l) - 3K(2) =0, (2.262)
I = = 6d + 4a(4b + 1)Ky + 3 (Koxg +4) = 0. (2.26b)

These equations differ from [9] formula (6.22) due to an error in formula (6.12) in [9]. Since
in [9] only the case xy = 1 is considered, the conclusions drawn in [9] remain valid.

Note that, equation (2.26a) is exactly the same as Condition 2.1.1.b of Theorem 2.1.1
(n corresponds to «p,) and that equation (2.26b) is exactly the same as Condition 2.1.1.a of
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Theorem 2.1.1. Theorem 2.1.1 does not state any conditions on d and b under which this
system of equations has a unique solution. The following lemma gives conditions on d and b
under which we can solve ky and K, uniquely from (2.25a) and (2.25b).

Lemma 2.2.6. Under validity of Assumption 1.2.2, the system of equations (2.25) has a

solution (ko, Ko) satisfying ko > 0, @ = 1 — 2—6 > 0 and Ko > O iff one of the following
conditions is satisfied:

W
2.2.6.a b> _WZ’
2266 b<-W (2-@+2)-b%) +4d-1D(1+b%)20and 2 <d < % -1,
where
Wy =1 +0)7 | sech(or) ds, (2.27a)
0
Wo=(1+0)+ f sech™** (o) dt, (2.27b)
0
L d 2
W =(1+o0)° f (Esechv(a't)) dr (2.27¢)
0

Furthermore, the solution is unique iff one of the following conditions is satisfied:
2.2.6.c b> —%,

226d b=-%and2 <d<%-1,
2 o o

22606 (£-@+2)-bW) +4d-D)(1+b%) = 0and & - @ +2)- b >0,

W
If a valid solution exists but is not unique, then there exist exactly 2 solutions.

Proof. Using (2.13), we find
f SZds=ar W,
0
f ST d5 = artIW,,
0
f SPds=ar W,
0

where Wy, W, and W’ are defined by (2.27). Substitution into (2.25) leads to

1-d
(KQKO + )a/W’ =Koy, (2.282)
Ko 4
, (4 1«
Koa’W ==z - _K() W[ - bK()a’Wz. (2281‘))
2 o 4
2 2
By eliminating K, from the first of the two equations and substituting z = ZL(S = %, it
0

follows that solving (2.28) is equivalent with solving the system

1 8

K=—(3d—l——), 2.29

0 3 ( ) Wt (2.29a)
4w’ W W W WLW

0= 2—3( -(d+2) —b—z)z—9(d—1)( -+ b ) (2.29b)
Wlo' W1 W1 VV1 Wl
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Now, a solution (kp, Kp) of the system defined by (2.28) that satisfies the conditions Ky > 0,

ko > Oand I — 2—5 > 0 corresponds to a positive solution (z, Kp) of the system defined by

(2.29). Let z, and z_ be the two solutions of (2.29b), then we have
WQW, (W’ b).

72422 =-9d - 1) W +
2

(2.30)
l

Since from Assumption 1.2.2.a it follows that d > 1, the sign of z,z_ is determined by the
sign of b + M. In order to prove statements 2.2.6.a to 2.2.6.e, we will analyze the three

different cases b > —2 b < W “and b = W _ separately. For each of these cases, we will study
under which conditions (2. 29b) has a real positive solution and then verify whether Ky > 0
for this positive real solution.

The case b > —W': In this section, we will prove statements 2.2.6.a and 2.2.6.c. If b > _W’
it follows that the right hand side of (2.30) is negative. And thus, since the coefficients of z in
(2.29b) are real, there exists a unique positive solution z, of (2.29b). It remains to show that
also Ky > 0 for this particular value of z,. From (2.29a), it follows that

74 < -1 (2.31)
should hold. We prove (2.31) by proving a slightly more general statement, since that will
be of use later in the proof. Let z, and z_ be the two real of (2.29b). After solving z.
from (2.29b), with the quadratic formula for solving second order polynomial equations, and
substitution into (2.31), many terms drop out and after some algebra we obtain

4 sz Wz 4 ”2
+ ——d-2-b— 4d-1)(1 —|<2d-2-—-d-2-b— 2.32
+\/(0_ d b ,) +4(d )( +b ,)< d ( d b ,), (2.32)

where the inequality should hold for both the plus and the minus sign. We now show that the
absolute value of the left hand side is smaller than the absolute value of the right hand side.
If the right hand side of (2.32) is positive, then inequality (2.32) is equivalent with

0 @d-Ded-2)
o

From Assumption 1.2.2, it follows that this inequality holds. We conclude that the condition
Ky > 0 is satisfied for a positive solution z of (2.29b) provided that the right hand side of
(2.32) is positive, i.e.

4
2d -2 - (;—d 2- b—)>0 (2.33)
Now, the equation
4
2d—2—(——d—2—bW2)=0 (2.34)
o w’

defines a straight line in the (d, b)-plane and we claim that this line lies below the line b = —%
if Assumption 1.2.2 holds. This fact can be verified as follows. We write (2.34) as
W, 4
3d=——2b+—. (2.35)
w’ o
Note that this line has a negative slope in the (d, b)-plane. Calculating the intersection point
with the line b = glves d= 4*‘7 . It can easily be verified that 4*—‘7 % for0 < o < 2and
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43%” < 1 for o > 2. Upon using Assumption 1.2.2. b and 1.2.2.a, we conclude that the line

defined by (2.35) lies indeed below the line b = —-. It now follows that inequality (2.33)
holds if b > WZ and Assumptlon 1.2.2 holds. In partlcular we have now proved the existence

of a unique solutlon forb > —-,1i.e. 2.2.6.aand 2.2.6.c.

W )
The case b = —%: When b = —-, it follows from (2.30) that z,z_ = 0 From (2.29b), we
obtain that (without loss of generahty) z-.=0and z, = 12—W 3d+2)¥ W 3b3 W2 . Thus, z,
is positive iff d < i -1 Finally, to prove that Ky > 0, we can use exactly the same reasoning
as we used in the case b > —y-, see also the argument below equation (2.31). This proves
2.2.6.d and part of 2.2.6.b.

The case b < —%’: In this section, we prove the remaining parts of the lemma: 2.2.6.b and

2.2.6.e. When b < —%, it follows from (2.30) that z,z- > 0. Thus, the possibilities are: a
pair of complex conjugate solutions, two positive solutions or two negative solutions. If the
discriminant of (2.29b) is nonnegative, the solutions are real-valued. Upon using (2.29b), we
obtain after some algebraic manipulation that a nonnegative discriminant is equivalent with

D(d,b,0) >0, (2.36)
where D(d, b, o) is defined by

2
D, b. o) = (g —(d+2)—b%) +4(d - 1)(1 +b%). (2.37)

For each value of o, (2.36) defines a region in the (d, b)-plane.
We now investigate whether the curve

D(d,b,0)=0 (2.38)
can have an intersection with the line b = —% in the strip (% <d< % of the (d, b)-plane,

see Assumption 1.2.2.b. For this purpose, we define

2 200 .
by = Max { be ]R‘ ddb) € ] such that (d, b) lies on the curve }

D(d, b, o-) 0, where D(d, b, o) is defined by (2.37)
Since the curve D(d, b 0') = 0 is smooth, there are three possibilities d (byax) = (% d (bmax) =
2”‘7 or on the curve (dmax = d (bmax) » bmax) = 0. We calculate

0= 9P i __z(i_(d+2) Wz) 4(1+%b). (2.39)

dd |2 _
ad~

Together, (2.38) and (2.39) form a system of two equations from which we can solve d and

b. We obtain two solutions to this system of equations: (b,d) = (—% 4 _ ) or (b,d) =

(2% (}7 - 1),2(}7 - 1)) Since the inequality 2<}T - 1) < 2 holds, the latter solution is
discarded upon using Assumption 1.2.2.b. We now calculate the intersection points with
the boundary of the str1p 2 <d< ﬂ and obtain the three intersection points: (b,d) =

( 2w 2) and (b,d) = ( ( 2(1 + 30’) +4 m) 2?"). With basic calculus it can

oW’
be verified that these three boundary points lie below the line b = —M for0 < o < 2. And

moreover, it can be verified that the point (b, d) = (—%, 2) is the only point in the closure
W

4 yanishes. This point lies on the line b = — %

of the strip where % b W2

b
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There exists a unique solution

08 \ There does not exist
There exist two solutions and a solution on the boundary
one solution on the boundary

There does not exist a solution
| | | | | | | |

2 22 24 26 28 3 32 3.4 3.6 3.8 4
d

Figure 2.2.1: For o = 1, the regions in the strip 2 < d < 4 of the (d, b)-plane for which the system of
equations (2.25) has a solution (ky, Kj) satistying ko > 0, @ =1 — é > (0 and K, > 0, see Lemma 2.2.6
and Corollary 2.2.7. In particular, the line b = —% = —i and the shape of the curve D(d,b,0 =1) =0,
as defined by (2.43), in the region 2 < d < 3 and —% <b< —‘{ are shown.

We now calculate the part of the half strip defined by % <d< % and b < —% of the
(d, b)-plane where
Ko >0 (2.40)

holds. Following the reasoning as presented in the case b > —%, it follows that we should

verify whether (2.33) holds. It can easily be verified that (b,d) = ( iVMV, ,—) is the only

intersection point of the straight line defined by (2.34) with the curve D = 0 deﬁned by (2.38)
in the closure of the strip £ 2 <d< zt%r of the (d, b)-plane. Note that this is precisely the
point on the curve D = 0 where gz vanishes.

If (2.36) holds, then z. are real-valued and are either both positive or both negative. If in

addition to (2.36),

I+ T 2- 4 W,

T:;_(d+2)_bW>O (2.41)
holds, then both z.. are real-valued and positive. Using (2.37), it can be seen that § —-d+2)-
b3z = 0and D = 0 implies b = — . Thus the three curves D = 0, 2 — (d+2) - b2 = 0 and
b= —% intersect at the point (d, b) (— -1,- ) i.e. the point on the curve D = 0 where

= 0. We now combine the results derived above to formulate when simultaneously (2.36),
(2.40) and (2.41) hold. This results in the statements 2.2.6.b and 2.2.6.e of the lemma. m|

For o = 1, we summarize the statement of Lemma 2.2.6 in Figure 2.2.1. We have shown
that the system (2.26) has a solution if (d, b) € R, where the region R is defined by

2<d<4andd*+8b(3d —4+2b) >0 }

0r3<d<4andb>—‘—1

= {(d, b)e R*: (2.42)

From Lemma 2.2.6, we obtain the follow corollary.

Corollary 2.2.7. Let o = 1. Then, the system (2.3) combined with Assumption 2.2.1 under-
goes a saddle-node bifurcation upon passing the curve

D(d,b,o = 1) = d* + 24bd — 32b + 16b* = 0 (2.43)
in the strip 2 < d < 3 of the (d, b)-plane, see also Figure 2.2.1. Here D is defined by (2.37).
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Proof. In Section 2.3, we show that the asymptotic construction can be extended outside
the bump region such that Assumption 2.2.1 holds. For further details on the validity of
asymptotic construction, see Section 2.5.2.

The result follows directly from Lemma 2.2.6. It remains to show that evaluation of
D(d,b,0) = 0at o = 1 leads to (2.43). For o = 1, we obtain from (2.27) that

W1|(r=l = 2’ W2|(r=1 = % and W’|(r=l = %
Using this in (2.37) gives (2.43). O

At the qualitative level, the Figure 2.2.1 would look similar for each 0 < o < 2 and we
will refer to solutions on the upper branch of the saddle-node bifurcation as m,™" and to
solutions on the lower branch as mlz"“’er.

Definition 2.2.8. If system (2.3) combined with Assumption 2.2.1 undergoes a saddle-node
bifurcation upon passing the curve D(d, b, o) = 0 as defined by (2.37). Then the solution on
the upper branch of the saddle-node bifurcation, i.e. the branch with the highest value of kg,
will be called m””" and the solutions on the lower branch of the saddle-node bifurcation will

be called mlzowe’ .

Remark 2.2.9. Note that for o = 2, which is not in parameter range we study (see Assump-
tion 1.2.2.c), the gray region in Figure 2.2.1 contracts into the point (d,b) = (%T, —%). We
leave a further analysis of this to future research.

For o close to 1 and b > max (—%, —}1), we can find approximate expressions for the
solutions «p and Ky of (2.25). We introduce the expansions

b =by+ 8y,
d=dy+ 6,
o=1+03,

Ko = Koo + K0101 + K0202 + k0303 + 0(61) + 0(62) + 0(53),

where |6;] < 1 and (dy, bg) € R as defined by (2.42). We derive that

f sech?x dx = 1+ (2 = 21n2)8; + 0(53),
0

2
< (d v 1 2
fo (asechx) dx = 3 + (g ~3 In 2) 03 + 0(03),
o 2 2 10 4
fo‘ sech?* 7 x dx = 3 + (3 ~3 an) 3 + 0(53).

For dy = 2, we find

9 b 3by -2 0 + 203
= 1, = 07 = S5, 1> = N = + 6 + 6 + 6 .
Koo Ko1 Ko2 830 + 1 K03 bor 4 K0 351 0(61) + 0(62) + 0(63)
(2.44)
This result agrees with expression (6.25) in [9]. For dy = 3 and by = 0, we find
3 1 6—218; + 65, + 116
ko =1, ko = 7. k02 = 0. ko = =7, Ko = e+ 0(61) + 0(6) + 0(53).

(2.45)
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Also for b large, we can find approximate expressions for the solutions ky and Ky of
(2.25). In order to do so, we assume 1 < b <« % With this assumption, b can be of O (a™)
with 0 < y < 1. However, since equation (2.11) still includes all terms up to o(1) and equation
(2.15) includes all non leading order terms up to o(a), the O(a) analysis presented in Section
2.2.2.2 is still valid. For b large, we obtain from (2.29b) that

_3(d-DW (o)

Wi(o)
Using that z = % and (2.29a) leads to
0
4d - HW' (o)
~ ) 2.46
o \/(d S OWio) + Wi (2402
Ko ~ 0. (2.46b)

Note that since (2.46b) is only a leading order approximation for Kj, this does not contradict
the inequality K > 0 as stated in Assumption 2.2.1.c. For o = 1, (2.46) can be simplified to

d-1

d+2’
Ky ~ 0. (2.47b)

Ko~ 2 (2.47a)

So far, we have determined that if B, is given by (2.23) and C; is given by (2.24), then
conditions under which (2.15) has a bounded solution are given by Lemma 2.2.6. We now
determine the constants By and C; in (2.18) and (2.21).

First, we determine B;. We defined « such that |Q|> = |S|? attains its maximum at & = g,
i.e. at s = 0, see Assumption 2.2.1.b. We deduce

0=0,ISP|,_, =2ReSReS’ +2ImSIm S’ = 2505}, + 2a(SjRe S| + SoReS)
+2a* (Re S Re S| +Im S Im S/ + SoRe S5 + Re S,5) + O(a3)' . (2.48)

We obtain, upon setting the O(a)-term in (2.48) to zero and using S;(0) = 0 and S¢(0) # 0,
that Re §(0) = 0. Using (2.18) leads to B; = 0. Similar arguments can be used to determine
constants at higher order.

We will now argue that C; can be chosen freely because of the phase invariance of equa-
tion (2.10). So far, we have only used this freedom at leading order. Suppose that S (s) solves
(2.10), then, by the phase invariance of equation (2.10), ¢'**S (s) also solves (2.10), where by
¥, we indicate a phase shift in the bump region. Expanding ¥}, as

W, = Pho +a¥y + O (a?)
leads to
8 (s) = (0¥ (§(s) + aS 1(5)) + O ()
= ™0 (1 +ia®y1) (So(s) + aS1(s) + O (a?)
= ™0 (So(s) + aS 1 (s) + ia¥p1So(s) + O (a?).

We conclude that a perturbation a'¥;, ; in the phase corresponds to an extra term 'V, ;.S o(s) at
O(a). Since ¢; = S, it follows that C can still be chosen freely.
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2.2.2.4 Higher Order Analysis

We proceed with the analysis of equation (2.10) at O (az). The expressions for Re S, and
Im S, are needed to evaluate expressions for the stability analysis, see Chapter 3 and Section
3.2.6. Furthermore, the analysis at this order determines «; and K;. For technical reasons, we
make the following assumption.

Assumption 2.2.10. In Section 2.2.2.4, we restrict ourselves to the case o = 1.
AtO (az), taking the real and imaginary part of (2.10) leads to
LiRe S = hi(s), (2.49a)
LyIm S, = hy(s), (2.49b)
where L; and L, are defined by (2.14),
d-1

2
Ko

d-1
(s) =Ko = “— (Res’1 + K—ZOImSl)+ (s + k1)) + Ko (~Im S

K2 d-1
+2ImS | + kRS’ + TSO] +(s+ Kl)(lms’1 - K—ZOReSl) +ImS,

_ K2K—ZOS() ~So(3(ReS1)” + (ImS$1)?) + bKoS§Im S ;.

and

K3 d-1 K d-1
hg(s):Kl(S(’)’_ZOSO)— p (ImS’l—EOReSI)— 7% (s+«1)So

KS d
+KQ RCS/I, - ZReSl +/<OImS’1 +

-1

56)—(S+K1)(ReS’1 + KEOImSl)
0
—ReS| - kS —2SoRe S ImS| — 3bKoSiRe S| — bK,S;.

Analogous to the solution at O(a), we obtain

ReSQ(S) = Fllﬂl + Fglﬂg - lﬂl f lﬂzhl ds + lﬂgf (ﬂll’ll d§, (2508.)
0 0
ImSa(5) = Gid + Gad~ 1 [ s d5+02 [ ouh s (2.50b)
0 0
where F, F», G| and G, are real constants. In a similar way as we derived B; = 0, it

follows also from (2.48) that Re §(0) = 0, and hence F; = 0. Similar to Cy, G is also a
free parameter and can be used to fix the phase of the solution. We choose G| = 0. Since
we require S to be localized, we also require S, to be localized. From Lemma 2.2.3, we
conclude that the even part /i eyen = % (h1(s) + hy(—s)) of h; determines F, and the odd part

hiodd = %(hl(s) — hi(—s)) leads to a condition /3 = 0. Similarly, Lemma 2.2.4 implies
that the odd part 7y 099 = % (h2(s) — ha(—s)) of hy determines G, and the even part /1y eyen =
% (ha(s) + ha(—s)) leads to a condition I, = 0. We can determine the equations I3 = 0 and
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Iy =0tobe
I3 = 3k3k1 + 8 (Kikg + 2(d - DKy ) o f Wihieqq 45 = 0, (2.51a)
0
Iy = (2b— 1) (4a(d - 1) - 35 k1 — aKiko (365 + 4(4ba + @) (2.51b)

& f ¢1h2,even ds=0,
0

where oc is the “proportional to” symbol. Furthermore,
F2 = _f wlhl,even dE, (2523)
0

Gy = —f $1h2,04q dS. (2.52b)
0

Lemma 2.2.11. Let o = 1, consider the region R as defined by (2.42) and let (d,b) € R.
Then, provided that D(d,b,o = 1) # 0, where D is defined by (2.43), we have x; = K| = 0.

Proof. Consider the system of equations (2.51). This system is linear in x; and K;. Upon
using the system of equations (2.26) to eliminate K, and «, it follows that the determinant of
the linear system (2.51) vanishes if D(d,b,o0 = 1) = 0. Thus, if D(d,b,0 = 1) # 0, then «
and K; can be solved from (2.51) and we obtain x; = K; = 0. O

Remark 2.2.12. From Corollary 2.2.7, it follows that for o = 1 equation (2.3) combined with
Assumption 2.2.1 undergoes a saddle-node bifurcation upon passing the curve D(d,b,o =
1) = 0 in the strip 2 < d < 3, where D is defined by (2.43). If we combine this with Lemma
2.2.11, then it follows that K| = k1 = 0 provided we are not exactly at the saddle-node
bifurcation. Thus, the in this section derived higher order asymptotic expansion for S (s) will
not be valid at the saddle-node bifurcation. We do not consider the necessary higher order
analysis here any further.

The result of Lemma 2.2.11 agrees with Figure 2.2.2b. This (numerical) figure, taken from
[9], shows that the graph of a versus « is flat as a tends to 0.

Explicitly determining F, through brute force evaluation of (2.52a) is an involved pro-
cedure. The main difficulty lies in the size of the expression and, thus, a computer algebra
system, like Mathematica [47], has to be used. Unfortunately, standard computer algebra
systems give little control over the form in which expressions are manipulated. This leads,
for example, to the following difficulty. Due to the large number of constants, simply ex-
panding the integrand with a computer algebra system results in hundreds of terms. With
standard computer algebra system procedures, this amount cannot easily be reduced. And
furthermore, term-by-term integration is not straight forward since individual terms in this
expansion are not always integrable: integrating the function 14, term by term from O to s
results in

f Yihy d§ = A logcosh Vas + A, Vas tanh Vas + hundreds of other terms,
0

where A; and A, are constants and the relation A; + A, = 0 holds upon using the system
of equations (2.26). Now, note that A| log cosh vas and A, v/as tanh y/as are individually
unbounded and not integrable, but if we use the relation A| + A, = 0 the two together produce
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(a) The amplitude of the m,™-solution of equa-  (b) The relation between « and a for various val-
tion (2.3) as a and ¢ are moving along the k = 2-  ues of d and b = 0. Since the line is flat at the
branch for d = 3 and b = 0, see Figure 1.3.1b. origin it follows «; = 0.

The peak moves to the right as a tends to 0.

Figure 2.2.2: These figures are a reproduction of Figure 5 in [9] and are based on numerical simulations.

a bounded and integrable function. Thus, to evaluate (2.52a) we have to integrate hundreds
of terms, and also individual terms must be combined in an appropriate way because they
are not always integrable individually. After overcoming these numerical complications, we
obtain

1
Fy =———[640° Ko (4((5 = 2b)b + Ko} — 27d + 27)

23040/1(0

— 1607 (384b(d — 1) — 864" + d (64Koxg + 175) + 8k5 (Ikoka — 4Ky (Koxg + 2)) - 89)
+ 1203 (12b(d + 31) + d(3d + 25) — 16Kk — 253) + 9k (~12b + 3d + 70)|
(160%(d - 1) + 3x3)

- log 2.
12,CL’K(2) 5

Similar difficulties arise when determining G,. We arrive at

G, = —4a(8b + 17)(d - 1)Ko + Kokj (32a(b + 1)Ko + 12b + 39) + 36Kk |

0 |
(2b - 1) (4a(d - 1) - 3k2) log 2

6akg

In the further analysis, we do not need an explicit expression for «;, therefore we will not
derive it.

2.2.3 Far field

In this section, we study equation (2.3a) in the far field. From Definition 1.3.6.c, it follows
that in the far field & > [ll holds. From (2.3b), it follows that we want the solution to decay in
the far field. Thus, we assume that |Q]>* < 1. Now, equation (2.3a) reduces to leading order
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to
d-1

1—;
( 18)(Q§§+ £

Qg) - Q+i=Q+iafQ; = 0. (2.53)

If we introduce the transformation

. 2 .
Lo __ia 3 ﬁlzé(l*‘i),ﬂz:d

-2’ o a 2’

equation (2.53) becomes
Wy + (B2 — 2w, — 1w = 0.

This equation is known as the confluent hypergeometric equation or Kummer’s equation,
see [33] equation (13.2.1). It has two solutions: a slowly oscillating algebraically decaying
solution U(B;,B,,z) and a rapidly oscillating exponentially growing solution V(8y,82,2) =
e*U(B2 — B1, B2, 2). Apart from the fact that we are not interested in an exponentially growing
solution, we cannot neglect the |QF term in equation (2.3a) if the solution grows exponen-
tially. The asymptotics of the slowly oscillating and decaying solution is at leading order
known to be

UB1,B2,2) =27 (1 + O(Izl_l)),
see expression (13.7.3) in [33]. From this, we conclude that to leading order

1 _i

Q=puéve, (2.54)
in the far field, where u is a complex constant.

2.3 Matching

In Section 2.2, we constructed a solution to (2.3) with asymptotic methods in three regions:
the bump region, the inner region and the far field, see Figure 1.3.2. Note that the leading
order of this construction is valid for the entire range 0 < o < 2 to which we restrict ourselves
in this thesis, see Assumption 1.2.2.c. In this section, we also construct the solution in Region
4, i.e. the transition region in between the bump region and the far field, and in Region 2,
i.e. the transition region in between the bump region and the inner region. Furthermore, we
perform a matching procedure, i.e. we show that in a scale in which regions overlap, the
solutions of the two different regions are equal to leading order if one chooses undetermined
constants appropriately. Since the leading order solutions can be constructed for the entire
range 0 < o < 2 to which we restrict ourselves in this thesis, we will not restrict ourselves
to the case o = 1 in this section. A similar matching procedure for the NLS is given in less
detail in [7].

In between the bump region and the inner region, Region 2, the equation reduces to a
parabolic cylinder equation with slowly varying coefficients. Also, in between the far field
and the bump region, Regions 4 to 6, the equation reduces to a parabolic cylinder equation
with slowly varying coefficients and a turning point at £ = %, Region 4b.

In Section 2.3.1, we perform a WKBJ analysis, a method to find asymptotic expansions
for linear differential equations with slowly varying coefficients [20], to construct a solution
in Region 2. Furthermore, we match the WKBJ solution in Region 2 with the solution in the
inner region and the solution in the bump region in Sections 2.3.2 and 2.3.3. This leads to an
expression for Q(0) in terms of d, o, a and k.

In Section 2.3.4, we perform a WKBJ analysis in Region 4c, and we match this WKBJ
solution with a solution that decays in the far field, see Section 2.3.5. In Section 2.3.6, we
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analyze the solution around the turning point of the parabolic cylinder equation, i.e. around
¢ = =. The solution around the turning point is matched with the WKBJ solution of Region
4c, see Section 2.3.7. And finally, we construct a WKBJ solution in Region 4a, and match
this solution with the solution around the turning point and the bump region, see Sections
2.3.8 to 2.3.10. This also leads to an expression for the constant u as introduced in equation
(2.54) depending on d, o, a and k.

2.3.1 A WKBJ analysis in Region 2

In this section, we determine to leading order the solution of equation (2.3a) in Region 2, see
Figure 1.3.2 and Definition 1.3.6. Since |Q] < 1 and £ > 1 in this region, we can apply a
WKBJ analysis to obtain a solution. However, the analysis in this section breaks down once
£ is too close to zero, as is the case in the inner region.

Similar to the analysis in the inner region and the far field, it follows that (2.3a) reduces
in regions where |Q| < a to

. d-1 . 1
(1 —18) (Q§§+ TQ§)+la (§Q§+ ;Q)— Q =0. (255)
The Liouville transformation
Q) = £ e 11D 7 g (2.56)
puts this equation in self-adjoint form. For ¢ large, we obtain to leading order
. azfz ia (2
(l — lS)ng + (m -1+ E (; — d))Z =0. (257)

Note that this equation has a turning point at & = % i.e. the coefficient of Z vanishes to
leading order. This does not play a role in Region 2, but it does play a role if we apply the
WKBIJ method on the right hand side of the bump region. We will write Z, instead of Z for
the solution of equation (2.57) in Region 2.

We want to match solutions to this equation with exponentially decaying solutions in the
bump region. From equation (2.13), it follows that this exponential decay takes the form
(Cy +iCa)e™ Vo where s = &— % and a is defined by (2.12). Note that it is possible to rescale
the phase of Z such that in the intermediate region, where we match with the bump region,
Z, must be real. Therefore, we try to find a real solution of equation (2.57). We split Z, in an
amplitude |Z,| and a phase arg(Z,) and obtain the system of equations

0252
\Zales — |Z2) arg(Z)} + (T - )|Zz| + & (122l arg(Zy)ee + 2125 arg(Zp); ) =0,

2 2 2
arg(Z)eelZa| + 2Zole arg(Zo)e — £ (1Zalee — 12a] arg(22)}) + f —— |2l + 5 (; - d) 2] =0
From this system, it follows, ignoring the fact that there is a turning point at & = % for the

moment, that the solution arg(Z,) is constant is to leading order valid as long as ¢ < a 3. For
this reason, Z, satisfies to leading order

4
7y - 207 = (2.58)
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where x = %, @p(x)=1- x% and Z, is real. As claimed in Definition 1.3.6, this equation is a
parabolic cylinder equation with slowly varying coefficients, see also Figure 1.3.2. A WKBJ
analysis for an equation of this type gives to leading order

1 (cz_e-% F N ds 0, o8 7 Va0 d) (2.59)

2T A

see [20] Chapter 4. Note that we are free to choose the lower integration limit, but it is
standard to choose it equal to the zero of g,(x). This zero of g»(x) is the turning point, see
Section 2.3.6 for an analysis around the turning point. For later reference, we work out the
integral and obtain

X X 1 1
f\/qz(s)ds:f V1 — s2 ds:zx 1—x2+§arcsinx—§
1 1

1 1
=X V1 —x2 - 5 arccos x, (2.60)

where we used the identity arcsin x + arccos x = 7.

2.3.2 Matching the WKBJ] solutions with the inner region

In this section, we match the solution in the inner region, as obtained in Section 2.2.1, with the
WKBJ solution in Region 2 in the intermediate scale & = a™”¢, where 0 <y < 1 and r = O(1).
In this scale, the leading order behavior of the solution in the inner region is given by (2.8).
To write the solution Qjner in the inner region in the same form as the WKBIJ solution, we
also apply Liouville transformation (2.56) to the solution in the inner region. Combining this
with (2.8) gives to leading order

_ N = R ) I 18 I _ C -y -y
Zimer(@70) = (a Yt) 3 e4ta(a 17/ lg)Qinner(a ) = —L ¢ t+o(a ) (2.61)
V2r

We proceed with the WKBJ solution in Region 2. If £ = a™¢, then x = %a"yt < 1, so
we expand (2.60) around x = 0 to obtain to leading order

Lal-y
sa t

1
f Vqa(s) ds = —% + za'_”t.

1

This gives to leading order

2 1
Zz = Z C2i exp [ia (—% + Ea'_yt)} .

Finally, matching with (2.61) gives Cp,e™% = 5—2’7 and C,_ = 0. Upon using (2.7), we obtain

the following expression for Q(0):
25 \r
r(s)

0(0) = e % Cy. (2.62)
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2.3.3 Matching Region 2 with the bump region

In this section, we match the solution in the bump region with the WKBJ-solution of Region
2 in the intermediate scale s = £ — 2 = a™”t, where 0 <y < 1 and 0 > ¢ = O(1). From (2.13),
we obtain that in the intermediate scale the asymptotic behavior of the solution Qpuyp in the
bump region is to leading order given by

Qoump = 2((0 + 1)) 7210 VoM, (2.63)
Using (2.59) and (2.60), we derive an expression for the asymptotic behavior of the WKBJ-
solution in the Region 2 in the intermediate scale:
1-d

Qz(@+i):(@+i)7 bia(*p+ av)zz(—+i) (2.64)

a a’ a av a’

d-1 2
=5 02 2| %0 _0_1 a0} 2

. a\? Lioa e t“[4\[1 r 2arccosz] . l—%oa’yr
=q 4 — e e Cy.e e .
Ko
+

Upon comparing (2.63) with (2.64), we obtain that

a\T _# 5[? -3 %amm?] i
a’i (—) e e Cor =2((c+ D) . (2.65)

Combining (2.65) with (2.62) and using (2.12) gives

1-d
RV
iK
0 T _koNe_ 1 eacin 0
) 7a “dICblH 2

0(0) = 2 (o + D) o (i) Y
r(s)

Ko
As can be seen, Q(0) is indeed exponentially small in a. Furthermore, we obtain from (2.66)
that the phase of Q(0) is to leading order given by

(2.66)

¥ = — mod 2. (2.67)
A

2.3.4 A WKBJ analysis in Region 4c

In Region 4c, it will turn out that the solution of equation (2.57) in which we are interested
will not be real. Therefore, we do not proceed as in Section 2.3.1. Instead, we construct a
solution of equation (2.57) with the complex WKBJ method.

The rescaling z = 2\;‘% transforms equation (2.57) to

4
0:Zsc = =41 Zac = 0, (2.68)

with q4c(z) = 1 -2% - % (; - d) and where we have written Z,. instead of Z for the solu-

tion of (2.68) in Region 4c. This equation has the same functional form as equation (2.58).
Therefore, the solution is, similar to (2.59), to leading order given by

Zu(2) = (Cacret V0 4 0y N0 0), (2.69)

|qac ( qac ()4
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Note that, contrary to (2.59), expression (2.69) is written in a form with complex exponen-
tials, because in Region 4c, g.(z) is to leading order real and negative. Finally, we evaluate
the integrals in (2.69) at leading order:

—d
f V=gac(s) ds = f V5 ;“( i (2.70)
Vs
:%Z\/z —1+(lj(g—d)—l)log(z+ \/zz—l).
o 2

2.3.5 Matching the WKBJ] solutions with the far field

In this section, we match the WKBJ solution constructed in Region 4c with the solution
constructed in the far field. For this purpose, we introduce, based on Definition 1.3.6.c and
1.3.6.g, the intermediate scale & = = + where 1 <y <2 and t = O(1). This gives that to
leading order z = ial Ytand & =a Vt.

In Section 2.2.3, we studied the solution in the far field. Upon using (2.54), we obtain that
in the above introduced intermediate scale the solution in the far field, denoted by Qfar fie1a(€),
is to leading order given by

u"/’

_1_i _ _1_i
Ofarfield = ME 7« =p(a’t) 7 <. 2.71)

It can be seen that (2.69) contains an exponentially growing term if C4._ # 0 which cannot
be matched the solution in the far field. Thus, we set

Ci_ = 0. 2.72)

Substitution of the leading order approximation z = %al’yt in (2.69) and (2.70) gives to
leading order

Oue §T —*lafz/(l IS)Z (@)

2 a1
U= Caes \/jazl"rlre_u Ina (2.73)
a

Equation (2.68) admits a turning point at 7 = 1, i.e. at ¢ = %, where the coefficient g4, of
Zy. in equation (2.68) vanishes to leading order. Since |gs4| is no longer O(1) close to the
turning point, this results in a different balance in the terms of equation (2.68). And thus, a
standard WKBJ solution is no longer valid, see for example [20] Chapter 4.3. In this section,
we perform a WKBJ analysis around the turning point.

We zoom in around the turning point by setting 7 = a (z—1) and denote by Z(z) = Z4,(%)
the solution around the turning point, i.e. the solution in Region 4b. From equation (2.68),

2.3.6 The turning point
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we obtain to leading order
4 ia (2
a P2y - — (—2aﬁ'z -z (— - d)) Zy, = 0.
a 2 \o
From balancing the terms containing 3;, we obtain 8| = % It follows
2 ~ . L 2
622417 —|—8% — 2ias3 ; —d||Z4 = 0.
The solution of this equation is given by Airy functions:

Zup(y) = CaiAi(y) + Cy;Bi(y), (2.74)

where y = =27 - % (% - d).
2.3.7 Matching Region 4c with Region 4b

In this section, we match the solution constructed in Region 4b and given by (2.74) with the
WKBJ solution constructed in Region 4c and given by (2.69). For this, we use the interme-
diate scale z; = Z;—,,l, with0 <7 < % and z;, = O(1). In this scale, the asymptotic expansions
derived for Region 4b and 4c are both valid. Furthermore, this scale interpolates between
the scales of Region 4b and 4c as i ranges from 0 to %, see Definition 1.3.6. Now, using
the asymptotic expansions of Ai(y) and Bi(y), we obtain from (2.74) that if z, > 0, then to
leading order

3
1 2 jas (2 :
Zap = - |Cgicos| = (Za"gzn -2 (— - d)] + 2
., Wk (a i 3 2 \o 4
V(202 - 5 (2 - d))
2 ias (2 : T
. _2 3
+Ca; sm{§ [2a’7 37y — 5 (; - d)] + ZH (2.75)
From (2.72), it is immediately clear that Zy, should be of the form Zy;, = Cy4,(Bi + iAi), for
some constant Cy4p,. Thus, upon choosing Cy, = Cgj = —iCaj, expression (2.75) becomes to
leading order
1 1 3
6C 2 jas (2 :
Zyp = Cl(—4bl explgi(%ﬂ_%zn - % (— - d)] + 21}
Vr2i (aiz,)' v
1 -z
_aseiCy, 42i e V2 (2
= T exp[ 3a (Cl Z,]) — 7 ; —d \/Cl”Z,] . (276)

We proceed with deriving a leading order expression for the WKBIJ solution (2.69) con-
structed in Region 4c in the intermediate scale. From (2.70), we obtain

1+az,

2i 42i
= f V=ae(s) ds = —=
a 3a

1

(@) - (2 - d) v,

a
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substitution in (2.69) gives to leading order

Cye 2(2 42i 3
Zae = Ll exp —i — —d| Ja'z, + ! (a"z,])2 . 2.77)
1 b 2 \o 3a
21 (a’?z,,)
We conclude that (2.77) matches with (2.76) if
x 1C
Cupy = €'5at =2 (2.78)
s

2.3.8 A WKBJ analysis in Region 4a

On the left hand side of the turning point, we perform, as also done in Region 4c, a WKBJ
analysis, see Section 2.3.4. We construct a solution of equation (2.57) with the complex
WKBJ method.

Again, the rescaling z = —%

2V1-ig

transforms equation (2.57) to
. Za — - Z4a =0 2.79
7z444a a2 q4a(Z) 4a — Y ( . )

where g4q(z) =1 - 2> - % ((% - d). The solution is with the WKBJ method to leading order
given by

1 .
Z4a(2) = B (C4a+e%fl Vau)ds 0, o7 | Vauals) dS). (2.80)
4a

We evaluate to leading order
Z
1 1 a2 n(l da(2
2V, =—zVl-Z2+|[=—-—|=- ingz—-|=-—-—|—-d||]. (.81
f qaq(s) ds 2z Z +(2 1 (O_ d))arcsmz 2(2 7 (O_ d)) (2.81)
1

2.3.9 Matching Region 4a with Region 4b

In this section, we match the solution (2.74) around the turning point with the WKBJ solution
(2.80) of Region 4a. The analysis is similar to the one presented in Section 2.3.7. We use the
intermediate scale z,, = Za‘—,,l, with0 < g < % and ¢ = O(1). Using the asymptotics of Ai(y) and
Bi(y), we obtain for z,, < 0 that (2.74) implies that to leading order

1 .
Zap = & e%(—a"zq)yz—%(%—d) —a"Zy ie—%(—u”zv)z/2+¥(%—d)\/—anzv .
2

1
Nk (—a’7z,7)Z
(2.82)
We proceed with deriving a leading order expression for the WKBIJ solution (2.80) con-
structed in Region 4a in the intermediate scale. From (2.81), we obtain

1+a'z,

2 42 3 20 (2
2 [ Ve as =22 () +%(“”’) Ve
1

a

Substitution in (2.80) gives to leading order

1 42 3 WV2if2
Zig= ———— ) Cuaexpt [—3—f (et + (— - d) J—a"zn}- (2.83)

1 g
23 (—aﬂzn>4 +
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We conclude that (2.83) matches with (2.82) if

a% iC4b _ Cl% C4b
2Vm Vi
2.3.10 Matching Region 4a with the bump region

(2.84)

In this section, we match the WKBJ solution (2.80) of Region 4a with the solution from the
bump region (2.13). As in Section 2.3.3, we use the intermediate scale s = & — g =at,
where 0 < ¥y < 1 and 0 < ¢ = O(1). The asymptotic behavior of the solution in the bump
region is to leading order given by (2.63). Using (2.80) and (2.81), we obtain the asymptotic
behavior of the WKBJ solution in the Region 4a in the intermediate scale:

d-1 2
7w £2) 20 41— 9L arccos 2 2
Ko _1 a\?* M 1. —a[4 ER) 2| eq[1-0g7¢
()=t D () Herren A
+

a ar Ko
(2.85)
Upon comparing (2.85) with (2.64), we obtain that
{a & 2 —%[%0 \ —é—%arccos %”] \
a 4 (—) e e C4a_ = 2((0’ + 1)(}’)E . (286)
Ko

In principle, Cy4,+ can be determined from (2.86) and (2.84). Combining (2.86), (2.84), (2.78)
and (2.73) gives that at leading order

—d
. 2 W )
u=2(oc+ 1)@)2% a%elg a gTSg%(KTO Va-14 arccos L) % a%_tlre_ﬁln“
K a
L 1yl ;2 42;1 ﬁ 2(’;0 af—larccosk—u) i
= 2\/5((0'+ 1) attwe ik, etaedld 3 ) (2.87)

Since 3 /1 — %5 - % arccos 3 attains only negative values for 0 < ko < 2, it follows that u is
exponentially small in a.

2.4 The global estimate

In this section, we present an alternative, but formal approach, to derive an expression for the
constant y as introduced in (2.54) and as given by (2.87). This approach is also presented
in [9], but will be presented here in more detail. The analysis in this section leads to three
results. First, for the alternative expression for u to be consistent with (2.87), a condition
which is equivalent to (2.26b) must hold. However, in this section, we will only use a leading
order analysis to derive this condition, while (2.26b) arose as a solvability condition at higher
order. This relation has not been derived [9]. Second, the formal approach presented in this
section is valid under milder assumptions than the assumptions under which the asymptotic
construction of the m,™ -solution, see Definition 2.2.8, is presented, see Assumption 2.2.1.
As a result, we formally derive an asymptotic expression for the entire k = 2-branch as
depicted in Figure 1.3.1b. This second result is also presented in [9] in less detail. And
finally, the analysis in this section allows us to make a link with the analysis for the NLS, i.e.
the case e = b = 0, see [7].

The assumptions under which we construct to leading order a solution of Problem (2.3)
are as follows:
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Assumption 2.4.1. In Section 2.4 we make the following (alternative) assumptions:
24.1.a 0<ex 1.

241b 0<ax 1.
2.4.1.c b > —5-, where Wy and W’ are defined by (2.27).
2.4.1.d The valwl parameter range for d and o is as specified in Assumption 1.2.2.

2.4.1.e As in Section 2.2, we assume that the solution we consider in this section has a max-
imum at £. This is because we are interested in the m,””'-solutions that correspond

to the k = 2-branch in Figure 1.3.1.

Note that we do not assume a (leading order) linear scaling € = Ka between € and a, see
Assumption 2.2.1.c, which is only valid on the lower part of the k = 2-branch. Instead, to
keep notation consistent, we set € = K(a)a, with K(a) = o ( ) As stated, one of the objectives
is to formally derive an asymptotic expression for the k = 2-branch in Figure 1.3.1. Note that,
on the whole branch, € and a are relatively small, but not extremely small everywhere. Thus,
we do not expect that this formal derivation and the resulting formula for k = 2-branch to be
accurate for all values of d and b. An example of a case in which both a and ¢ are small on
the upper branch is the limit d — 2, see Figure 2.4.1a. This example motives the use of this
approach.

Note that to leading order the analysis in Sections 2.2 and 2.3 is valid under Assumption
2.4.1. Therefore, in this section, we can readily use the already presented leading order
analysis to formally derive an alternative expression for u and the three results as stated
above.

2.4.1 An analytic expression for u

In this section, we derive an analytic expression for u. This expression will be evaluated by
using a formal leading order analysis in Section 2.4.2. We split Q in an amplitude and a phase

by writing Q(¢) = A() exp (i fo’g Y(x) dx + i‘I’O). Substitution in (2.3a) and splitting in a real
and imaginary part leads to

" =Ay? - : ol gy ppoee (2A'¢/ +AY + d%Aw) + atAy, (2.88a)
_ A’ _ d - 7 2 d-1 ) E é AN 20
Y =-2— i e w+ ( - Ay +—§ A) A(0+§-‘A) beA*.  (2.88b)

From (2.88), we derive the following identity:

% (g%A2 (lp + “2—5)) = (1 +ap - d) & A2y + 887 A (A” _AY? 4 %A’)

— £%heA®H? | (2.89)

where @, = 2 — 1. From (2.54), we obtain that in the far field A = e and ¥ = —% to
leading order. Thus, for a¢ > 1, relation (2.89) reduces to

2
2
2 _ — .
I = > ZM, (2.90)
j:
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where
M, = f(l +ay —d) ANy dE, (2.91a)
0
r -1
M, = f ££%A (A” - Ay + dTA’ — £ bsAYY? de. (2.91b)
0

2.4.2 A global estimate for u

In this section, we formally evaluate (2.90) by using the leading order expressions for the
m**-solution as found in Sections 2.2 and 2.3. Since the resulting expression for y is based
on an integral over the entire domain & = 0. .. oo, we will refer to (2.90) as the global estimate
for u.

Let My, where j = 1,2 and k = 1,2,3,4,5 be the contribution from Region k, see
Definition 1.3.6, to M;. Thus:

5
M= M.
k=1

In principle, all regions distinguished in the asymptotic construction, see Definition 1.3.6,
contribute when evaluating (2.90). However, apart from the bump region, the m,*-solution
is exponentially small in @ everywhere. Therefore, the only possible leading order contribu-
tions to the integral in (2.90) come from the bump region or the far field. The reason for the
latter is that the far field region itself, contrary to all other regions, is exponentially large in
a, see Definition 1.3.6.c. Thus:
M, =0,

forj=1,2and k =1,2,4.

From (2.13) and the analysis in the beginning of Section 2.2.2, we obtain that in the bump
region to leading order

A=((0+1)a)* sech? (0' «/a(g - g)) (2.92a)
= —g, (2.92b)

where o = 1 - %. In the bump region |§ - g| < 1, thus, upon evaluation of M 3 we obtain to
leading order

LS Y
ata

Mis = f (1+ ap - d)E® ' yA® dé =

K _av
. a

[e]

- g(l +ay—d) (o + Da) (s+ g)f sech? (o vas) ds = 0(a>7), (293)

—00

where 0 < y < 1. For o = 1, we have @, = 1 and in that case the integral in (2.93) can be
explicitly determined:

K, -

s+a’? >
M| _, = f (2 — dWA? dé = —2k(2 —d)+[1 — KZ' (2.94)

K _av
a a
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Similarly, we obtain

Kpqy
a

-1
Ms; = f &¢ A (A“ —sz + dTA’ _ bA20'+1) d¢ =

K _av
a

f K a7 A (A" - Ay? - bA**) ds = 0(a* 7). (2.95)

And again, for o = 1, we get

00

K 2 2
Mo, = fKKA (A" — Ay? — bA) ds = —?" \J1- KZ (2 e Sb(l - KZ)) (2.96)

—00

Both contributions M) 3 and M, 3 from the bump region are of O (az‘%).
In the far field, a leading order solution is given by (2.54) and we obtain

A= g, (2.97a)
1
=——. 2.97b
P ( )
This leads to
a,—1 2 2 -3 1
|M, 5| = (1 + a5 — )" 'YA® dé| < | |21 + @ —d)é—| dé
a
: (2.98)
l+a,—-d
=‘ T‘ luPa = 0(a).
where 1 < y < 2. And similarly,
r d—1 r 1
|My 5| = f €% A (A” — Ay + - A - bAZ‘T“) d¢| < f —elul? &7 dé
a
ta ‘ 2 (2.99)
2
=|%-| = 0.

where 1 <y < 2. We conclude that all the contributions from the far field, i.e. M| s and M,
are of O(a).

In the bump region, we have contributions of O (az‘g) and in the far field we have contri-
butions of O(a). If 1 < o < 2, the contributions from the far field are higher order contribu-
tions compared to the contributions from the bump region, i.e.

|Mj,5| < |Mj’3| for ] =1,2.

Thus, (2.90) is to leading order given by

2
ul* = = (M3 + M), (2.100)
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For o = 1, substitution of (2.94) and (2.96) into (2.100) leads to

/ K
4k I—X

2
2 _ 2 K
WP _, _—T(3(2—d)+1((2+;< )+8Kb(1— Z))' (2.101)
This result agrees with expression (6.28) in [9]. Combining this with the expression for u as
given in equation (2.87), we find for o = 1 that

4qes(kVa-2arceos 3) - ’ij (3d-2)a-e(2+ ) - 8eba). (2.102)

2.4.3 Conclusion

As discussed, the analysis in Section 2.4.2, which is here presented in more detail than in
[9], leads to three results. First, equation (2.102) defines a relation between a, &, d and b.
This relation reduces to (2.26b) if we set € = Ka, where here K = O(1), and take the limit
a — 0. This link with the higher order asymptotic analysis is not discussed in [9]. Note that,
contrary to (2.26b), we only used a leading order analysis to obtain (2.102). Furthermore, it
is, in principle, possible to derive a second integral equation of this type by substituting one
of the equations of the system (2.88) in the integral equation (2.102) for u. However, if ¢’ is
present in the integral equation it is not clear how to evaluate the integral equation using only
the leading order analysis. A second equation is needed to fix k. Fortunately, for making the
link with the analysis for the NLS, this second equation is not needed.

Second, to make a link with the NLS, we, as in [9], consider the case b = 0 and d close to
2. It follows numerically that both € and a are small along the whole branch in the (g, a)-plane
for which a solution of (2.3) can be constructed under the conditions stated in this section,
see Figure 2.4.1a. Therefore, for d close to 2 the analysis at O(a) in Section 2.2.2 is valid.
And also, equations (2.26a) and (2.26b) with « and K(a) instead of «¢ and K, hold. It can be
verified that b = 0, xk = 1 and K(a) = d — 2 solves this system of equations. For b = 0 and
k = 1 equation (2.87) reduces at leading order to

3ei3V3V2) — (g 2)a—e. (2.103)

This result agrees with expression (6.31) in [9] and expression (4.32) in [7] for the NLS.

And finally, for » = 0 and 0 < a,& < 1, we derived k = 1. For various values of d,
the curve (2.103) is plotted in the (a, €)-plane and use k = 1, see Figure 2.4.1. If a or ¢
is not small, it is not guaranteed that the curve is correct. We draw two conclusions upon
comparing with numerically computed curves, see [9] for the numerics. Figure 2.4.1 shows
that the asymptotically constructed curves are accurate on the lower part of the k = 2-branch
for all values of d. Furthermore, the complete k = 2-branch is approximated accurately for d
close to 2.

2.5 Rigorous existence results

In this section, we present two rigorous existence results and relate them with the asymptotic
construction presented in Section 2.2.

First, in Section 2.5.1 we describe the relation between the asymptotic construction and
the rigorous existence result stated in Theorem 2.1.1. From Theorem 2.1.1, we conclude that
equation (2.3) has four ring-like solutions. In this section, we explain which of these four
solutions we have constructed in Section 2.2.
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Figure 2.4.1: Comparison of the numerically and asymptotically computed relation between a and &
for b = 0. These figures are a reproduction of Figure 6 in [9].

Second, in Section 2.5.2 we formulate a rigorous existence result concerning the asymp-
totic construction itself.

2.5.1 Connection between the asymptotic construction and the rigorous
existence result

The proof of the existence result as stated in Theorem 2.1.1 is schematically summarized in
Figure 2.5.1 which is a reproduction of Figure 7 in [40]. The full details of the proof can
be found in [40], we restrict ourselves to this geometric summary. The figure shows the
phase plane of the non-autonomous 3-dimensional dynamical system (2.3) projected on the

(|Q|, %)-plane. For convenience, we define n = aé. Furthermore, 1,,,, > 0 is such that

Nmin = O (log [l,) and 77,,.x = 2 — +/a. Since the system is non-autonomous, the flow changes
n is varied from 17, tO Mnax-

We now explain all the essential elements of Figure 2.5.1. An interval of initial values of
length O(a) is tracked forward to the interval I, , see Figure 2.5.1a. W*® and W* represent
the stable and unstable manifold of the perturbed system. The points py and p; remain on the
stable manifold as they are tracked forward since the stable manifold is tangent to the flow.
It is not possible for an orbit to intersect W* or W* since they are tangent to the flow. Notice
that W* curls up in a tongue-like way as 7 is varied from 7,4, tO 7. Similarly, W* curls up
in a tongue-like way as 1 is varied from 1, t0 77,,4x. The extend to which the tongues curl
up depends on a, the smaller the value of a the more the tongues curl up inside themselves.
Furthermore, the width of the tongues is of O(a) and the most left piece of the tongues, i.e.
the piece in between the points m;, and mj3 in Figure 2.5.1f and the part on which pg lies

in Figure 2.5.1a, is exponentially close to the %—axis. Now, as the interval [

i 18 tracked
forward from 17,,,;,, t0 My, it is also forced into this tongue-like shape, since it cannot intersect
the stable and unstable manifold if it does not intersect these manifolds initially. Note that:
the end left point of the interval 7, . remains close to the %-axis and the points py and p;
remain on the stable manifold. Therefore, the interval is stretched out as it is forced into this

tongue-like shape. The manifold M., in Figure 2.5.1f represents an interval of appropriate
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Figure 2.5.1: Phase plane of constant 7-slices of the non-autonomous 3-dimensional dynamical system
(2.3) projected on the (IQI, %)—plane. From (a) to (f), n is increased from 7,,;, tO 4. We refer to the
discussion on page 46 for a full explanation of all the elements in the figure. This figure is a reproduction

of Figure 7 in [40].

values tracked back from & = oo to 7 = 7,4,. The intersection points m;, my, m3 and my
correspond to the four solutions mentioned in Theorem 2.1.1.

We now explain why the solution labeled with m; in Figure 2.5.1 corresponds to the m;-
solution as defined by Definition 2.2.2. The intersection point m; lies at the right hand side
of p; in Figure 2.5.1a. And, since the width of the tongues are of O(a), its value at n = 1,,,,
ie. at & = 0(log é), is not exponentially small in a. However, from equation (2.65) and
Assumption 2.2.1.a, it follows that the solution we have constructed is exponentially small in
anear 17 = - An asymptotic construction for the solution corresponding to m; is presented
in [39]. Similarly, since the width of the tongue of W* between m, and mj3 in Figure 2.5.1f is
also of O(a), it follows that the value of the solution corresponding to the intersection mj is
of O(a) close to 1,4, From equation (2.86) and the analysis in Section 2.3.10, it follows that
the solution we have constructed is exponentially small in a near 1,,,, and thus we discard
m3. As can be seen in Figure 2.5.1f, the solution corresponding to my attains its maximum
near 7,4y, this is also not the solution we constructed. We conclude that the m;-solution we
constructed asymptotically corresponds to the intersection point m1;.

Finally, we stress again that the Conditions 2.1.1.a and 2.1.1.b under which Theorem
2.1.1 is valid are related to conditions in the asymptotic construction. To be more precise,
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these two conditions are exactly the same as the system of equations give by (2.26). Lemma
2.2.6 gives conditions under which (2.26) can be solved uniquely. For example, for o = 1
we have shown existence if (d,b) € R, where R is defined by (2.42). This region R also
contains, contrary to the conditions under which Theorem 2.1.1 is proved, points for which
the b-coordinate is negative. We are convinced that the highly technical proof of Theorem
2.1.1 presented in [40] can at least be extended to the part of the region R in which Lemma
2.2.6 implies that (2.26) can be solved uniquely.

2.5.2 Rigorous existence result for the asymptotic construction

We claim that the asymptotic construction itself can be made rigorous in the sense that the
error between the real solution of (2.3) and our (leading order) approximation vanishes as the
small parameter a tends to zero. The way to prove this is to consider the difference between
our approximation of the mj;-solution and the exact my-solution of equation (2.3). In order
to make the asymptotic analysis rigorous, we must prove that the differential equation for
this difference has a bounded solution. This is a technical procedure, that can be done with
standard techniques, and will not lead to new mathematical insights. Therefore, we refrain
from getting further involved in a purely technical exercise.

Theorem 2.5.1. Let o and d be such that Assumption 1.2.2 holds, and let b be such that the
system of equations (2.25) has a solution, i.e. the conditions in Lemma 2.2.6 are satisfied.
Let Qg be the leading order asymptotically constructed solution as constructed in Section
2.2. Now, there exists an my-solution Q, of equation (1.15) such that

lng - Q0| = O(Cl) asa— 0.

And also, if o = 1 and Qy + aQ, + a*>Q, is the higher order asymptotic expansion of the
solution in the bump region defined by |§ - §| < a’!, then in the bump region, we have

|sz - (Qo -aQ - a2Q2)| = 0(a3) asa — 0.

Furthermore, if b > 0, then m,-solution corresponds to the intersection m, as denoted in
Figure 2.5.1f.



Chapter 3

Stability with respect to radially
symmetric perturbations

In this chapter, we study the spectral stability with respect to radially symmetric perturbations
of the stationary my-solution Q,,,(¢) of equation (2.1) as defined by Definition 2.2.2. The m,-
solution satisfies the boundary and initial conditions given by (2.2). Furthermore, recall that
this solution is constructed asymptotically in Section 2.2, see also [9, 40].

In Section 1.3.1, we described a numerical stability result presented in [9]. For the m,-
solution, this numerical result suggests that it is stable with respect to radially symmetric
perturbations if d = 3,0 = 1, b = 0 and 0 < a < 1. Furthermore, the numerical result is in
line with our final conclusion of this chapter as formulated in Theorem 3.4.1. In Section 1.4,
we described the methods that we will further explain and use in this chapter.

In Section 3.1, the set-up is presented in which we study spectral stability with respect to
radially symmetric perturbations. Eventually, this results in an eigenvalue problem which we
will study in the remaining sections of this chapter.

Note that there are two obvious approaches to study stability which are not equivalent:
studying stability of the m,-solution Q,,, in rescaled coordinates, i.e. in the context of equa-
tion (2.1), or studying stability in the original coordinates, i.e. studying stability of @,,, in
context of equation (1.9), where ®,,, is the m,-solution Q,,, scaled back to the original co-
ordinates with rescaling (1.12). The two main differences of these two approaches are the
following. The first difference is related to the temporal transformation as given by (1.17b)
and implies that exponential growth or decay in 7 corresponds to algebraic growth or decay in
t. The second difference is related to symmetries of equation (2.1). As will also be illustrated
in Sections 3.2.3 and 3.2.4, symmetries lead to families of solutions which in turn lead, by
linearizing in a direction tangent to the family, to eigenvalues. The resulting eigenvalues are
considered irrelevant for the study of stability if one intends to study the stability of only one
particular solution within the complete family. Since transformation (1.12) relates the tem-
poral and spacial coordinates in a nonlinear way, the actual values of the symmetry-related
eigenvalues differ in the approaches to studying stability. In Section 3.2.4 (and also Section
4.2.1), we will analyze the symmetry related eigenvalues in more detail. For technical rea-
sons, we restrict ourselves to the study of stability in the context of equation (2.1) in this
thesis.

For readers familiar with the study of stability of solutions of partial differential equations
and Evans functions techniques (see Section 3.2.2), we sketch the contents of the remaining

47
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sections. First, in Section 3.2 we study solutions of the eigenvalue problem that are expo-
nentially localized in the bump region. For this, we (introduce and) employ Evans function
techniques by using and extending the theory developed in [23-25]. Second, in Section 3.3,
we study bounded solutions of the eigenvalue problem. From this, we derive conclusions
concerning the essential spectrum. Finally, in Section 3.4, we summarize our findings.

The theory in this chapter can be applied for all o for which the m;-solution of equation
(2.1) exists, where sufficient existence conditions are provided by Theorem 2.1.1. However,
for technical reasons,3 the final result is only derived for oo = 1. In the text, it is indicated
where we have restricted ourselves to the case o = 1.

3.1 Spectral stability

In order to study the spectral stability, we analyze a perturbation of the asymptotically con-
structed solution by substituting

Q. 7) = Om, () +v(£.7) (3.1

into equation (2.1), where Q,,, is the m,-solution. Here v(¢, 7) is a perturbation and v(¢, 0) is
assumed to be small. The linearized equation for v is given by

Vr :—iv+(i+Ka)(vf§+ d- lvge)—a(fvf+ Ol_v) (3.2)

+ (i - bKa) (o + D)@, v + 010, 7202, 7).

In order for Q,,, to be linearly stable, we want v to vanish as 7 tends to infinity, see Definition
1.4.1. By splitting v in a real part v; and an imaginary part v, we can write equation (3.2) as

a system:

Ly _ Law, (3.3)
dr

where V = (vy,v2)" and Ly(a) is a 2 X 2 matrix containing differential operators up to second
order.

In this chapter, we will study spectral stability of Q,,,, see Definition 1.4.2. The spectral
stability of Q,,, is determined by the spectrum of the linear operator Ly(a), see Definition
1.4.2. In general, the spectrum can be decomposed into two parts: the discrete spectrum,
which are the isolated eigenvalues of finite multiplicity, and the essential spectrum, which
is the rest of the spectrum, see [19, 41]. Note that several different definitions of essential
spectrum are in use, we adopted the one from [19].

By substitution of e*"V(¢) into equation (3.3), we find the eigenvalue problem

Ly(a)V = AV. 34

One might be tempted to believe that substitution of e*"v(¢) into (3.2) leads to the same result.
But, this ansatz is only correct if equation (3.2) is linear in v = v; + iv,. And, equation (3.2)
is not is linear in v = vy + iv,, because it is not scale invariant upon scalar multiplication with
complex numbers.

The asymptotic expansion of Q,,, as presented in Section 2.2, was constructed by studying
equation (1.15) in several regions among which: the inner region where aé < 1, the bump
region where aé = O(1) and the far field where a& > 1, see also Figure 1.3.2 and Definition
1.3.6. In a similar fashion, we also analyze eigenvalue problem (3.4) in these regions. This
allows us to use the asymptotically constructed solution in the stability analysis.
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In the bump region, the existence and eigenvalue problem can be reduced to the existence
and stability problem of a perturbed NLS equation, see Section 1.4.1 and equation (1.19).
Therefore, it is natural to first investigate the part of the spectrum that can be seen as a
perturbation of the spectrum that arises in the study of pulse shaped solutions in the NLS,
see for example [23, 25]. Since spectrum of the NLS can be found by studying exponentially
decaying solutions and bounded solutions of the eigenvalue problem, we restrict the study
of spectral stability to: solutions that decay exponentially in the bump region and also decay
outside of the bump region, and solutions that do not decay or grow in the bump region but
remain bounded in the bump region and also remain bounded outside the bump region. To be
precise, these two types of solutions that are characterized by respectively the following two
properties.

Property 3.1.1. A solution V(&) of eigenvalue problem (3.4) is called localized and expo-

nentially localized in the bump region if the following conditions are satisfied:

3.1.1.a V(&) decays exponentially as s = & — % tends to —oo in the bump region, i.e. to
leading order in the scale %, — a% witht > 0 and 0 <y < 1, see Definition 1.3.6.b;

3.1.1.b V(&) decays exponentially as s = & — % tends to oo in the bump region, i.e. to leading
order in the scale in the scale . + a% witht > 0and 0 <y < 1, see Definition 1.3.6.b;

3.1.1.c V(&) decays as we follow the solution from the bump region into Region 2 and into
the inner region, see Definition 1.3.6;

3.1.1.d V(&) decays as & tends to oo.

Property 3.1.2. A solution V(&) of eigenvalue problem (3.4) is called bounded and bounded

in the bump region if it does not satisfy Property 3.1.1 and the following conditions are

satisfied:

3.1.2.a ||V(€)|| remains bounded as s = & — g tends to —co in the bump region, i.e. to leading
order in the scale g — L witht >0and 0 <y < 1, see Definition 1.3.6.b;

ar
3.1.2.b ||V(&)|| remains bounded as s = & — 5 tends to oo in the bump region, i.e. to leading
order in the scale in the scale % + a% witht > 0and 0 <y < 1, see Definition 1.3.6.b;

3.1.2.c ||V(&)|| remains bounded as we follow the solution from the bump region into Region
2 and into the inner region, see Definition 1.3.6;

3.1.2.d ||V(&)|| remains bounded as & tends to co.
Here ||.|| denotes the standard norm in C2.

So, by considering solutions that satisfy Property 3.1.1 or 3.1.2, the unperturbed NLS spec-
trum can be taken as a starting point in Sections 3.2.3 and 3.3.1.

Since the definition of the spectrum of the linear operator Ly (a), as introduced in (3.3),
consists, by definition, of all complex-valued A for which the unbounded operator Ly(a) — A
has no bounded inverse (see [19]), it is unclear whether only the two types of solutions of (3.4)
that are categorized by Properties 3.1.1 and 3.1.2 yields the complete spectrum. However,
we will consider only the part of the spectrum that corresponds these two types solutions
for the following two reasons. First, the study of these two types of solutions is already very
technical. And second, it is sufficient to draw conclusions concerning non-radially symmetric
stability by limiting ourselves to the study of these two types of solutions, see also Chapter 4.
First, we consider the localized solutions of eigenvalue problem (3.4) that decay exponentially
in the bump region.
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3.2 Exponentially localized solutions

In this section, we study localized solutions of eigenvalue problem (3.4) that decay exponen-
tially in the bump region, i.e. they satisfy Property 3.1.1. Since the m,-solution is at leading
order constant at distances of O (ul,), with 0 < y < 1, away from 5, at which the m,-solution
attains its maximum, eigenvalue equation (3.4) has at leading order asymptotically constant
coefficients in the bump region, i.e. for & = ’;—0 + a7t with 0 < y < 1. For an eigenvalue
problem on the real line, this means that eigenfunctions are exponentially localized, see [41]
Theorem 2. In Lemma 3.2.10, we show that provided || < 1, exponential localization in the
bump region is a necessary condition for eigenfunctions to decay in the far field.

In the bump region, the spectrum of Ly(0) is known, since for a = 0 the eigenvalue
problem reduces to the case of the NLS, see equation (1.19). Hence, 4 = 0 is an eigenvalue
with algebraic multiplicity 4 of Ly(0) in the bump region and there are no other eigenvalues,
see [23, 25, 45]. As a becomes non-zero, an a priori unknown number of these 4 eigenvalues
will move away from A = 0. If one of these eigenvalues has positive real part for a # 0, this
implies spectral (and linear, see Remark 1.4.3) instability.

In the forthcoming section, we start with considering eigenvalue problem (3.4) in bump
region coordinates by using the translation s = £ — £. Since we do not pose the restriction

s=0 (i), this does not imply that the results are only valid in the bump region. The analysis
in Sections 3.2.1 to 3.2.4 is completely general and valid as formulated for the entire domain.
Section 3.2.5 considers only the bump region and attempts to determine higher order correc-
tions of solutions that only satisfy Properties 3.1.2.a and 3.1.2.b. In Section 3.2.8, we perform
a matching procedure to determine whether the solutions that satisfy Properties 3.1.2.a and
3.1.2.b can also satisfy Properties 3.1.1.c and 3.1.1.d.

3.2.1 Ly(a)in the bump region

In a similar way as in the asymptotic analysis in the bump region presented in Section 2.2.2,
we zoom in on the bump region by setting § = £ + s and use the expansion for « as posed in
equation (2.4b). We also apply the Liouville transformations v(&) = e™*0%/2yy(s) and V(&) =
e ™5/2W(s) to eliminate the first order derivatives at leading order. From (3.2) and (3.3), we
obtain that (3.4) reduces to

L(a)W = AW, (3.5)

where L(a) is a 2 X 2 matrix [LU ] containing differential operators. This matrix can be written
in the scalar form:

K d-1 '
L(a)(wi,wy) = —iw + (i + &) | wys — ikgws — Ow+a (ws — @w)
4 K+as 2
— (k+as) (w - i%ow) - % + (i - be) ((0’ + DWISET + o STHET (- in)), (3.6)

where w = w; + iw, and S(s) = €**2Q(s), see Section 2.2.2. The matrix elements LY can
be found by writing this expression in the form: L(a)w = LMWy + L2wy + iL'wy + iL%wy.
The explicit expressions for L are extensive and only obscure the presentation. Note that
although w; and w, are introduced as the real and imaginary part of w, they are complex
functions in the eigenvalue problem. Thus, in the eigenvalue problem formulation they can
no longer be thought of as the real and imaginary part of w. This is analogous to complex
eigenvectors of a real matrix.
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For a = 0, the matrix L(a) reduces to

L(0) =

0 —(2-a+ ngf)} _ [ 0 —Lz] 3.7

& -a+ Qo+ 1S5 0 Ly 0

where is S is given by expression (2.13), « is defined by (2.12) and L, and L, are the opera-
tors given by (2.14) that appear at first order in the construction of the asymptotic expansion
of the m;-solution. As expected, due to the transformation (&) = e~*%/2y(s), L(0) is self-
adjoint, i.e. it contains no first order derivatives. Note that L(0) is up to a constant the same
operator as the one given in equation (5.3) in [23]. This allows us to apply the Evans function
techniques described in [23] to eigenvalue problem (3.5).

3.2.2 The Evans function

Now, we consider eigenvalue problem (3.5) with a not necessarily 0 but small. For this, we
use Evans function techniques. The Evans function E(4,a) is an analytic function whose
zeros correspond to the eigenvalues of L(a), see [1, 15, 23, 35, 41]. Since in the currently ex-
isting literature, there is no Evans function construction for eigenvalue problems of the form
(3.5), we have to extend the Evans function constructions in the currently existing literature.
In order to analyze the behavior of the zeros of the Evans function, i.e. the eigenvalues of
L(a), for 0 < a <« 1 with Taylor expansion (1.21) of the Evans function, we need to de-
termine derivatives of E(4,a) with respect to A and a. A set-up for determining derivatives
of the Evans function is presented in [23], but it does not readily apply to our setting and,
therefore, it needs the be extended. Thus, the currently existing literature has to be extended
in two ways in order to use Evans function techniques: the construction has to be extended
and derivation for the expressions for the derivatives of the Evans function as presented in
[23] has to be extended.

We present an extension of the construction of the Evans function as presented in [23]
in such a way that it applies directly to our setting. There exist four linearly independent
solutions Yi(s,a, d), Y2(s,a, ), Y3(s,a, 1) and Y4(s,a, A) of the eigenvalue equation (3.5),
since this problem forms a 2 dimensional second order system. Now, consider all A € C for
which these four solutions satisfy the following property.

Property 3.2.1.
3.2.1.a Y(s,a,d) and Y,(s,a, 1) decay exponentially as s tends to —co in the bump region,

ie. to leading order in the scale £ — % witht > 0 and 0 < y < 1, see Definition
1.3.6.b;

3.2.1.b Y3(s,a, ) and Y4(s,a, d) decay exponentially as s tends to oo in the bump region,
Le. to leading order in the scale in the scale * + - witht > 0and 0 < y < 1, see
Definition 1.3.6.b;

3.2.1.c Yi(s,a,d) and Y(s,a, A) decay as we follow the solution from the bump region into
Region 2 and into the inner region, see Definition 1.3.6;

3.2.1.d Y5(s,a, ) and Y4(s, a, A) decay as s tends to co.

The type of linearly independent solutions with which the Evans function is constructed here
differs from the ones used in the currently existing literature. The currently existing literature
mainly deals with linear operators with asymptotically constant coefficients, which is not the
case for the linear operator L(a) as defined by (3.6). More details on the existence of solutions
that satisfy Property 3.2.1 are given in Section 3.2.8,
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The idea is that if there is a linear dependence between the sets {Y1, Y>} and {Y3, Y4},
then there is a function that decays exponentially for both s — +co. Hence, there exists
an eigenfunction for that particular A (and @). This eigenfunction will then satisfy Property
3.1.1.

We now write the 2-dimensional second order system L(a)Y = AY as a 4-dimensional
first order system

7' = M(s,a, DY, (3.8)

where 1" = Iy, Y, TI4 is the mapping that maps a two dimensional vector of differentiable
functions to a four dimensional vector in the following way

s = (i y2)" = LYY 05)" (3.9)

and the matrix M(s, a, 1) is a real 4 x4 matrix such that if Y = (y;, y,)™ € C? solves (3.5), then
T = Il4 Y solves the 4-dimensional first order system (3.8). The Evans function is defined
for all A4 for which Property 3.2.1 can be satisfied in such a way that it vanishes when the
functions

Tl = H24 Y], 7'2 = H24 Y2, Y3 = H24 Y3, T4 = H24 Y4 (310)

are linearly dependent:

Yiu Y Ya Yy
— METIER LTI £TAD 4%
Ed,a) = m(s,a, ) Yio Yo Y Yi
Y, Y, Y, Y,
=m(s,a,A) Ty Yy Allog Y3 Allps Yo ATy Yy
(s ) TIATs ATy ATy, 3.11)

where m(s, a, 1) = exp (— fos TraceM(5, a, 1) d§), Y;; denotes the j-th component of the two
dimensional vector Y; (here i = 1,2,3,4 and j = 1,2) and - denotes scalar multiplication.
Note that the 77;’s are not ordered in ascending order. Alternative orderings of the 7’;’s, at
most, change the sign of the Evans function and this has no consequences for its zeros.

By applying Liouville’s formula (also known as the Abel-Jacobi-Liouville identity, see
for example [17] Theorem 1.2), it can be shown that the multiplication by the scalar-valued
function m(s, a, 1) makes the Evans function independent of s. Due to the construction, the
set of zeros of the Evans function coincides with the discrete spectrum. Our goal in this
section is to show that a Taylor expansion of the Evans function is given by (1.21). And also,
to evaluate all derivatives of the Evans function with respect to a and A up to fourth order.

From [23], it follows that we can explicitly calculate derivatives of the Evans Function
once we can determine the following explicitly. First, we need an explicit expression for the
(generalized) eigenfunctions of L(0) and eigenfunctions of the adjoint operator L(0)* corres-
ponding to 1 = 0. Second, we also need their higher order corrections in terms of the small
parameter a if the (generalized) eigenfunction persists. And finally, we need to know the
order at which the solvability condition fails if the eigenfunction does not persist. In Section
3.2.3, we determine the (generalized) eigenfunctions of L(0) corresponding to 4 = 0. And,
in Section 3.2.5, we determine whether these (generalized) eigenfunctions persist for a # 0.
Section 3.2.6 presents a nontrivial extension of the results in [23]. Finally, in Section 3.2.7,
we determine with a Taylor expansion of the Evans function whether eigenvalues perturb into
the right half of the complex plane.
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3.2.3 Eigenvalues and eigenfunctions of L(0)

We denote by N

wfks,a)
2(s, a)

the (generalized) eigenfunctions of L(a) corresponding to the eigenvalue A = 0:

YH(s,a) = [

Ly =y, g% =0, (3.12)

where i is an integer ranging from 1 up to and including the geometric multiplicity of the
eigenvalue A = 0 and j is an integer ranging of 0 up to the ascent of the eigenvalue (counted
with multiplicity). Moreover, the eigenfunctions of the corresponding adjoint operator, which
are contained in Ker(L(a)*), are denoted by v;(s, a). Now, as in [23] Proposition 5.1 and [45],
the (generalized) eigenfunctions of L(0) and eigenfunctions of the adjoint operator L(0)*
corresponding to A = 0 are given by

o] 0
.0 = o Ve = [‘lsSo ’
L~ 2 |

Ylis,0) = SOO . YPAs,0) = [a(f i BRERE)
o oy 2 1[0] Y
v1(s) = 4<f_ooS0 ds) 5| va(s) = 2<80f_w50 ds) ol
1~ 0 ]

Here, the v; are normalized in such a way that f_ O; Y - v; d§ = 1, where - is the standard
inner product on R2. Note that the "/ and the v; are real vector-valued functions, since they
correspond to a real eigenvalue A = 0 and the coefficients of the differential operators in L(0)
are also real-valued. As stated in Section 3.1, the unperturbed NLS spectrum will be taken as
a starting point for our study and we recognize these eigenvalues as the eigenvalues that also
arise in stability analysis of localized solutions in perturbed NLS equations, see [23, 25].

As we will show in the remainder of this section, eigenfunctions corresponding to the
eigenvalue A = 0 correspond to symmetries of the equation

i0,8 +0*8 —aS +|5*§ =0, (3.14)

where S (s, ¢) is a complex-valued function of time 7 > 0 and space s € R. Note that equation
(3.14) is the time dependent version of equation (2.11) and, thus, in particular, S((s), as given
by (2.13), satisfies equation (3.14). By the following arguments, these symmetries lead to the
eigenfunctions and generalized eigenfunction given by (3.13).

First, the existence of the eigenfunction t,//“(s, 0) can be derived from the fact that equa-
tion (3.14) or (2.11) is translation invariant. In order to do so, substitute the translation
So(s +9), where 0 < § < 1, of Sy(s) in equation (2.11) and expand in powers of §. It is
then easily seen that

L*(0)S{(s) = 0,

where by LY(0) we denote the matrix elements of L(0) as given by equation (3.7), see also
(3.5). We conclude that y'-'(s,0) = (S((s5),0)T. Note that we can also obtain this result by
differentiation of equation (2.11).

Second, to derive the expression of the generalized eigenfunction ¥>!(s, 0) corresponding
to the translation invariance as given in (3.13), we consider solutions of the form So(s + ct)
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of equation (3.14). Observe that S ((s) is part of this one parameter family of solutions, since,
by definition, S¢(s) = Sols + ct)|C:0. From (3.14), it follows that S o(s") satisfies

3,80 +icdSo—aSo+150*7Sy =0, (3.15)

where 5" = s + ct. Let S((s', a, ¢) be the solution of (3.15). Differentiation with respect to ¢
and evaluating at ¢ = 0 leads to

P ,0.50 - adcSo+ S ((0’ + 1850 + aacs"o) — _id,So, (3.16)

where we implicitly assumed evaluation at ¢ = 0 of the partial derivatives with respect to ¢
and we used S (s, @, 0) = So(s, @) (here in the solution S o(s, ) of (3.14) the a-dependence
is explicitly indicated). From (3.16), it follows that

L™(0) 8.5 0(s", . 0)| _, = S§- (3.17)

Thus, the next step is to derive an explicit expression for 8.5 y. We solve differential equation
(3.15) for S by introducing the Liouville transformation

So(s',a,c) = e 2 (s, a, ©). (3.18)

It follows that §, satisfies

2
.80 - (a _ %)so +I80P780 = 0.

We conclude that §(s',a.c) = So(s'.a - $). By using (3.18) and (2.13), it follows that
S o(s', @, 0)| _y = —3is’So(s', @). And, from (3.17), we obtain L'%(0) (—1sS ) = S{. There-
fore, y>!(s,0) = (0, —%SS())T.

Third, the eigenfunction wl’z(s, 0) is related to the phase invariance of equation (3.14) and
(2.11). To derive and explicit expression for this eigenfunction, we perturb the phase of S
by an amount 0 < § < 1 and substitute the perturbed solution S(s)e” in equation (2.11).
Upon expanding in powers of ¢, it follows that L2(0)S(s,0) = 0, i.e. L(0)(0,S¢)T = 0.
Conclusion, ¢'2(s,0) = (0,5¢)"

Finally, S(s) is also part of a one parameter family of solutions of the form

€8 o(s) (3.19)

of (3.14). The reason for this is that substitution of (3.19) into (3.14) leads to a translated
version of the original equation for S(s) (see (2.11)):

PSo—(@+a@)So+ISo7Sp=0.
Differentiation with respect to @& and evaluating at @ = 0 leads to the fact that 9,5 o(s) satisfies
L*(0)0,8 ¢ = S, thus indeed ¥>2(s, 0) = (S o(s),0)".
3.2.4 Symmetries leading to an irrelevant eigenvalue 1 = 2a

Before we will analyze the persistence of the (generalized) eigenfunctions for a # 0, we
discuss two symmetries that lead to the (same) positive eigenvalue A4 = 2a. In Section 3.2.4.3,
we will argue that, although this eigenvalue is positive, it does not lead to instability in the
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setting in which we study stability of the m;-solution. In [36], an explicit symmetry of the
Q-equation (1.15) is presented that leads to an eigenvalue 4 = 2a > 0, see Section 3.2.4.1.
And also, through perturbing the blowup time T of the constructed blowup solution ®(x, ¢, T)
of equation (1.9), we can construct a family of solutions of equation (1.9). In Sections 3.2.4.1
and 3.2.4.2, we will show that this symmetry leads to the same positive eigenvalue 4 = 2a
and also to the same corresponding eigenfunction.

To analytically determine whether there are, apart from this positive eigenvalue, other
sources of instability, a set-up based on decomposition of Banach spaces can be used. In
[36], such a set-up is suggested and the rigorous analysis of this is posed as an open problem.
We do not use a decomposition of Banach spaces, but will show how the Evans function can
be used to determine other sources of instability.

3.24.1 A symmetry of the Q-equation

We proceed with a symmetry of the Q-equation as discussed in [36]. Define the operator

F(Q.¢,a,w,8,b,d,0) =
(92Q d-100 0 0 ' .
852 e 65) (fa_g + (T) wQ + (1 +ibe)|QI 0.

It can be seen that a solution Q(¢, a, w, €, b, d, o) of (1.15) satisfies

(1- 13)(

F(0,¢é,a,w,8,b,d,0) =0
Upon rescaling, it follows that if
F(Q¢,a,w,8,b,d,0),&,a,w,8,b,d,0) =0
then also

Fn7*% Qé, a, w, &, b,d, o), &, 1a, n*w, &,b,d, ) = (3.20)

i.e. there is a family of solutions that is part of a family of equations. Linearizing (3.20)
around 7 = 1, setting w = 1 and substituting the m;,-solution Q,,, for Q implies that

Ly(a)V = 2aV, (3.21)

where
_ |Re ((5+£)Qu, +£0¢0m, )
I ((F+2%) O, +£0¢0m,y)

and Ly(a) is the linear operator in eigenvalue problem (3.4). Upon substituting the transfor-
. 1z . .
mation Q = e~ 2*0*S(s) into (3.21), we deduce the following.

Lemma 3.2.2. If the my-solution exists, the operator L(a) defined by (3.6) has an eigenvalue
A = 2a with corresponding eigenfunction given by

[Re ((£+1)S (s)+(k+as)(- LikoS +S’))]

Im ((£+)S ()+(k+as)(-LikoS +57)) |

It is well known that a family of solutions in general leads to a zero eigenvalue, see for
example Section 3.2.3. Note that this situation differs from one where we have a family of
solutions to the Q-equation. In this case, however, we have a family of equations.
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3.2.4.2 Perturbing the blowup time 7

A second way to derive the result obtained in Lemma 3.2.2 is to perturb the blowup time 7" of
the solution ®(x, , T) of equation (1.9). This technique is common in studying self-similar
blowup solutions and has, for instance, also been employed in [3].

The rescaled equation for Q does not explicitly depend on the blowup time T, see equation
(1.15). Therefore, it follows that we have constructed a blowup solution ®(x, ¢, T) for every
T > 0,1i.e. O(x,t,T) satisfies (1.9) for all T > 0. We can thus perturb the blowup time 7 with
o and write rescaling (1.12), which is also applied for the m;-solution, for the (perturbed)
blowup time 7 + ¢ as:

D,y (3,1, T +6) = Ly(t)"7 € 0,0, (é9), (3.22a)
Ls(t) = \2a(T +6 — 1) = Lo(t) + L—f) +0 (52) (3.22b)
2a‘ro
& = ( ;=60 §°6 +0(5), (3.22¢)
1. T+6-t 2T _
Ts == —Z og T—+6 =Ty — 2aT o+ 0(62) . (322(1)

In these expressions, we used, through combining (3.22b) and (3.22d), that Ls(¢) can be
expressed as Ls(f) = V2aTe >™. We expand @,,,,(x,t, T + &) in powers of ¢ and express the
expansions in terms of Ly(?), & and 7 through using (3.22):

Dy, (5,1, T + 8) = Ly(1) 7€ Oy (&5)

= LO(I)_‘%eiTO Om, (o) + Lo(l‘)_}reimé(M OLs(1)

Lo(t) 06 ls=o
0@ 0| 10,0 %0 )vo(#)
= Lo(t)"7 €™ O, (€0, 70, 0), (3.23)
where
O (60.70.0) = Qo) + 5= sz 1(é0.70) + 0(67), (3.24)
O 0(&0) = O, (&0)s (3.24b)
O 1 (€0, T0) = €™ w +iQu, o) (7™ = 1) - afoQinz(fo)), (3.240)

cr = % We have thus written ®,,,,(x, 2, T + 6) in
0

the form Lo(1)"7 €™ 0,,,, (€0, 7o, 6). Rescaling (3.22) is defined in such a way that 0,,,, (&, 7o, 6)
satisfies equation (2.1) for all § > —T. So, we substitute sz (¢,7,0) into equation (2.1) and
expand the resulting equation in powers of 6. At O(1), we obtain that sz,o(é:o) satisfies, as
expected, equation (2.3a). And at O(5), we obtain that Q,,, 1 (£, 7o) satisfies

d-1 ] ~ ~
[(1 — ig) (320 + 5—05’_&]) -1+ g + ia&o0¢, | Om,.1(£0, T0) + i2aQpm, 1(60, T0)

+(1+ibe)

(@ + DIQu, 7 Oy 1 €0, T0) + 2a€72™ Oy (&0) + 10,2772 D, Oy 1 (o, ro)] =0.
(3.25)
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The next step is to substitute (3.24c) into (3.25). All the terms with the factor €247 in
front cancel upon using that Q,,, (&) satisfies equation (2.3a). Upon comparing with equation

(3.2), we conclude that (}T + é) Om, + £Q,, is an eigenfunction of Ly, as defined by (3.3),

with eigenvalue 2a. As in Section 3.2.4.1, we derive the result of Lemma 3.2.2 using the
A 1. .

transformation Q,,, = e~ 2%0*S (s).

3.2.4.3 Conclusions

Lemma 3.2.2 states that the operator L(a) as defined by (3.6) has a positive eigenvalue 1 =
2a. Whether the perturbations that give rise to this positive eigenvalue are relevant can be
determined by looking at the symmetries as discussed in the previous two sections.

Our aim is to study the stability of one particular blowup solution. Therefore, we do not
allow for perturbations tangent to a family of blowup solutions. The symmetry discussed in
Section 3.2.4.1 is such a symmetry, since we have a one parameter family of blowup solutions
inside a family of equations. Similarly, in Section 3.2.4.2, we perturb in the direction tangent
to a family of blowup solutions through perturbing the blowup time 7.

We formulate the conclusion in a remark.

Remark 3.2.3. The eigenvalue A = 2a is related to a perturbation tangent to a family of
blowup solutions. Since we do not allow for such perturbations, its corresponding eigenvalue
does not need to be taken into account in a conclusion about the spectral stability of the m;-
solution.

Not allowing for perturbations tangent to a family of blowup solutions is in line with the
numerical work on the stability for the case d = 3 and » = 0 in [9]. In order to determine
the stability, a full PDE simulation of equation (1.9) is performed in [9]. As can be seen from
Figure 1.3.1, the solution we are studying is numerically stable despite the fact that there is a
positive eigenvalue A = 2a when studying stability in the context of equation (2.1).

3.2.5 (Non-)Persistence of (generalized) eigenfunctions

In this section, we perform the following analysis: given the perturbation L(a) — L(0) of
L(0) and (generalized) eigenfunctions corresponding to 4 = 0 of L(0), we try to determine
the higher corrections of the (generalized) eigenfunctions as if the eigenvalue 1 = 0 would
persist for a > 0. In order to do so, we will use the higher order asymptotic expansion of the
my-solution which is determined in Sections 2.2.2.2, 2.2.2.3 and 2.2.2.4 only for the bump
region. The analysis will be completed by considering the other regions in Section 3.2.8.

Since the perturbation L(a) — L(0) of L(0) breaks almost all of the symmetries discussed
in Section 3.2.3, it is already clear that at some order of a the attempt to determine the higher
corrections of the (generalized) eigenfunctions will fail for cases where the symmetry is bro-
ken. This will result in failing solvability conditions, i.e. expressions that should vanish in
order for the solution to exist at a particular order. These solvability conditions, and the cor-
responding expressions that should vanish for the solvability condition to be satisfied, will be
of use in Section 3.2.6, where we express derivatives of the Evans function with respect to
a and A in terms of parameters of the eigenvalue problem. The relation between solvability
conditions and derivatives of the Evans functions has been discussed in [23]. In Section 3.2.6,
we will extend the results presented in [23] such that they apply to the problem at hand.

We will now summarize the conclusion of the remainder of this section, such that the
rest of Section 3.2.5 can be skipped upon first reading. The perturbation L(a) — L(0) breaks
all the symmetries discussed in Section 3.2.3 except for the phase invariance and, thus, the
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eigenfunction related to the phase invariance is (still) given by

1.2 10
W (S’a)_[S(s)]'

Despite the fact that the perturbation breaks the translation invariance, it is possible to com-
pute a localized first order correction of the eigenfunction y'+!, which with abuse of notation
will be denoted by d,"!(s,0). The analysis does break down at second order. The analysis
for both generalized eigenfunctions breaks down at first order. This information is sufficient
to continue reading at Section 3.2.6.

3.2.5.1 Persistence of /"' up to O (az)

We proceed by introducing the expansions for L(a), as given by expression (3.6), and the
(generalized) eigenfunctions ¢/

2
L(a) = L(0) + ad, L(0) + %63L(0) +0(d), (3.26a)
2
Y (s,0) = YH(s, 0) + aday (s, 0) + %aﬁl/fj’i(s, 0)+0(a), (3.26b)
where i,j = 1,2. Our goal in this section is to determine the higher order corrections

%y (s,0). Upon expanding L(a)y'"*' (s, a) = 0 in powers of a, we obtain
0 = LOW"'(5,0) + a (L0 (5, 0) + (@.LO) ¥ (s, 0))

+d (%L(O)c’iﬁwl"(s, 0) + (04 L(0)) ™' (s, 0) + % (62200)) ' (s, 0)) +0(a’) (327

From (3.27), we obtain an equation for d,4"! (s, 0):
L(0)d.4"" (5,0) = = (8,L(0)) "' (5, 0). (3.28)

From the Fredholm alternative, we conclude that equation (3.28) has a unique solution iff
f:o —(0,L(0)) lﬁl’l(i, 0) - v(5) d§ = 0, where k = 1,2. It can easily be verified that the sol-
vability condition that follows from the Fredholm alternative is equivalent with the condition
that follows from Lemmas 2.2.3 and 2.2.4 if we require the solution to be bounded. The next
step is to verify whether the solvability condition holds. By (3.6), we find

2082 m§, 20852 1Re S
— 0 0
a”L(O) - 201 20-1
20(20+1)S ;7' Re Sy 20857 Im Sy
2
Ko(ﬁ%—TU)+d§—'—l—bKo(2(r+1)S(2)”—sﬁx Kokods—L£L,-2 s
S o X0
. 2 . (3.29)
~Kokod+ 4L 05+ s KU(8§—7°)+ L _pKyS 3 —s0,

Using that Re S| () is odd and that Im S | (s) is even, we obtain

00

f T @uLO) Y G, 0) - i (5) d5 = f L, (B,L(0) ¥ (5.0) Ty (5) d§

—00

-4 o d-1

== f ((—K()Koas+ 8s+K—Os)S{)+20'(20'+l)S(z,"‘lReSlS(’)) S(’) ds =0,
[2s2ds J o Ko 2 ———

odd

even
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where the mapping I, is for k = 1, 2 the projection operator that projects a two dimensional
vector on its k-th component:

e s y2)" &y k=1,2. (3.30)

Similarly, we find

00

f T @uLO) Y G, 0) - va(5) 5 = f I0,(8,L(0)) (5. 0) Tvi (5) d

—00

-2 0 2
=— f ((KO(Bﬁ—%”)+%—}r—bKo(Zo-H)S(z)"—sa\.)S(/) - ZJSéa‘llmSlS(')) So ds=0.
On .LooS(ZJ ds J_co N

even
odd

This implies that equation (3.28) can be solved uniquely. From (3.28), it follows that IT; a1 (s,0)
satisfies
(02 — @+ 20 + DSF7) I Aawr " (5, 0) = ~TT (BaL(0)) ' (5, 0).

This equation can be solved in the same way as we solved equation (2.15a), the equation for
the real part of S ;. And thus, the solution is given by

9.4 (5,0) = Eyry + Exya + f Yo (0,L(0) ¥ (5,0) d5
0

-y f Y111 (9,L(0)) ¢ (5, 0) d5, (3.31)
0

where y; and ¥, are given by (2.16). We want the eigenfunction y"! and hence also IT;8,4"! (s, 0)
to vanish as s tends to infinity. Upon using Lemma 2.2.3, we obtain for o~ = 1 that

E; = f T (B,L(0) ' (s,0) d5 = 22 @ =1 (332)

Ko
0
where « is defined by (2.12). We can choose E| freely, since (1(s),0)" = ¢"!(s,0) and we
can always add a multiple of an eigenfunction. Thus, we choose E; = 0. From (3.28), it also
follows that IT,,4"! (s, 0) satisfies
— (0% — @+ S37) Ty (5, 0) = —IT; (BaL(0) Y (5. 0).

In a similar way as we obtained the solution of equation (2.15b) for the imaginary part of S,
we obtain that the solution of this equation is

LAY"" (5,0) = Dig1 + Dagps — ¢ f $aI1; (0,L(0) ¥"'(5,0) d5
0

+; f o111, (9,L(0) ¥'(5,0) d5, (3.33)
0
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where ¢ and ¢, are given by (2.19). Again, we require the eigenfunction '*! and hence also
Hzaawl'l(s, 0) to vanish as s tends to infinity and we obtain from Lemma 2.2.4 that for o = 1

D, = f #1101, (8,L(0)) "' (5,0) d5 = —%az (3Cy +2(b + DKp), (3.34)
0

where « is defined by (2.12) and C is as in (2.21), see also the discussion at the end of Section
2.2.2.3. The constant D; can be chosen freely, since (0, ¢1(s))" = zﬁl’z(s, 0). Therefore, we
set D, = 0.

As in Section 2.2.2.4, which concerned the higher order asymptotic construction of the
my-solution, the derivations in this section are involved and cannot be done by hand due to
the size of the expressions. And also, for the same reasons described in Section 2.2.2.4, even
with a computer algebra system, like Mathematica [47], the evaluation of (3.32) and (3.34) is
not straightforward. Mathematica notebooks with calculations can be provided upon request
[42].

We now show that, although the eigenfunction /!*! corresponding to the translation in-
variance persists at O(a), it ceases to persist at O (az). From (3.27), we obtain

L0 (5,0) = = (L)) "' (5,0) = 2 (3,L(0)) 8™ (5, 0), (3.35)

where ¢! (s,0) is given by (3.13), 94! is given by (3.31) and (3.33), 0,L(0) is given by
(3.29) and 92L(0) is given by

A2L11(0)  82L1»(0)
2 _ |Yat11 al12
0aL0) = [83L21<0> BLnO)|" (3:36)
where for o = 1:
5 d-1_, d-1
(9HL11(0) = 2K() C()X - s — 12bKOSORCSl —2R€Sllm51 —4SOIH152—2K26§,
Ko Ko

OL15(0) = (d — DKy +2 50, — 4bKoImS1So —4SoRe S» —2(ReS1)> - 6(ImS;)?

Ko
—Kok2,
d-1
02L21(0) = ~(d — 1Ky = 2—5—50, — 4bKoIm § 1S + 12SRe S, + 6 (Re S1)* + 2 (Im § 1)
K,
0
+KoK2,
) d-1 d-1
6aL22(0) = ZK() P (')X - P s — 4bK0S()R€S1 + 4R€Slh’n51 + 4S()In’152 - 2K2(9S.
0 0

From the Fredholm alternative, we conclude that equation (3.35) can only be solved if

f (= (B2L0)) ¥ (5. 0) = 2 (B,L(0)) A" (3. 0)) - vi(5) d5 = 0, (3.37)
where k = 1, 2.

Similar to evaluating (3.32) and (3.34), evaluating (3.37) is also not straightforward and
even more involved. Mathematica notebooks with computations can be provided upon re-
quest [42]. The final result is, after an involved computation, given by a (surprisingly) short
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expression. For o = 1, we obtain:

f (- (L) 5.0 = 20,10 0, 5, 0) - v1(5) 5

Lo ) o) e
=7 f RARRE (- (B2L(0) ¢ (5,0) = 2 (8,L(0)) a5, 0)) d5

_ 16(a(a(d +2) — 6) + 3) (3.38)
- 3akd ’
and
f ) (- (B2L@) ¥ (5.0) = 2 (.L(0) By (5.0)) - v2(3) d5
:vajm¢dﬂrhG{meﬂwumx»—m@;m»@¢H@ﬁ»dg
2 (3.39)

_ d(a(2a(d-2)+d—-6)+3)
B Ko ’

From (3.38) and (3.39), we conclude that, indeed, no bounded order O(a?) correction for !
can be determined.

3.2.5.2 Non-persistence of > and y/>?

The goal of this section is trying to determine the higher order corrections d%y>(s,0) by
solving ' 4

L(ay™/(s,a) = y"(s,a). (3.40)
We will see that this attempt will immediately fail at O(a). We start with %!, Substituting
expansions (3.26a) and (3.26b) into (3.40) leads to

0 = LOW>'(5,0)-y"" (s, 0)+a (L0)3ay™' (5, 0) + (aL(0) Y™ (5,0) — "' (5,0))+0 ().
(3.41)
From equation (3.41), we conclude that the first order correction d > (s, 0) satisfies

L)% (5,0) = — (8,L(0)) > (s,0) + 8" (5, 0). (3.42)

Again, we use the Fredholm alternative to determine whether (3.42) has a unique solution. A
non-trivial calculation shows that for o = 1

f (= OuL(0) Y (5,0) + 9" (5,0)) - v1(3) d5
1 00
=7 f Y1(3) Tl (= (0.L0) ¥ (3,0) + 00" (5,0)) d5

4
= gaKo,

(3.43)
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and

00

f (= OuL(O0) Y (5,0) + Dy (5,0)) - v2(3) d5

—00

= Va f T, (— @aL(0) ¥ (5,0) + 0" (5,0)) d5
A — T)

(3.44)

Ko

Now, since 0 < @ < 1 and K > 0, it follows that both (3.43) and (3.44) do not vanish. One
of which is already sufficient to conclude from the Fredholm alternative that equation (3.42)
does not have a bounded solution.

We use a similar procedure for the other generalized eigenfunction y>?. Substituting
expansions (3.26a) and (3.26b) into (3.40) leads at O(a) to

L(0)3 %2 (5, 0) = — (3,L(0)) y*2(5,0) + D 6" *(5,0). (3.45)

We use the Fredholm alternative to determine whether (3.45) has a unique solution and obtain
that for o = 1

00

f (— (BuL0) Y (3,0) + 3y 2(5,0)) - 1 (5) d5

—00

1 00
= e f . Yi1(8) I, (— (DaL(0)) ¥*2(3,0) + A2 (5, 0)) ds

3.46

_4a-1) ( )
T oakg

and

f (= (BaL(0) y?*(5,0) + 0y 2(5,0)) - v2(5) d5

= Va f $1(5) T (= (BaL(0) Y*2(5,0) + duy'2(5,0)) d5 (3.47)
=2Q(a - 1Ky +d-2).

Now, since a, kg > 0anda — 1 = —% < 0, it follows that (3.46) is always negative. Which

is sufficient to conclude from the Fredholm alternative that we cannot construct a bounded

solution of (3.45).
We stress again that evaluation of (3.43), (3.44), (3.46) and (3.47) is nontrivial due to
reasons also explained at the end of Section 3.2.5.1.

3.2.6 Derivatives of the Evans function

Using [23] as a guide, we extend the expressions for the derivatives of the Evans Function
presented therein in a nontrivial way. First, in [23], it is shown (in a different, but general
setting) that Y, (s, a, 1), Y2(s, a, 1), Y3(s, a, 1) and Y4(s, a, 2), the solutions of (3.5) as defined
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in Section 3.2.2, can be chosen such that:

Y1(.,0,0) = ¥3(.,0,0) = ¢"1(,,0), (3.48a)
8.Y1(.,0,0) = 8,Y3(.,0,0) = a4 (., 0), (3.48b)
Ys(.,a,0) = Y4(.,a,0) = ¢'2(, a), (3.48¢)
9,71(.,0,0) = 8,Y3(.,0,0) = y*!(.,0), (3.484d)
A Ya(.,a,0) = 8,Y4(.,a,0) = y>*(,a). (3.48¢)

So, in short: for A = 0 the Y; are equal to the eigenfunctions and the 0,Y; are equal to the
generalized eigenfunctions (if they persist).

In the setting at hand, it can be seen that these requirements can be satisfied as fol-
lows. First, from Properties 3.2.1.a and 3.2.1.b, it follows that both Yyhl(s,a = 0) and
l//l’z(S, a = 0) are contained in Span {Y;(s,a = 0,0), Y>(s,a = 0,0)} and also in Span {¥3(s,a =
0,0), Y4(s,a = 0,0)}. Since "' (s,a = 0) and y'%(s, a = 0) are linearly independent, we can,
without loss of generality, redefine Y;, where k = 1,2, 3,4, such that (3.48a) and (3.48c) hold.
Second, through differentiation of (3.5) with respect to 4 and evaluating at 4 = 0, it follows
that 0,Y;, where k = 1,2, 3, 4, satisfies

L(a) 0aYila=0 = Yila=o -

Combining this result with: (3.48a), (3.48c), (3.12) and the fact that ¢'*(s,a = 0) and
Y**(s,a = 0) are linearly independent, implies that we can, without loss of generality, rede-
fine Yy, where k = 1,2, 3,4, such that (3.48d) and (3.48e) hold. And finally, similar arguments
combined with the fact that 3,Y;(.,a = 0,0), 8,Y3(.,a = 0,0) and 0,¢"'(.,a = 0) all satisfy
the same equation (although with different boundary conditions), implies that Y;(.,a = 0,0)
and Y3(.,a = 0,0) can be redefined such that (3.48b) holds.

These relations are crucial and will form the link between the solvability conditions in
Section 3.2.5 and the Evans function as defined by (3.11). Similar conditions hold for te T%’s,
which are related to the ¥;’s through (3.10).

In order to determine the derivatives aflagE (a=0,4=0)with i+ j <4, that are needed
to make a Taylor expansion of the Evans function as defined by (3.11), we use the product
rule to obtain from (3.11):

L i i - o

6’01E(0,0)= — fal‘ﬁjl('ﬁ/\')”3)/\6’20]2(')”2/\'Y’4)~6’36“m s

o i:i1§+i3 iliglis! jiljljst ! “ A a0
J=iv+ it

where by - we denote scalar multiplication. From the relation between the 7’;’s and their
derivatives with respect to A, we can determine which of these terms do and do not vanish.
For example, take i = 0 and j > 0. Since,

T A T3|a:/1:0 =1l lﬂl’l ATy wlylla:() =0,
I AT _ Ly =TI AT 3= 3 AT,
=Ty ATy ™! = Tlog ! ATIay ™| = 0,

it is necessary that j; > 2 must hold for 6ﬁ‘(7’1 A T_g)‘)_o not to vanish. Similarly, it is
necessary that j, > 2. Thus, it follows that B

9,E(0,0) = 93E(0,0) = 93E(0,0) = 0 (3.49)
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and furthermore that 8jE (0,0) is given by

J1E(0,0) = 6m(s,0,0)- 03(T1 A T3) AOL(T2 ATs)|
= 603(T1 — T AT AR (T2 =T AT,

= 603(11 = T3) ATy g™ AO(T2 = Ta) Alng ¢ (3.50)

1,2|
A=a=0"

where we used m(s,0,0) = 1, (3.48a) and (3.48c). With a similar reasoning, we obtain that
the other only non-zero derivatives with respect to A and a up to fourth order of the Evans
function are given by

FadRE(0,0) = 3m(s,0,000.0,(T1 A T3) AGR(T2 A Ta)
+3m(s,0,0)03(T1 A 13) A Bada(T2 A T4)|ﬂ=a=o
= 30,0011 = T3) A YT A (T2 = T) AT
+303(T1 = 13) ATt A Bada(T2 = Ta) A Tz|aza=0
=30,0,(T1 — T3) ATy ! A 63(7’2 —T4) Ay y'?
+303(Y1 = 13) ATloa ™' A 8aBa(T2 = Ta) ATy l//LZL:a:o’ G
8202 E(0,0) = m(s,0,0) 82Ty A T3) AO(Ts A Ts)
+2m(s,0,0) 0.0,(T1 A T3) A 8,01(T2 A T4)|/l=a=0
= (N = TH)ATI AR =THAT,
+20,01(T1 = T3) AT1 A B,0x(T2 — Ta) A TZL:a:o

= 0311 — 13) ATy ™! A 032 — Ty) ATy g2

+20,0,(1) = 13) ATlog g™ A 9,012 =T ATy (352)

AOLE(0,0) = 3m(s,0,0) (11 A T3) A 8a0:(12 A Y4)L .
=q=

=302(T1 = T3) A 11 A 8ada(T2 = Ta) A TZ’A:(J:O

= 30211 = 13) ATha g A 8a0u(T2 = Ta) ATy (3.53)

A=a=0
Note that it follows from (3.49), (3.50), (3.51), (3.52) and (3.53), that a leading order expan-
sion of the Evans function is given by (1.21). The next step is to express
G = T3) = Ty F(Y1 - Y3),
0T — Ty) = Ty 03(Y2 — Vo),
0a0)(T — 13) = 124 0,0,(Y1 — Y3),
040,(T2 — T4) =134 0,02(Y2 — Ys)

and
OX(T1 = T3) = Ty O2(Yy — Y3),

where Il is the mapping defined by (3.9), in terms of the eigenfunctions, the generalized
eigenfunctions and their derivatives with respect to a and A evaluated at a = 4 = 0. Let the
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function Y satisfy L(a)Y = AY. Thus, L(a)d%Y = A3Y + 20,Y; evaluation at a = A = 0 leads
to

L(0) 87Y| =20,Y]es0 - (3.54)

a=1=0
Similarly, we find

LO) &Y,y = 0a¥luaco ~ @aL(0)) Y|z

and
L0) 32Y|,_ o = = (02L(0)) Ylmaco — 2 (BaL(0)) 8uYymso

The derivative 6}1 Y1(s,0,0) also satisfies (3.54) with boundary condition
lim #7Y,(s,0,0) =0

Note that this boundary condition follows from the definition of Y in the beginning of Section
3.2.2. Solving for 631 Y1(s,0,0) from this equation is similar to way we solved the equation
for §'| in Section 2.2.2. Upon using (3.48d), it follows that

1
59Y1(5.0,0) = L@Y1(5.0,0), Ay, Az, =0, 5) = L (15, 0), A1, Ay, —00,5)

where the operator £ is defined by

b . b .
Ay — 3)f2(3) d§ 3)f2(3) ds
s fi AvAsab| = W llflf[,hlh(‘)fz(‘) Y+l//2f[;)¢1(‘)fz(‘) |
f A1+ [ 2919 A5 [ 41 f1(9) d5

Y1 and ¥, are given by (2.16), ¢; and ¢, are given by (2.19), f; and f, are (real or complex
value) functions and A and A, are constants. The purpose of this section is to obtain expres-
sions (3.58), (3.59), (3.60) and (3.61). In this section, we will show that these expressions do
not depend on the value of the constants A; and A, and that we can derive these expressions
without keeping track of the exact value of these constants. Thus, to simplify the notation,
the constants A; and A, will denote “general” constants in this section and are used in all
expressions.
Similarly, we find

%aﬁn(s,o,O) L(¥*'(5.0),A1, 42, 0,55),

%aﬁyz(s, 0,0) = £(¥**(s,0), A1, Ay, —c0, 5),

%aﬁms, 0,0) = £(¢>2(5,0). A1, Az, 0, 5).

02 1Y1(5,0,0) = L(0ayr"™ (5,0) = (BuL(0)) ™' (5,0), A1, As, =00, 5),

02 1Y2(5,0,0) = L(0a9"(5,0) = (0aL(0)) Y*2(5,0), A1, Ay, —o0, 5),
02 1Y4(5,0,0) = L(0a4"*(5.0) = (3aL(0) Y*2(5,0), A1, Az, 0, 5),
92Y1(5,0,0) = £ (= (B2L©0)) ¢ (5, 0) = 2 (8aL(0)) aty "' (5, 0), A1, Ag, —00, 5),

£(
Ll
Ll
£
92 1Y3(5,0,0) = L (09" (5,0) = (0aL(0) Y (5,0), A1, Ag, o0, 5),
£
£(
£(-
92¥3(5,0,0) = £ (= (B2L©0)) "' (5,0) = 2 (BaL(0)) aty "' (5, 0), A1, Ag, 0, 5).
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By subtracting these expressions, we derive

1 1
Eaﬁ (11 = T3)u=0.020 = o4 553 (Y1 = Y3)ly=0.220 = Il24 L(llfz’l(s, 0),A;, Az, —00, 00),
(3.55a)

%(ﬁ (T2 = Y)lg=0.0=0 = 24 %(ﬁ (Y2 = Yo)lg=0,2=0 = 24 L(llfz’z(s, 0), A1, Az, —co, oo),
(3.55b)
Tor (11 = T3)lazo,1=0 = Mg 03y (Y1 = ¥3)laz0.a20
= Ty L(0u4"' (5,0) = (B L(0) ' (5,0), At Az, =00, 00) , (3.55¢)
821 (T2 = T)lamo.20 = Maa 02, (Y2 = Y)luzo.120
= Ty L (0u4"2(5,0) = (3L(0) ¥*2(5,0), A1, Az, =00, 00) , (3.55d)
Fa (V1 = TDla=0.120 = s 35 (Y1 = ¥3)lu=0.1-0
= Iy £ (- (B2L(0)) 4" (5,0) = 2 (BaL(0)) Bt (5,0), Ay, Ag, —00, 0) .
(3.55¢)

We are now in a position to derive the expressions for the derivatives of the Evans function
we need. First, we start with the fourth order derivative with respect to A. Upon substitution
of (3.55a) and (3.55b) in (3.50), we obtain

YE(0,0) = 24104 L (47 (50141, 40,-00.00) A Tog 1! A Ty £ (52265004142, -c0.00) A Tlpg 12

(A1 -1 [ 0aTw (5.0) ds+us [Z v Ly (5.0) ds
— 2411, W wlf,;owz 271(3,0) S+11/2f,;1ﬁ1 2*1(5,0) d§ ATy ¥
| A2¢1+¢1 [ oIy (3.0) di=¢, [ ¢1T1y>!(5.0) d§ 0
A= [ unThy?2(5,0) d5 ~ U Thy?2(5,0) d§ 0
ATl W=y ﬁswz z'ﬁzz(f ) S+¢2f::tﬁ1 zlﬂzz(s ) dS ATl
Agi+¢1 [ T11yP2(3.0) di=g; [ 1 T11y>3(5.0) d§ ¢
[ v [ gy (5,0) ds 2 [ g Ty?2(5,0) ds 0
= 24Ty, wzf,v;w. zu/ZI(v) AT 1| A T w_f,v;wl zwsz | A T ’
|42 [, &1 Tly?' (3.0) d§ 0 —¢ [ i y?2(5,0) d§ o1
(3.56)
where in the last step we used the following (and similar) identities:
A=y [ unILy? (5.0) di+gn [ v Ly (5.0) d§ AT |“
Aapr+g1 [, paTly? 1 (5.0) ds—¢o [, g1 Ty (5,0) d5 0
oo v 14
= (Al—f,mwzﬂzwl‘(f,o) df) )4 0] ATy [0]]
=0
= ILy>(5,0) ds .
+TToy } +¢zf2,Tw1 2y (Si § 3 ATl i
Api+6y [ poTL iy (3.0) di—¢y [* 41 Iy>' (5.0) d5 0
o [T Ty (5.0) d5 U
4 o T s | ATl
Apgi+o [ Ty (3.0) di=g; [7 ¢1T1 4> (5.0) ds 0
We now use the following equality which can be verified by direct calculation:
Y1 Y2 0 0
12 2] 0 0 vy, 0 0
I1o4 A Ty A Ty A Ty = Det|" ! 2 =1. 3.57
0 0 [ [Z3 0 0 ¢1 ¢ ( )

0 0 ¢ &
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Upon combining (3.56) and (3.57), it follows that

ajE(O,O)=24(f:o‘ﬁll'lzlﬁ2"(f,0)dffjo@l'll.pz-z(f,O)df 1154 lf)z A Ty J;I A Ty 702 A Tlpy [;1]
=1
. . 0 0
= [ a1 y?(5,0) d5 [ v Thy®3(5,0) dsTloy . ATy d(/)l] A Tlpy %2 A Ty [¢1]

[Ty (3,0)ds [ ¢ Ty>'(5,0) ds

= —24Det | -
[y (35,00d5 [ ¢iIliy?*(5,0) d5
[ v*1(5,0)- v d5 [ ¢>1(3,0)- v, d5

= —4!Det [ = , (3.58)
[ G3,0) v ds [ y22(5,0) - v, 3

where v and v, are the eigenfunctions of the adjoint operator as given by (3.13). This result
agrees with Theorem 1.1 in [23]. Second, upon substitution of (3.55¢) and (3.55b) in (3.51),
we obtain in a similar fashion that

s [ o1 (8,0" (5.0~ LONY' (5.0)) d5 [ ¢ TLy?2(5,0) d§
0,07E(0,0) = —6 Det | -
[ 1T (8atp™! (5.0)-(B LO)Y>' (5.0)) d5 [ ¢ TTy*2(5,0) d§

[y G0 ds [ viTL (0" 2 (5.0)- (. LO)WY?2(5,0)) d5
—6 Det |3 3 ) (3.59)
[y G0 ds [ oI (' 2(5,0)-(0a LO)W>2(5,0)) d§

Third, upon substitution of (3.55b), (3.55¢), (3.55d) and (3.55¢) in (3.52), we obtain that

. J oL (—(B2LO0))y" (5.0)-2(0, LO0)Ay " (3.0)) d5 [ ¢ Ty (5.0) d§
0,07E(0,0) = =2 Det | -
J & (—(82L(0)y™! (5.0)-2(0aLO0)Iy " (5.0)) d5 [ ¢4 TT1y>2(5,0) d§

[ 1T (0uy" 5.0)-BuLONY (5.0)) d5 [ viTTy (a2 (5.0)~(0a L(0)Y>2(5.0)) d5

—4 Det | 2 .
J &1L (8,0 (5.0)-@,LOW (3.0) d5 [ ¢1111 (Autp"*(5.0)-(8,LO)W?2(5,0)) d§
(3.60)
And finally, upon substitution of (3.55d) and (3.55e) in (3.53), we find that
20,E(0,0) =
f YT (—(B2L(0))y 1 (3.0)-2(84 L(0)0 ! (5.0)) d§ f 1T (0" (5.0)~(3.LO0)Y>2(5.0)) d5
— 3 Det|= B (3.61)

[ o1 (—(2LO))y (5.0)-2(0, L),y (3.0)) d5 f¢1H1(zw‘-2<f,0)—<6aL<0>)w2~2<§,0)) ds

Note that expressions (3.59), (3.60) and (3.61) depend, through the form of expressions
(3.51), (3.52) and (3.53), on the eigenvalue structure for a # 0. That is, if (generalized)
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eigenvalues would persist or would seize to persist at a different order (see Section 3.2.5), then
expressions (3.59), (3.60) and (3.61) would take a different form. Since in [23] a different
(and simpler) eigenvalue structure is assumed, we, in this section, extended the theory in [23]
through applying the basic framework in [23] to the more complicated eigenvalue structure
described in Section 3.2.5.

3.2.7 A Taylor expansion of the Evans Function

In this section, we derive a leading order Taylor expansion of the Evans function, i.e. we
derive expressions for the coefficients of (1.21) in terms of d, b, «o, Ky and a. The results
in this section are based on the analysis in Section 3.2.5 in which only the bump region is
considered. And, they are valid for all A for which the Evans function can be defined through
(3.11), see Section 3.2.8 for more details.

Theorem 3.2.4. Let o = 1 and let E(A,a) be the Evans function associated to eigenvalue
problem (3.5) through (3.11). Then, a leading order expansion of the Evans function is given

by

E(1,a) = A1 - 2a) (E2 A* + Ey da + Eg @ + 0(3)), (3.62)
where

E, = -1, (3.63a)
E, = iz (20%(d - 7) - 3(d - 8) - 9), (3.63b)

3&/(0

4
Ey = -— (*(d = 10)d + 6a(d +2) - 9). (3.63¢)

301/(0

Proof. To derive the result, we must evaluate (3.58), (3.59), (3.60) and (3.61). For this, we
use the solvability conditions derived in Section 3.2.5. Recall, that for the evaluation of the
solvability conditions in Section 3.2.5, the higher order asymptotic analysis as presented in
Section 2.2.2 is used.

First, from (3.13), it follows that

fl//z’l-vld§=1, f{ﬁz’l'Vsz:O, fl//z’z-vld§=0, and fz/fz’z-vzdizl.

Substitution into (3.58) leads to
E(0,0) = —24. (3.64)

Next, substitution of (3.43), (3.44), (3.46) and (3.47) into (3.59) leads to
4
06,(93E(0, 0)=6 (5(3 —4a)Ky - 2d + 4) . (3.65)

Similarly, substitution of (3.43), (3.44), (3.46), (3.47), (3.38) and (3.39) into (3.60) leads to
B 16(a(e(d® — 6d — 28) + 60) — 27)

2AE,0) = . (3.66)
3ak0
And finally, substitution of (3.46), (3.47), (3.38) and (3.39) into (3.61) gives
16 (a?(d - 10)d + 6a(d +2) - 9)
320,E(0,0) = 5 . (3.67)

CKKO
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In all these expressions we used the system of equations (2.26) to eliminate b. Substitution
of these expressions into (1.21) leads to the desired result. O

The rest of this section is devoted to a discussion of the further implications of Theorem
3.2.4 and its relation with the theory presented so far. Note that the parameters K, and «q
depend on d and b through the system of nonlinear equations (2.26). Thus, obviously, further
analysis is needed to draw conclusions concerning the stability from (3.62).

From Lemma 3.2.2, it follows that 4 = 2a is an eigenvalue for all 0 < a < 1. And thus,
the equality E(A = 2a,a) = 0 should hold for all 0 < a < 1. Since A — 2a appears as a factor
in (3.62), this is indeed the case. Also, 4 = 0 is an eigenvalue for all 0 < a < 1 due the
persistence of the phase invariance of equation, see Section 3.2.5. Since A appears as a factor
in (3.62), the equality E(1 = 0,a) = 0 also holds.

From Corollary 2.2.7, it follows that the system (2.3) combined with Assumption 2.2.1
undergoes a saddle-node bifurcation upon (for o = 1) passing the curve D(d,b,0 = 1) =0
in the strip 2 < d < 3 of the (d, b)-plane, see also Figure 2.2.1. That is, upon passing this
curve, the number of mj;-solutions of equation (2.3) changes from two to zero. Due to the
following formal reasoning, we expect one of the O(a) eigenvalues to vanish at the saddle-
node bifurcation. After that, we show that the formal reasoning is in line with the Evans
function analysis through proving that the Evans function indeed vanishes at the saddle-node
bifurcation.

Now, let o = 1 and fix 2 < d < 3. It follows from Lemma 2.2.6 that there is a curve
in the (b, k)-plane that parametrizes the solution Q(s, b, «) of equation (2.3). Also, define the
operator

-1
3

The m;-solution O, (€, , b), as constructed in Section 2.2, now satisfies G(Qm, (€, k, b), b) =
0. Differentiation with respect to « leads to

O0m,
0K

G(Q,b) = (1 -ige) (Qgse + Qg) -0+ ng +iaéQ: + (1 + ibe)| 01 Q.

ob
01G(Onm,, b) +0:G(Qm,, b) - = 0,
where by 0,G and 0,G we denote the linearizion of G with respect to respectively the first and
second argument. Since the number of solutions for k changes from O to 2 at the saddle-node
bifurcation, it follows that % vanishes at the saddle-node bifurcation, see also Figure 3.4.1a.
And thus, it follows that at the saddle-node bifurcation

Qm,

=0.
0K

G(Qm,.b)

. 0w, . . . . ..
Therefore, we have formally derived that % is an eigenfunction of the linearizion 9, G(Q,,, b)

of G with eigenvalue O at the saddle-node bifurcation. We will show that this formal deriva-
tion is in line with our analysis by showing that the Evans function vanishes at the saddle-node
bifurcation.

Lemma 3.2.5. Let2 < d < 4 and o = 1. Then, the coefficient E in equation (3.62) vanishes

iff
D(d,b,o = 1) = d* + 24bd — 32b + 16b* = 0, (3.68)

i.e. at the saddle-node bifurcation, where D(d, b, o) is defined by (2.37), see also (2.43).
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Proof. First, we note that from Corollary 2.2.7 it follows that (3.68) holds iff the discriminant
of (2.29b) vanishes, see also equation (2.37).

Second, we show that if (3.68) holds, then E{ also vanishes. If the discriminant of (2.29b)
vanishes, we find upon solving the second order polynomial defined by (2.29b) that & =
—m. Substitution of this expression into (3.63c) and using (3.68) to simplify leads to
EO =0.

Finally, we show that if Ey = 0, then (3.68) holds. We eliminate z from (2.29b) by using
z= 31(_—;1. If E( vanishes, we can use (3.63c) to eliminate «, this leads to

(d = 2)(d - 1) (d* +24bd - 32b + 16b%) = 0.

This clearly implies that (3.68) holds. O

Strictly speaking, our asymptotic analysis is not valid exactly at the saddle-node, see
Remark 2.2.12. However, since Ej in equation (3.62) depends continuously on its parameters,
it will vanish at the saddle-node bifurcation. We derive the following corollary.

Corollary 3.2.6. Let 0 < a < 1 and o = 1, then upon passing the curve D(d,b,o = 1) = 0,
as defined by (2.43), in the strip 2 < d < 3 of the (d, b)-plane equation, i.e. when (2.3)
combined with Assumption 2.2.1 undergoes a saddle-node bifurcation, eigenvalue equation
(3.5) has two eigenvalues A of o(a).

Proof. Equation (3.62) has one trivial zero 4 = 0O related to the phase invariance. The zero
A = 01is obviously of o(a). At the saddle-node bifurcation, it follows from Lemma 3.2.5 that
a second o(a) zero arises. Since equation (3.62) presents a leading order expansion of the
Evans function, it cannot be concluded from the Evans function analysis that this second o(a)
zero is exactly 0. O

So far, we have shown that £ only changes sign at the saddle-node bifurcation. We will
now prove that E| is always negative. Recall the definition of the region R defined by (2.42),
i.e. R denotes the part of the strip 2 < d < 4 of the (d, b)-plane where the m;-solution exists,
see also Figure 2.2.1.

Lemma 3.2.7. In the region R defined by (2.42) the inequality E\ < 0 holds.

Proof. Consider the curve E; = 0 in the (@, d)-plane. From (3.63b), it follows that on this
curve, d is given as a graph over @. From Assumption 2.2.1.b, it follows that the inequality
0 < @ < 1 holds, we determine the maximum value of d on the curve as we vary @ from 0
tol, we find dpax = 4 -2 V2 ~ 1.17157. This implies that the curve E| = 0 does not pass
through the for our application relevant square 0 < @ < 1, 2 < d < 4. Conclusion, the sign of
E| is fixed and turns out to be negative. O

We proceed with the characterization of the zeros of equation (3.62). This equation has
four zeros:
/l() = 0, /l] = (l;ll, ﬂz = (1;12, and /l3 =2a (369)

where without loss of generality we assume Re A, < Re A,. Furthermore, A; and 1, solve
E, > +E\A+E)=0. (3.70)

From Lemma 3.2.5 and 3.2.7, we draw the following conclusions.
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Corollary 3.2.8. The following statements hold for the eigenvalues 1, and A, of eigenvalue
problem (3.5), where 1y and A, are as in (3.69).
3.2.8.a Red; <0;

3.2.8.b If an eigenvalue passes the imaginary axis upon varying the parameters of the prob-
lem its imaginary part vanishes;

3.2.8.c IfEy <0, then both Re 1; <Re A, <0
3.2.8.d If Ey > 0O, both A1 and A, are real-valued. Furthermore, 11 < 0 and A, > 0.

Proof. A; and 1, both satisfy (3.70). Since E, = —1, it follows that Re A; + Re A, = Re E; <
0. This proves 3.2.8.a. Now, since the coefficients of (3.70) are real-valued, the zeros are
either both real-valued or complex conjugates. We just proved that there must be at least one
eigenvalue with negative real part. Therefore, if one eigenvalues crosses the imaginary axis,
its imaginary part must vanish. This proves 3.2.8.b. From the equalities A;1, = —E, and
A + A, = E; < 0, it is straightforward to derive 3.2.8.c and 3.2.8.d. ]

3.2.8 Matching

As explained in the beginning of Section 3.2, the aim of Section 3.2 is to study localized solu-
tions of eigenvalue problem (3.4) that decay exponentially in the bump region, i.e. solutions
that satisfy Property 3.1.1. For this, we employed Evans function techniques. The exponen-
tial localization in the bump region is reflected in the requirement that the functions Y; (where
i = 1,2,3,4), which are used in the construction of the Evans function, satisfy Property
3.2.1.a and 3.2.1.b, see also equation (3.11). However, it is currently unclear whether there
exist solutions Y; that can satisfy both Property 3.2.1.a and 3.2.1.c (or 3.2.1.b and 3.2.1.d).
Furthermore, the Evans function construction is also linked to eigenfunctions of L(0) which,
so far, are only constructed in the bump region, see also the discussion in Section 3.2.6 and
equation (3.48).

In this section, we will derive conditions under which exponential decay in the bump
region can be matched to (algebraic) decay in the far field and we will also show that expo-
nential decay in the bump region can always be matched with decay in the inner region. That
is, we show that only the requirement that Y3 and Y, should satisfy both Property 3.2.1.b and
Property 3.2.1.d leads to an extra condition which is formulated in the following proposition.

Proposition 3.2.9. Let o = 1, 2 < d < 4, R be defined by (2.42), (d,b) e Rand 0 < a < 1,
then: the functions Y3 and Y, as used in the construction of the Evans function, see (3.11),
that satisfy Property 3.2.1.b can only satisfy Property 3.2.1.d if the inequality

Re (g) > _(lr (3.71)

holds.

Note that this proposition has no implications for any conclusions we might draw concerning
the stability of the mj,-solution, because is does not concern the part of the spectrum in the
right half of the complex plane.

Second, we also show that if |1| = O(a), then exponential localization in the bump region
is necessary for a solution to be bounded, see Lemma 3.2.10. A main ingredient to derive
these results is that, solutions of eigenvalue problem (3.3) either exhibit algebraic behavior or
exponential growth. Using this, we will show that exponential localization in the bump region
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corresponds to algebraic behavior for large &, and, under the conditions stated in Proposition
3.2.9, that this algebraic behavior corresponds algebraic decay.

Note that standard Evans function literature does not always allow for algebraically de-
caying behavior since this may cause existence problems for the solutions Y; used in the
construction of the Evans function, see [1, 15, 23, 35, 41]. However, since we explicitly con-
struct the solutions Y; in the definition of the Evans function, the fact that standard Evans
function literature does not always allow for algebraically decaying behavior does not pose a
restriction in the setting in which we use the Evans function.

The results in this section are obtained through a matching procedure which is similar to
the one used in the asymptotic construction of the m;-solution in Section 2.3, see also [7]. For
the matching procedure, we use the same regions as we used in the asymptotic construction
of the solution, see Figure 1.3.2 and Definition 1.3.6.

Finally, through combining Proposition 3.2.9 with equation (3.48), it follows that the
(generalized) eigenfunction can also be extended to solutions that satisfy Property 3.1.1.

The analysis in this and forthcoming sections closely resembles the one presented in
Section 2.3. Since the details are crucial for the conclusions we draw in Proposition 3.2.9 and
Lemma 3.2.10, we still choose to present these sections in considerable detail.

3.2.8.1 Bump region

In this section, we determine the leading order exponential behavior of solutions of eigenvalue
equation (3.5) valid in the bump region, Region 3, in which |s| = |§ - §| < i, see Definition
1.3.6.b. We will not assume that A is an eigenvalue, but from Theorem 3.2.4, it follows that to
study the perturbed NLS spectrum, it is sufficient to restrict the analysis to the case 4 = O(a).
In this case, eigenvalue equation (3.5) is to leading order given by

LOO)W =0,

where L(0) is given by (3.7). We are interested in the behavior of solutions to this equation
as s tends to +oo, more specifically s = O (™) with 0 < v < 1. In this scale, LOO)W = 0
reduces to

W{/ - an = 0,
Wé’ - a’W2 = 0,
2
where @ = 1 — %" and W = (W, W,)T. For large |s|, the behavior of solutions Woump =

(Woump,1>, Woump2) " in the bump region is given by
Woump. = C1e* V% and Wiympa = Coe* V. (3.72)

Note that this yields four solutions: two solutions that decay as s tends to +co and two so-
lutions that decay as s tends to —co. These are exactly the leading order approximations
of the solutions needed in construction of the Evans function, see equation (3.11) and also
Properties 3.2.1.a and 3.2.1.b.

3.2.8.2 Matching with bump region through a WKBJ analysis

In this section, we determine to leading order the solution of eigenvalue equation (3.4) in
Regions 2, 4a and 4b, see Figure 1.3.2. From Definition 1.3.6, it follows that in these regions:
|0l < 1,¢& > 1 and |§ - %| > 1. The analysis in this section closely resembles the one
presented in Section 2.3.1.
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We will employ a WKBIJ analysis to obtain a solution. However, this analysis cannot be
extended to regions in which £ is close to zero (see the assumption used in equation (3.74)),
as is the case in the inner region, or regions in which ¢ is close to % due to the presence of a
turning point (see Section 3.2.8.4). Again, we only have to consider the case where A is O(a).

From (3.2), it follows that the eigenvalue equation in regions where |Q| < a is to leading
order given by

d—-1

1 ~
-v+(1-ie) (vscf + v§) +ia (fvf + —v) +iadv =0, (3.73)
' © o

where we introduced A = a such that A = O(1). With the Liouville transformation

v = €T Tz ),
this equation is put in self-adjoint form. For ¢ large, we obtain to leading order

242 ;
(1 - ig)Zee + ‘Ki’—i@—ug(;wi—d))z:o. (3.74)
The aim is to match the leading order behavior of solutions of this equation with expo-
nentially decaying solutions in the bump region. From equation (3.72), it follows that this
exponential decay takes the form (C; +iC,)e~ V*. Note that it is possible to rescale the phase
of Z such that in the region where we match with the bump region Z is real-valued. Therefore,
we try to find a real-valued solution of equation (3.74). We split Z in a real part Z; and an
imaginary part Z, to obtain to leading order the system of equations

[12 2 a3 2

Zige + 2, (Tf - 1) - T§K022 =0,
2¢2 32

Zoge + 75 (% - 1) + %Koz1 = 0.

From this system, it follows, ignoring for the moment that there is a turning point at & = %,
that the solution Z, = 0 is, at leading order, valid as long as & <« a 2. Now, Z, satisfies
Zigge +Z (% — 1| = 0, which can be solved with the WKBJ method. Upon setting x = ”75,
such that x = O(1) in Regions 2 and 4, it follows that

4
Zixy — ;m(x)zl =0, (3.75)
where ¢1(x) := 1 — x>. With a WKBJ analysis, we obtain

2= — (o NIT S 4 ¢ N ), (3.76)
q1(x

Since g;(x)is zeroat x = 1,1.e. at£ = %, the WKBJ expansion is not valid near this so-called
turning point due to secular growth. A leading order approximation of the integrals in (3.76)
on the left hand side of the turning point is given by:

X X
1 1
f\/ql(f)dfi:fV1—§Qd§=Exvl—x2+§arcsinx+C. (3.77)
1

1
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Since we are only interested in whether matching is possible and not in the values of the
constants that result from the matching conditions, we simplify notation and use the same
constant C in all expressions. Thus, the constant C will denote a “general” constant and will
be used in this and forthcoming sections.

First, we match Z; on both the left and the right hand side of the bump region (regions 2
and 4) with the exponential behavior of the bump region (Region 3). From (3.72), we obtain
to leading order

s 4 af1—

Voump(8) = ez (Wbump,l(s) + inump,Z(S)) =Ce 2 e §

+ \okw

If s = a™t, where 0 <y < 1 and ¢t = O(1), both the WKBJ solution and vp,mp are valid. So,
for vpump, We obtain to leading order

2
[P A 1= gy
Vbump(aiyt) = Ce 2i0a Vtet I-Fa t’ (378)

and, for e
V(€)= 7 e D7, (g,

we obtain to leading order

1-d a1 [ 2
K t K t\2 . K 2 t 2 L k-
vy (_0 + _) _ (_0 + _) 2 e—%la(T?Jr”iy) Zl (@ + _) — C(i) e*%u(oa “/tciet 1 7 a 71,

a 1724 a 724 a 724 Ko
(3.79)

where the + sign should be chosen for + < 0 and the — sign should be chosen for > 0.
Expressions (3.78) and (3.79) match perfectly. We have now extended the exponentially
decaying solutions as s tends to +co in the bump region to Region 4a, and the exponentially
decaying solutions as s tends to —oco to Region 2, see Figure 1.3.2 or Definition 1.3.6.

3.2.8.3 Matching the WKB]J solutions with the inner region

In the inner region, Region 1, |¢| <« [ll, see Definition 1.3.6. Since |Q| < 1, eigenvalue

equation as formulated by (3.73) is also valid in this region. We want to study the solution
to this equation for small £&. The solution is as in Section 2.2.1 given in terms of modified
Bessel functions:

Vimer (&) = C@ET 129, (3.80)
And the asymptotic form for large £ resembles (2.8). The matching of

-1 1201
Zinner(é‘:) = é‘: 2 e4la§ /a ls)vinner(é‘:)

with Z;(£), as given by (3.76), is completely similar as the matching procedure presented in
Section 2.3.2. The matching can always be done and there are no conditions arising from the
matching procedure.

3.2.8.4 The turning point

The analysis in this section closely resembles the one presented in Section 2.3.6. However, in
order to derive Lemma 3.2.10 in Section 3.2.8.7, we choose to represent a considerable part
of the analysis. Our aim in this section is to construct a solution to equation (3.74) in Region
4b, see Figure 1.3.2 and Definition 1.3.6. Following the reasoning presented in Section 2.3.6,
we conclude that equation (3.74) admits a turning point at & = 2, i.e. at x = 1, where the

a’
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coeflicient of Z in this equation vanishes at leading order. Therefore, a WKBJ solution is not
valid.

We again consider equation (3.74), this time, however, we are not looking for a real-
valued solution. Thus, we set z = 2\/“%, zoom in around the turning point by setting 7 =
a1 (z - 1) and pose the leading order expansion

Zturning(z) = aﬁzZ(z), (3.81)

where by Zuming(z) we denote the solution of equation (3.74) in Region 4b. From equation
(3.74), we obtain to leading order

y 2 . 8
T — —82—2ia2'8“1(; +21-d)|Z=0

and from balancing terms, we obtain | = % The solution of this equation is given by Airy
functions:
Z(y) = C3Ai(y) + C4Bi(y),

1 ~
where y = —27 — 42(2 + 21 - d).
3.2.8.5 A WKBJ] analysis in Region 4c

In this section, we construct a solution to equation (3.74) in Region 4c, see Definition 1.3.6.
The analysis in this section closely resembles the one presented in Section 2.3.4. Since, as
also stated in Section 2.3.4, the solution of equation (3.74) in which we are interested will
not be real-valued in this region, we cannot proceed as in Section 3.2.8.2. We construct a
solution of equation (3.74) with the complex WKBJ method.

With the rescaling z = 5 \;%, we transform equation (3.74) to

4
Zr: = 02007, =0, (3.82)

where ¢»(x) == 1-— e % (% +21 - d) and by Z, we denote the solution of equation (3.74) in
Region 4c, i.e. on the right hand side of the turning point. This equation has the same form
as equation (3.75). Therefore, the solution is, similarly to (3.76), to leading order given by

! (cr+e% FN-e®d& L o 3 ) V-a6 d) . (3.83)

Z =
@)

Note that —g»(s) is at leading order real-valued and positive in Region 4b. We evaluate to
leading order

7 . ia(2+21-d)
]jvmdszfvsz_l+”2—_l

N +(§(3 +271—d)— %)log(z+ NE. 1)+c. (3.84)
(oa

2

ds

We now match with (3.81), i.e. with the solution around the turning point, by introducing the

_ A/
intermediate scale z, = Za%, with 0 < 5 < % Using the asymptotics of Ai(y) and Bi(y),
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(3.81) becomes to leading order

c 4 ; 4 ;
Zming = @ ———— [C3 cos ( \/§3a (a”z,])2 - ;_r) + Cy sin ( V2— (a"z,7>2 - E)] ,

(@) ah o *
(3.85)
which should match with Z,. We evaluate to leading order
1+a'z, 1+a'z, . (2 ~
ia(=+24—-d
¢2(3) ds = f V1—§2—Md§
1 1 4V1-32
1+az,
s TG ( +21- d)
= -2(-1- 5
1f ( ) 44-2(5-1)
) ~
2 3 oa (; + 24 - d)
= —i\/z a'zy) - ———= \Ja'z
( ’7) 7 \/5 n
3
= -z V2 (az,)"
which gives
3
Z, = — Z C,s exp [+—t\/_(a zq)z]. (3.86)

(@ z,,)

We conclude that (3.85) matches with (3.86) if 8, = —é.
The matching of Zyming With Z;, the solution in Region 4a, can be done in a completely
similar fashion.

3.2.8.6 Matching the WKB]J solutions with the far field

In the far field, Region 5, & > é and it is located far right of the turning point, see Definition
1.3.6.c. Therefore, we introduce the intermediate scale & = % +a’t, where 1 <y < 2. This
gives at leading order z = 2a' 7t and £ = a71.

As in Section 2.2.3, the far field behavior of the solution of equation (3.73) is to leading
order given by

Vo = CEF 740 = C a7ty w0 (3.87)
Alternatively, one could use the far field behavior of solutions of the parabolic cylinder equa-
tion (3.82) which is, for example, given by expression (12.9.1) in [33], this leads to the same
expression. If we choose C,_ = 0 and use the leading order approximation z = %al‘yt in
(3.83) and (3.84), we obtain to leading order

- f— ——laf Z é_-— ——tafz/(l ts)Z
1-d a' =22 _1_1.d a2 ilna™t Ina™
=C(a’1)? Y175t - _
(a71) exp( 20 l))(a ) exp(4(1_i£))exp( p +0( . ))
_1_q_i
- c(a—w) e (3.88)

If we would not choose C,_ = 0, then we would introduce an exponentially growing term in
equation (3.88). Thus, the WKBJ solution (3.83) matches with the far field behavior given
by (3.87)iff C,_ = 0.
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The function v,, as defined by (3.88), only decays (and is only bounded) if —é—Re D <0
holds. Thus, from the far field analysis, we conclude that the analysis in Section 3.2 is valid
only if

1 8
—— —Re() <O.
o

This concludes the proof of Proposition 3.2.9.
3.2.8.7 Exponential localization of eigenfunctions in the bump region

As stated in Section 3.2.8.6, we can only match with a decaying (or bounded) solution in
the far field if C,_ = 0. In this section, we show that, if |[1] < 1, only solutions that are
exponentially localized in the bump region match with algebraic solutions in the far field. We
formulate the result in a lemma.

Lemma 3.2.10. Let v = evy(€) solve (3.2) with vy bounded and X = O(a), then [vy(s)l,

where s = & — 2, is at leading order exponentially decaying as |s| tends to oo, i.e. in the scale

Isl=atwithO <y < 1land 0 <t=0().

Proof. As stated, to match with algebraic behavior in the far field, it is required that C,_ = 0.
This implies that (3.85) matches with (3.86) iff iC5 = C4. In the intermediate scale in between
Region 4a and 4b, on the left hand side of the turning point, the Airy Ai(Z) function grows
exponentially as 7 tends to —oco and the Bairy Bi(Z) function decays exponentially as Z tends
to —oo. By continuing further through Region 4a, we conclude that this can only be matched
with exponential decay from the bump region. A similar argument hold on the left hand side
of the bump region (Regions 1 and 2). O

3.3 Bounded solutions in the bump region

In this section, we analyze solutions of eigenvalue problem (3.4) that satisfy Property 3.1.2.
Due to the reasoning in the following paragraphs, we expect solutions that satisfy Property
3.1.2 to correspond to the essential spectrum of the linear operator Ly (a) in eigenvalue prob-
lem (3.4).

We first consider the case of a linear second order differential operator L’(x), where x € R,
with asymptotically constant coefficients as also considered in the appendix of Chapter 5 in
[19]. For such an operator, the essential spectrum consists of those A for which there is a
solution u in the kernel of L’ — A such that: u is bounded, but does not decay for either x
tending to oo or x tending to —co. These bounded solutions in the kernel of L' — A appear
in two-parameter families, since imaginary eigenvalues appear in complex conjugate pairs.
Thus, this means that there is a one-parameter family of bounded solutions. This parametrizes
the essential spectrum, see [19]. Thus, we conclude that if a linear operator has asymptotically
constant coefficients, then the essential spectrum can be found by analyzing solutions of L' —A
that are bounded for large x.

The described method to determine the essential spectrum is only derived for systems with
asymptotically constant coefficients. The linear operator Ly(a) as defined by (3.3), which we
are studying in this chapter, does not have asymptotically constant coefficients. However,
as explained in Section 3.1, this operator can, in the bump region, be seen as a perturbation
of the linear operator that also arises in the NLS. And, as is the case in the NLS, the linear
operator Ly(a) does, in the bump region, have asymptotically constant coefficients, i.e. in the
scale s = a™’t with 0 < v < 1. Consequently, in Section 3.3.1, we show that, at leading order,
the spectrum that arises by studying solutions that satisfy Property 3.1.2 indeed corresponds
to the essential spectrum that arises in the NLS.
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The family of, in the bump region, bounded solutions that parametrizes this part of the
spectrum will be taken as a starting point. There are now two questions that remain unan-
swered. First, can this family of bounded solutions be extended (with a leading order match-
ing procedure) to the whole to domain in such a way that Property 3.1.2 is satisfied? If this is
possible, we have constructed a family, parametrized by A of bounded solutions in the kernel
of Ly(0) — A. Since, discrete spectrum is by definition isolated (see [19]), this corresponds
to essential spectrum. And second, can we through a perturbation analysis determine the
perturbed (essential) spectrum?

Answering the latter question in the previous paragraph appears to be enough to conclude
that potential essential spectrum does not lead to instability: we will show that if any essential
spectrum would exist, then it must be contained in the subset {z € C : Rez < 0)}. This then
results in Theorem 3.3.3 which states that the essential spectrum does not lead to spectral
instability.

We now write eigenvalue problem (3.4) in a form that is convenient for the analysis per-
formed in this section. Consider equation (3.4) and write v = v; + iv, and ¥ = v; — iv,. Note
that 7 is not the complex conjugate of v in the eigenvalue problem, since in the eigenvalue
problem the components v; and v, of V can be complex! We obtain the system:

v;;) +ia (gvf + év) + (1 +ibKa) ((o- + DIOv + 0’|Q|2”72Q29)

=—ilv (3.8%a)

_V+(1_i8)(v.f<‘:+

-7+ +ie) (\7‘;:5 + ﬁf) —ia (5\75 + 01_\7) + (1 - ibKa) ((O’ + 1)|Q|2‘T‘7 + O-|Q|20'—2Q'2v)

=ili  (3.89b)

Remark 3.3.1. Note, that if (v, 9, ) solves this system, then (5, v, /_l) solves this system as
well. Thus, the spectrum is symmetric in the real axis.

Remark 3.3.2. In this section, we do not restrict ourselves to the case o = 1.

3.3.1 Bump region

In this section, we study solutions to (3.89) in the bump region far away from the bump, i.e.
foré =245, 5s=at< l% with = O(1) and 0 < y < 1, that satisfy Property 3.1.2.a or
3.1.2.b. In this scale, differential equation (3.89) has at leading order constant coefficients.
Moreover, since Q is exponentially small in this scale, see Section 2.2.2.1, system (3.89)
decouples in this scale. We only study the first equation of the system in the bump region,
since the second equation is the complex conjugate. The full spectrum can be found by
reflection in the real axis. We pose the following expansions:

v(s) = vo(s) + avi(s) + O (a?), (3.90a)
A=A +al +0(d?). (3.90b)

At leading order, we obtain

vy + ikgvg + (idg — vy = 0,
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where by * we denote differentiation with respect to s. As stated, we look for bounded solu-
tions. Taking '
vy = Coe®0s (3.91)

leads to
ilo = 1+ & + koo (3.92)

This set, parametrized by (p, corresponds to the imaginary axis from which the segment

i[—a, a] is removed, here as before @ = 1 — % > (. As stated in Section 3.1, the unperturbed
NLS spectrum will be taken as a starting point for our study and we recognize this as the
essential spectrum of the NLS, see [25].

We proceed with the analysis at next order. The equation for v, is given by

; . - . . i .
v+ ikov) + (idg — Dy = — - vy + iKovy — isvy — Vo idvo. (3.93)
0

Our goal is to determine all 4; for which this equation has a bounded solution. Furthermore,
this may also yield restrictions on ¢y. Equation (3.93) can be solved using variation of con-
stants. It follows that in order to prevent secular growth in vy, the —isvj term in the right hand
side of (3.93) has to vanish. The —isv( term in the right hand side of (3.93) also distinguishes
this case from the one discussed in [19]. Using (3.91) leads to the following conclusions:

=0, (3.944)
vo(s) = Co, (3.94b)
A=y +ad, +o(a) = i — g + o(a). (3.94¢)

Whether essential spectrum exists or not, we can already conclude that it will not lead to
spectral instability since Re 4 < 0.

In problems where the linear operator has asymptotically constant coefficients, the me-
thods in [19] can also be used to determine the perturbed essential spectrum. Note that the
above perturbation analysis would in those cases lead to the same result.

3.3.2 Outside the bump region

So far, we have constructed bounded solutions in the bump region, but far away from the
bump. Since the solution is defined on an interval, this information enables us to find a
unique solution of equation (3.89), i.e. we can extend it to a solution on the whole domain.
From ¢y = 0, we concluded that v, is constant. Upon inspection, it can be verified that the
constant solution indeed solves equation (3.89) at leading order in all regions away from the
bump in the bump region if 1 = —i + —£.

Note that a construction in the bump region itself is hard, since then the nonlinear terms
in Q will play a role, we will not go into those details.

3.3.3 Conclusion

We formulate the main conclusion of this section in a theorem.

Theorem 3.3.3. Let 0 < a < 1 and let o and d be such that Assumption (1.2.2). Then, the
spectrum of the linear operator Ly(a) defined by eigenvalue problem (3.4) that arises from
studying solutions of (3.4) that satisfy Property 3.1.2 is either empty or contained in the set
{ze C:Rez<0)}
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Note that, although there is no essential spectrum that leads to instability, there is a possi-
bility that eigenvalues pop out of the essential spectrum, see [25]. Since this type of analysis
will be technical, we, currently, will not investigate this possibility for two reasons. First,
as mentioned in Section 1.3.1, numerically we do not expect any spectral instability aris-
ing from radially symmetric perturbations for the m;"™*-solution. Second, in Chapter 4, we
will show that the m;p P_solution is unstable anyway with respect to non-radially symmetric

perturbations.

3.4 Conclusions

We briefly summarize the findings of the previous sections. We analyzed the stability of the
radially symmetric mjy-solution Q,,,(¢) of equation (2.3) with a bump at ¢ = g, see Figure
1.3.1 and Definition 2.2.2. An asymptotic construction in the small parameter a of the m,-
solution is presented in [9] and is extended to higher order in Chapter 2. Upon analyzing the
stability, we arrived at eigenvalue problem (3.4). We investigated two types of solutions of
this eigenvalue problem: solutions that decay in the bump region and solutions that remain
bounded (but do not decay) in the bump region, see also Properties 3.1.1 and 3.1.2.

In Section 3.3, we showed that spectrum that arises from solutions that satisfy Property
3.1.2,i.e. the perturbed NLS essential spectrum, is contained in the subset {z € C : Im (z) < 0}
and thus does not lead to spectral instability, see Theorem 3.3.3. Furthermore, potential
eigenvalues popping out of the essential spectrum are not investigated, see Section 3.3.3 and
[25].

In Section 3.2, we analyzed exponentially decaying solutions in the bump region, i.e. so-
lutions that satisfy Property 3.1.1. For a = 0, there is an eigenvalue 1 = 0 with algebraic
multiplicity 4 corresponding to certain symmetries among which a phase and a translation
invariance, see Section 3.2.3. These eigenvalues correspond to the unperturbed NLS point
spectrum. The eigenfunctions decay exponentially in the bump region. The perturbation
breaks the translation invariance and three of these eigenvalues perturb and become O(a)
close to 0. One of the eigenvalues becomes positive, but corresponds to an irrelevant symme-
try, see Remark 3.2.3.

In Section 3.2.8, we matched solutions that are exponentially localized in the bump region
to the far field and inner region in such a way that Property 3.1.1 is satisfied, see also Figure
1.3.2. We showed that this is only possible if the inequality Re g > —i holds, see Proposition
3.2.9. Since this result does not influence the right half of the complex plane, it has no impact
on any conclusions drawn concerning the stability of the m;,-solution.

From Corollary 2.2.7, it follows that the system (2.3) combined with Assumption 2.2.1
undergoes a saddle-node bifurcation upon (for oo = 1) passing the curve D(d,b,o = 1) =0
in the strip 2 < d < 3 of the (d, b)-plane, where D is defined by (2.43), see also Figure 2.2.1.

When only the perturbed NLS spectrum is considered (for o= = 1), it follows from Lemma
3.68, Lemma 3.2.7 and Corollary 3.2.8 that only at the saddle-node bifurcation the stability of
the my-solution can change. From this, it can be verified that the m,™"-solution is spectrally
stable and that the mlz"Wer -solution is spectrally unstable, see Figure 3.4.1a.

Finally, through expressions (3.62), (3.63) and (2.26), the location of the two non-trivial
eigenvalues (4 = 0 and A = 2a are considered trivial) can be computed through numerically
solving a system of equations. For two specific examples, we have constructed a graphical
representation of this, see Figures 3.4.1b and 3.4.1c. Figure 3.4.1b is directly related to
Figure 3.4.1a. This figure shows for each point on the curve displayed in Figure 3.4.1a and
parametrized by «( the location of the two nontrivial real-valued zeros (4 = 0 and 4 = 2a
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(a) The saddle-node bifurcation of the my-solution for o = 1 and d = 2.2, see Corollary 2.2.7. When only the

perturbed NLS spectrum is considered, the upper branch corresponding to the mgpper—solution is spectrally stable,

and the lower branch corresponding to the mlzoWer -solution is spectrally unstable.
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(b) The location of the two nontrivial real-valued zeros (1 = 0 and A = 2a are trivial) of the Evans functions as given
by (3.62) for each point on the curve displayed in Figure 3.4.1a and parametrized by «o.
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(c) The location of the two nontrivial zeros (4 = 0 and A = 24 are trivial) of the Evans functions as given by (3.62)
for o = 1, b = 0 and d ranging from 2 to 4.

Figure 3.4.1: Several stability results. Solid lines indicate spectral stability, dashed lines indicate

spectral instability and the gray dashed lines indicate the threshold at Re 4 = — £, see Proposition 3.2.9.

o
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are trivial) of the Evans functions as given by (3.62). The solid lines correspond to spectral
stability and the dashed lines correspond to spectral instability. Exactly at the saddle-node
bifurcation, one of the eigenvalues crosses the imaginary axis. The gray dashed lines indicate
the threshold at Red = —£%| | = —a, see Proposition 3.2.9. This proposition implies that
everything below the gray dashed line should be “ignored”. Since although for these values
of A there exists a solution V of eigenvalue problem (3.4) that satisfies Property 3.1.1.a and
3.1.1.b, this solution does not satisfy Property 3.1.1.c and 3.1.1.d. Figure 3.4.1c is constructed
and can be interpreted in a similar way as Figure 3.4.1b. In Figure 3.4.1c, the parameter b = 0,
o = 1 and d ranges from 2 to 4. For b = 0, only the m;p P"_solution exists (see Lemma 2.2.6
and Figure 2.2.1) and, as can be seen in Figure 3.4.1c, the non-trivial eigenvalues are negative.
We formulate the main result of this chapter in a theorem.

Theorem 3.4.1. Let 0 < a < 1, let o = 1, consider the region R in the (d, b)-plane defined
by (2.42) and let (d,b) € R. If d < 3, then the spectrum obtained by studying solutions of
eigenvalue problem (3.4) that satisfy either Property 3.1.1 or 3.1.2 does not lead to instability
for the my™"-solution of (2.3) as defined by Definition 2.2.8 and does lead to instability
for the ml;W”-solution of (2.3) as defined by Definition 2.2.8. Furthermore, if d > 3, then
the spectrum obtained by studying solutions of eigenvalue problem (3.4) that satisfy either
Property 3.1.1 or 3.1.2 does not lead to instability for the my-solution as defined by Definition
2.2.2.

Proof. As in Theorem 2.5.1, we argue that the stability analysis in Chapter 3 using asymp-
totic methods can be made rigorous. However, we will refrain from such a purely technical
exercise.

From Corollary 2.2.7, it now follows that only in the region R this solution can be con-
structed. Combining Lemma 3.2.5, Corollary 3.2.8, Proposition 3.2.9 and Theorem 3.3.3
leads to the desired result. O

Corollary 3.4.2. Under the conditions stated in Theorem 3.4.1, the mlz”“’”—solution is linearly
unstable with respect to radially symmetric perturbations.

Proof. Spectral instability caused by an eigenvalue implies linear instability, see Remark
1.4.3. O

Finally, we note that this result is in line with the numerical simulation in [9]. These simu-
lations imply that the m,-solution is stable with respect to radially symmetric perturbations
ford=3and b =0.



Chapter 4

Stability with respect to
non-radially symmetric
perturbations

In this chapter, we study the spectral stability (see Definition 1.4.2) with respect to non-
radially symmetric perturbations of the stationary m,™* -solution of equation (2.1) as defined
by Definition 2.2.8. Recall that the m;p P_solution is constructed asymptotically in Section
2.2, see also [9, 40]. In Chapter 3, we showed that, when only the perturbed NLS spectrum is
considered, the m,""-solution is spectrally stable with respect to radially symmetric pertur-
bations, see Theorem 3.4.1. We also showed in Chapter 3 that the mlz"wer-solution as defined
by Definition 2.2.8 is spectrally (and linearly) unstable with respect radially symmetric per-
turbations, again see Theorem 3.4.1. Therefore, we do not study stability with respect to
non-radially symmetric perturbation of the mlz"wer-solution.

In this chapter, we set ourselves the following goal. We want to investigate to what
extend we can use the developed machinery in Chapters 2 and 3 to study spectral stability
with respect to non-radially symmetric perturbations of the m,”™" -solution.

The theory in this chapter is valid for all o for which the m;p P"_solution of equation (2.1)
exists, where sufficient existence conditions are provided by Theorem 2.1.1. However, for
technical reasons, the final result is only derived for o = 1. In the text, it is indicated where

such a restriction is made.

4.1 Set-up

We now extend the set-up in which we study spectral stability as presented in Sections 1.2.4
and 3.1 to a non-radially symmetric setting. We proceed as in Section 1.2.4 and start with
equation (1.9) with boundary and initial conditions given by (1.10). After transforming to
spherical coordinates, equation (1.9) becomes

d-1 1
0, +(1-ig)|D,, + —D, + = Asdlq)) +(1+ ibg)|(l>|2"<l> =0, 4.1)
r r

83
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where x € R?, r = |x| > 0 is the radial coordinate and Ag.-1 is the Laplace-Beltrami operator
on the unit sphere $¢~! in R¥. For d = 3, the Laplace-Beltrami operator takes the form
1
Ad—1=az + cot¢g 0 +—62,
S & ¢ (41 sin2 . 2]
where 0 < ¢; < mis the polar angle and 0 < ¢, < 27 is the azimuthal angle. As in Chapter
3, our aim is to study spectral stability for non-integer values of the dimension d. We limit
ourselves to the parameter range for d and o as specified in Assumption 1.2.2. In Section
4.1.2, we explain how to interpret the Laplace-Beltrami operator for non-integer values of d.

4.1.1 The dynamical rescaling

Following the analysis in Section 1.2.4, we pose the transformation

O, 1) = B, ¢, 1) = Qa(T =) 278 0(E, 9, 7), 42)
where: ¢ € S9!, ¢ = m is the rescaled radial coordinate, 7 = _2_1(1 log % is the rescaled

temporal coordinate, w > 0 and 0 < a <« 1. As in Section 1.2.4, we can, upon rescaling,
without loss of generality restrict ourselves to the case w = 1, see also Assumption 1.3.2.
Now, Q satisfies

i0:—Q0+(1-ige) (Q&: + %Qg + é%Asd_l Q) +ia (éQ + §Q§) +(1+ibe)lQQ = 0.
4.3)
From (1.10), it follows that the boundary condition is given by
10,6, 7] = 0 as & — co. (4.4)

4.1.2 Spectral stability analysis

In this section, we set up a framework that allows us to study spectral stability with respect to
non-radially symmetric perturbations for non-integer values of d. Although we restricted the
parameter range for d as specified in Assumption 1.2.2, the approach we present to generalize
the study of non-radially symmetric spectral stability to non-integer values of d is general.
Consider equation (4.3) and assume for the moment that d is an integer. We are interested

in stability of the radially symmetric m,*™ -solution as defined by Definition 2.2.8. Thus, as

in Section 3.1, we add a perturbation v to the stationary radially symmetric m;p P_solution

Qm;pper (&) in rescaled variables:

O, ¢, 7) = Qprer(§) + (£, 4, 7). (4.5)

Note that equation (4.5) can only be interpreted for integer values of d. Substitution into
equation (4.3) and linearizing around the initially small perturbation v(¢, ¢, 7) leads to

d-1 1 1
ive = v+ (1 —ig)|ve + va + ?Asd—l\/) + ia (§v§ + ;v)

+(1+be) (o + DIQPv + 0P 2 Q%) = 0. (4.6)

We split equation (4.6) and also v in a real and imaginary part and denote the real and imagi-
nary part of v by v; and v, respectively. Equation (4.6) can now be written as the system

Ly Luaw, @.7)
dr
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where V is the vector (v, ;)" and L(a) is a 2 x 2 matrix containing differential operators. The
next step is to expand both the real and imaginary part of v in terms of spherical harmonics.
We refer to [46] Section 18.31, [22] and [30] for more information on spherical harmonics.
This expansion takes the form

0o

ViD= D VEEDY @),

=0 mel(t.d)

where j = 1,2, Yy is a spherical harmonic of degree £ and order m and I(£,d) is a set of
integers consisting of all valid orders for degree £ in dimension d. For example for d = 3, this
set is given by

1(t,3)={meZ:-t<m<{}.

Note that, although v; is real-valued, the modes vﬁ*”‘(g, 7) can be complex-valued. This is
not surprising and is completely analogous to the situation where a real-valued function is
expanding in Fourier modes ¢”: there the coefficients of individual modes can also be com-
plex. For every dimension d, the d-dimensional spherical harmonic Y}"(¢) satisfies

A YIN(B) = =L +d - )Y (). (4.8)

Note that the coeflicient of Y;'(¢) on the right hand side of this expression does not depend
on m. Furthermore, the spherical harmonics are orthogonal with respect to the inner product

f8dQ1 =0,

Sd-1

where Q,_; is the standard measure on S %!, Substitution of the expansions of both v; and v,
into (4.7) and using that the spherical harmonics are orthogonal leads to

d

—V =Ly 0V, (4.9)

dr
where we slightly abuse notation and have dropped the £, m-index for V, and Ly(a,{) is a
2 X 2 matrix [L"ﬁ] containing differential operators. This matrix can be written in the scalar
form:

; lv_g - ue +£_ 2)\/) —a(g—“v,f + év) (4.10)

+ (i - bKa) (o + DIQPv + olQP 2 Q2 (vy — ivy)),

Ly(a,O)(vi,v2)vy = —iv+ (i + Ka) (v_g_f +

where v = v| + ivo. The matrix elements L’;,j can be found by writing this expression in the
form: Ly(a,O)w = L‘l/lvl + L‘1/2vz + iL%,lvl + iL%/ZVZ. We stress again that, for reasons explained
above, v; and v, are not (necessarily) real-valued!

By substituting e*" V(&) for V into equation (4.9), we find the eigenvalue problem

Ly(a,t)V = AV. 4.11)

Note that, contrary to (4.5), eigenvalue problem (4.11) can be interpreted for non-integer
values of d and €. Thus, through formulating the eigenvalue problem in the form of equa-
tion (4.11), the non-radially symmetric spectral stability problem can be interpreted for non-
integer dimensions.
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The spectral stability of Q is determined by solutions of (4.11). We proceed as in Chapter
3 and study solutions of (4.11) that as function of the radial coordinate satisfy Property 3.1.1.
In this way, we can again use the different regions used in the asymptotic construction of the
solution, see Figure 1.3.2 and Definition 1.3.6. We start with an analysis in the bump region,
since eigenvalue problem (4.11) has at leading order asymptotically constant coefficients in
the bump region, i.e. for é = 2 + a7t with 0 < y < 1. We are now in the same setting
as described in Chapter 3. Therefore, as in Sections 3.2 and 3.3, we study exponentially
localized solutions in to the bump region to find the discrete spectrum that arise from the
perturbed NLS discrete spectrum. This study will be the topic of the forthcoming sections.

4.2 Localized solutions of (4.11) in the bump region

In this section, we study solutions of equation (4.11) that are localized in the bump region
and that as a function of the radial coordinate satisfy Property 3.1.1. We will follow the
approach presented in Section 3.2. In a similar way as in the asymptotic construction of the
my-solution, we zoom in on the bump region by setting £ = £ + s and set v(§) = e~ 0512y s)
and V(&) = e *52W(s). From (4.6) and (4.9), we obtain that (4.11) reduces to

L(a, O)W = AW. (4.12)

Here L(a, ¢) is a 2 X 2 matrix [L’j ] which is most conveniently written in the form:

K d-1 ik +d-2)
L(a,O)(wy,wy) = (i + &) (W“ — iKgWy — ZOW + aK s (wY - Tow) - QZW )
—iw+ —(k + as) (ws - i%w) - g + (i — be) ((0‘ + DISPw + O'S‘”lga_l(wl - iwz)),

(4.13)

where S(s) = €*05/2Q(s) and w = w + iw,, see Section 2.2.2. Analogous to the notation
used in (4.10), the matrix elements L can be found by writing this expression in the form:
L(@w = L"wy + L2wy + iL*'wy + iL%wy.

If{ < (ll, the term —az%w in equation (4.13) is of o(1) and, therefore, the leading
order of eigenvalue problem (4.12) is independent of £. Thus, as in Section 3.2.1, the matrix
L(a, £) reduces for a = 0 to (3.7) and L(0, £) is independent of £. Furthermore, if £ < —=, the

%9
term —a> fgijz)f)w in equation (4.13) is of o(a) and, therefore, d,L(0,¢) is also independent

of ¢. From considering different orders of magnitude of ¢ and balancing terms in (4.13), we
conclude that three different orders of magnitude for ¢ that have to be considered: £ = O (1),

(= O(\/La)andfz o(2).

Remark 4.2.1. In order to remain in the setting of Chapter 3, we do not consider the case

= O(é) Furthermore, in Section 4.2.2.1, we explain why it is not possible to apply the

methods developed here and in Chapter 3 directly to the case { = 0(\/#5) Thus, we will

restrict ourselves to the case € = O (1) in this chapter.

As in the radially symmetric case, the study of exponentially localized solutions in the
bump region, i.e. solutions that satisfy Property 3.1.1, consists of several steps.

First, the spectrum of the leading order linear operator, which is L(0, £) in the non-radially
symmetric case, must be determined. Since L(0, ¢) is independent of ¢, this is completely
similar to the radially symmetric case, i.e. the case £ = 0. Thus, it follows that, as in Section
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3.2.3, 4 = 0 is an eigenvalue of L(0,¢) with algebraic multiplicity 4 and the (generalized)
eigenfunctions are given by (3.13). This spectrum coincides with the unperturbed NLS point
spectrum and it will be taken as a starting point for our study, see also Section 3.2.3.

The second step consists of a discussion of several symmetries, see Section 3.2.3. These
symmetries are related to (generalized) eigenfunctions and eigenvalues of the leading order
linear operator. Since, the leading order operator L(0, ¢) is independent of £, Section 3.2.3
holds for all £ of O(1), i.e. not only for £ = 0 which corresponds to the radially symmetric
case.

The third step is to discuss a symmetry which is related to invariance under perturbing
the blowup point itself and will be discussed in Section 4.2.1. We will show that the operator
L(a,¢ = 1) must have an eigenvalue 4 = a. This symmetry discussion is similar to the
symmetry that gave rise to the eigenvalue 4 = 2a of L(a,{ = 0) and which is related to
invariance under perturbing the blowup time, see Section 3.2.4 and Theorem 3.2.4.

The first three steps can be seen as obtaining a priori information on the spectrum through
using invariances under symmetries. The fourth step is the introduction of Evans function
techniques, this is covered in Section 4.2.2. The Evans function is an analytic function as-
sociated to eigenvalues problem (4.12) and its zeros correspond to the eigenvalues of (4.12).
The results derived by using the Evans function must of course be in line with the information
about the spectrum obtained by using symmetry arguments.

The fifth step is to determine whether the eigenvalues and (generalized) eigenfunctions
persist for the perturbed linear operator L(a, £). Cases in which the eigenvalues do not persist
correspond to a breaking of the symmetries that gave rise to the corresponding eigenvalue
in the unperturbed linear operator L(0, £). This analysis leads, similar to the one in Section
3.2.5, to solvability conditions that can be used to evaluate derivatives of the Evans function.
These derivatives of the Evans function can be used to determine the perturbed eigenvalues
by means of a Taylor expansion of the Evans function.

The analysis will end with a detailed discussion of the cases £ = 1 and € = 2. We will
show that both of these modes will lead to spectral instability. Note that this also makes the
study of the higher order modes less relevant, see Remark 4.2.1.

4.2.1 Symmetries and an irrelevant positive eigenvalue 1 = a

In Sections 3.2.3 and 3.2.4, we related symmetries of equations (1.15) and (3.14) to eigenval-
ues and corresponding eigenfunctions. For this, we used the blowup time T': a free parameter
of rescaling (1.12) which was introduced in the construction presented in Section 1.2.4. In
this section, we will use another free parameter: the position of the blowup point xy, i.e. the
point to which the blowup contracts, to find a positive eigenvalue 4 = a > 0 of L(a,{ = 1).
This possibility to perturb x is the second freedom introduced through rescaling (1.12). Note
that in rescaling (1.12), we have implicitly chosen xy = 0. But, it can be seen that equation
(2.1) for Q is independent of x( and thus x is indeed a free parameters introduced through
rescaling (1.12).

It is desirable to express the from the symmetry resulting eigenfunction in terms of the
spherical modes Y7, since, then, it is easier to relate the results to the forthcoming Evans
function analysis presented in Section 4.2.2. Therefore, we will first present an intuitive
approach in Section 4.2.1.1 through which we can find the positive eigenvalue 4 = a and
corresponding eigenfunctions by inspection. However, we still need a symmetry argument,
as in Section 3.2.4, to argue that the corresponding positive eigenvalue is irrelevant.
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4.2.1.1 Intuitive approach

In this section, we present an intuitive approach through which we derive that the operator
L(a,¢ = 1) has a positive eigenvalue A = a. Through differentiation of equation (2.3a) with
respect to &, it follows from (4.13) that 0; Q(&) satisfies

—iLy(a, € = 0)(Re 80, Im 3; Q) = [(1 — i) (agér + %ag) -0+ ng +iagdg | 0:0
— d-1
+ (1 + be) ((0‘ + DIOP79:0 + 0'|Q|2"’2Q265Q) =(1- is)?ﬁgQ — iad: Q.

If the term (1 — ia)d;zlan would not be present on the right hand side, then d:Q would be
an eigenfunction of L(a, £) with eigenvalue A = a. Equation (4.8) inspires to try the educated
guess (Y;'Re 9:Q, Y}'Im 0:0)" as eigenfunction for L(a, £). Note that the components of this
vector are complex. A direct computation shows

Y'Red:Q| |, d-1 . {(+d-2) Y!"Re 80
Ly(a,{) [Y;"Imafg] = ((l + 8)—§2 (i+ 8)—52 +a —

We conclude that choosing ¢ = 1 leads for the m;-solution to the following lemma.

Lemma 4.2.2. The operator L(a,{) defined by (4.13) has for € = 1 and m € {-1,0,1} an
eigenvalue A = a with corresponding eigenfunction given by

Y™ Re(S'-3ikoS)
Y Im (S’ —%ikoS)

4.2.1.2 Perturbing the blowup point x;

A second way to derive the result obtained in Lemma 4.2.2 is to perturb the blowup point xq
of the solution ®@(x, t, xo) of equation (1.9). This section follows the same approach as the one
presented in Section 3.2.4.2. As in Section 3.2.4.2, we will argue that eigenfunctions related
to a symmetry that gives rise to a family of blowup solutions are not relevant in the present
spectral stability analysis, since they correspond to perturbations in the direction of another
blowup solution.

Note that symmetry arguments related to perturbing the blowup point itself in a non-
radially symmetric setting can only be interpreted for integer values of d. We will generalize
the result to non-integer values of d by not allowing for eigenfunctions that for integer values
of d correspond to a perturbation in the direction of a different blowup solution. So, in this
section, we will assume d to be an integer at first and then we will generalize the result to
non-integer values of d. For existence of solutions, we restrict the range of the valid values
for d as described in Assumption 1.2.2, although the arguments in this section are general
and would hold for all integer-valued d > 2 if a valid m;-solution exists.

As in Section 3.2.4.2, we write rescaling (1.12), which is also used in the non-radially
symmetric case (see (4.2)), for a perturbed blowup point

X5 = Xo + 0AXp,
where 0 < § < 1 and Axy € R? with |Axy| = 1, as:

- 1 T-1t
&= = 7:=—-—1log

o 25 108 —— O(x, 1, x5) = L(1) "7 €7 Q(&5), (4.14)




4.2. Localized solutions of (4.11) in the bump region 89

where
L) = \2a(T - 1).

Since the rescaled equation for Q does not explicitly depend on the blowup point xy, see
equation (1.15), it follows that we have constructed a blowup solution ®(x, ¢, xg) for every
xo € RY, i.e. the blowup profile is translation invariant and ®(x, ¢, xo) satisfies (1.9) for all
xo € R4, We expand D(x, 1, x5) in powers of 6 and obtain

D(x, 1, x5) = L) 7 €70(&;) = Lty 7 e (Q(fo) +6Q'(£) ﬁ ot 0(52))
= L(t) 7" (&, 7, 0),
where
- - ) ~
,T,0) = - , 0(6%),
Ot .0) = Oo(6) = —=01(60.7) + (6)
0o(&) = 0(&),
~ - -A
01(60.7) = e‘”%g(&» = ¢ 0/ (£0) €08 L(x — 0. Axp),
and where we have also used the relation — = Here, we denoted by Z(x — xg, Axop)

\2aT L(t)
the angle between the vectors x — xy and Axy. Rescaling (4.14) is defined in such a way

that O(&, 79, 6) satisfies equation (4.3) for all § < 1. Thus, we substitute Q(&,7,6) into
equation (4.3) and expand the resulting equation in powers of 6. At O(1), we obtain that
Qo(fo) satisfies, as expected, equation (2.3a). At O(d), we obtain that Ql(fo, T) satisfies

[(1 — ig) (550 + df;l
; 0

(1 +ibe) |(o + DIQP701(&, 7) + a|Q|2"‘2Q25<§o,r)] +iaQi(&,7)=0. (4.15)

1 ia ~
Ogy + 5 Nosa | = 1+ = + iaéode, | 0160, 7)
& T

Upon comparing this expression with equation (4.10), we conclude that

Re Q' (&) cos £(x — xp, Axp)
Im Q' (&) cos £(x — xp, Axp)

is an eigenfunction of Ly(a,{) corresponding to eigenvalue a. However, it is desirable to
express this eigenfunction in terms of the spherical modes Y7', since then we can relate this
result to the forthcoming Evans function analysis. In order to do so, we use the addition
theorem for the spherical harmonic functions (see [22]):

Xy o7 __
cos/(x,y)= —= = ——< Y™ (d)Y0 (B)), (4.16)
Y Ixllyl  #I(£=1,d) meélm (=1 (@)Y (Dy

where ¢, and ¢, are d — 1 dimensional vectors and denote the angular coordinates of respec-
tively the points x and y in R?, o4 is the surface area of the unit sphere in dimension d (in
particular o3 = 4x) and #I(¢, d) is the number of spherical harmonics modes of degree £ in
dimension d (in particular #I(¢ = 1,d = 3) = 3). We conclude that for all angles 0 < ¢y < 27
the relation

Q&) cos x =30, Ax0) = QG0 ) VLGV, @17)
mel(t=1,d)
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holds, where (&), ¢o) are spherical coordinates centered around % Note that the right hand
side of (4.16) is always real-valued. Through varying the angle ¢xy,, it can be seen that (4.15)

and (4.17) are equivalent with the statement that

[Y;ﬁ Re Q’]
y? ImQ

is an eigenfunction of Ly (a, {) corresponding to eigenvalue A = a. This concludes the second
proof of Lemma 4.2.2.

4.2.1.3 Conclusion

Lemma 4.2.2 shows that the operator L(a, £ = 1) as defined by (4.13) has a positive eigenvalue
A = a. This eigenvalue is related to a translation invariance of the blowup profile itself and
corresponds for each m € {—1,0, 1} and £ = 1 to an eigenfunction of L(a, {). Analogous to the
conclusion reached in Remark 3.2.3, we again argue that this positive eigenvalue is irrelevant
since we do not allow for perturbations in the direction of a different blowup solution. The
symmetry discussed in Section 4.2.1.2 shows that the corresponding eigenfunction is indeed
a perturbation in the direction of a different blowup solution. As already noted, we will
consider the positive eigenvalue to be irrelevant for both integer and non-integer values of d.
We formulate the conclusion in a remark.

Remark 4.2.3. The eigenvalue A = a of operator L(a,{) as defined by (4.13) is related to a
perturbation in a direction tangent to a family of blowup solutions. Since we do not allow for
such perturbations, it is irrelevant in the setting in which we study spectral stability.

4.2.2 Evans function techniques

We will now define the Evans function E(4, a, €) related to eigenvalue problem (4.12). As
explained in Section 3.2.2, the Evans function E(4, a, {) is an analytic function whose zeros
correspond to the eigenvalues of the related eigenvalue problem.

The Evans function is constructed in a similar way as in Section 3.2.2: consider the
linearly independent solutions Yi(s,a, 4, ), Ya(s,a, 4,), Ys(s,a,A,{), Yu(s,a,,€) of the
eigenvalue problem (4.12) for which Property 3.2.1 can be satisfied, then the Evans func-
tion E(A, a, ) is defined as in (3.11).

Since, as is also the case in Section 3.2.5, the upcoming Evans function analysis is very
technical, we will, for simplicity, again make the following assumption:

Assumption 4.2.4. Unless stated otherwise, in Sections 4.2.2, 4.2.3, 4.2.5 and 4.2.6 we as-
sume that o = 1.

As discussed in Section 4.2, for £ < é, the eigenfunctions of L(a = 0, ) are given by

(3.13). And thus, as in (3.62), we have
E(,a=0,0)=-2"

These four zero eigenvalues may be perturbed into the right half of the complex plane for
a # 0, which will imply spectral instability, see Definition 1.4.2. The location of the perturbed
eigenvalues can be determined by constructing a Taylor expansion of the Evans function.
Theorem 3.2.4 presents such a Taylor expansion for £ = 0 and can be used to investigate
spectral (in)stability with respect to radially symmetric perturbations. In this section, we will
construct such an expansion for 0 # £ = O(1). From Lemma 4.2.2, it follows that for £ = 1
we expect the Taylor expansion of the Evans function to have the following form:

EQa,t=1)=1-a) (E3/l3 + Ex%a + E\Ad* + Eyd® + 0(3)) . (4.18)
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For ¢ > 2, the leading order Taylor expansion of the Evans function will have the following
general form:

(9;*15(0,0,5)14 8.03E0,0,0) ,  829%E(0,0,0) 22

E@.a.0 = =5 MRETTY T
830,E(0,0.¢ G*E(0.0.¢
a ‘1'(3' gt + (4' )a4+0(4), (4.19)

where we expect no additional structure arising from symmetries.

Initially, we will perform the Evans function construction (and analysis) with functions
Y;, where i = 1,2, 3,4, that satisfy only Property 3.2.1.a or Property 3.2.1.b. In Section 4.2.4,
we will determine whether Property 3.2.1.c or 3.2.1.d can also be satisfied. This will lead to
the condition formulated in Proposition 4.2.6. This proposition is similar to Proposition 3.2.9
as derived in Section 3.2.8.

The rest of this Section is devoted to deriving expressions for the coefficients in (4.18) and
(4.19). In order to do so, we first proceed as in Section 3.2.5 with verifying solvability con-
ditions and computing the higher order corrections of the (generalized) eigenfunctions. And
second, we express derivatives of the Evans function, analogous to the analysis in Section
3.2.6, in terms of these solvability conditions.

1
4.22.1 Thecasel =0 (%)
In this section, we will show, for o = 1, that one cannot directly extend the Evans function
1
Va
on the analysis presented in Sections 3.2.5 and 3.2.6.
First, we set

techniques presented in Section 3.2.6 if £ = O( ) The forthcoming arguments rely heavily

{=—.
Va
Although, we hereby introduce fractional powers in the expansion of L(a, ¢) in orders of a,
they only appear at o(a). Thus, a leading order expansion of L(a, ) is given by:

I3
L(a,t) = L(a, ) + 0,L (a, — a+ o(a).
aJla=0
Now, from (4.13), we obtain

oLl t _| 2osiims, ~20S2IReS),
N7 Va)l,L, [2oeoensiTRes: 20837 Ims,

2 p 2

Ko(ﬁffTO)+%7$7h1(0(20'+1)$%"7sﬁy Koko(')vf%(')vfios+ﬁ

+ 2 2 (4.20)
~Kokods+ &=L 9+ T 5= 55 Ko(af—7”)+%—%—ng$3”—381

We expand the (generalized) eigenfunctions in powers of a, see equation (3.26b) and proceed
as in Section 3.2.5. The persistence of ! breaks down at O(a), and, for one of the solvability
conditions, we obtain

[l

)l//“(s, 0)-v; ds

a=0
— =2
o ¢ dal
= -IL|d, Lla, — Llg )Ty, d5 = — 421
| 2( (a «/E)a:o)l/' EOMw d5 =-S5 @21
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where I1; is defined by (3.30). From Assumption 2.2.1.b and equation (2.12), it follows that
(4.21) only vanishes for £ = 0. Thus, the persistence of y'*! breaks down at O(a) in the non-

radially symmetric case if £ = O (%) This leads to the following complications in the Evans

function analysis. As we have seen in Section 3.2.6, in the expression for 92(Y; — Y3), the
solvability condition of 92! appears, see equation (3.55¢). However, we have just shown
that the persistence of /!"! breaks down at O(a). So, it is unclear how to proceed along the
lines of Section 3.2.6 and thus how derive an expansion for the Evans function. Moreover,
in the expression for d,0,(Y; — Y3), the solvability condition for d,4>' appears, see equation
(3.55¢). To evaluate this solvability condition, an explicit expression for 9,/ is required.

A similar problem arises for the persistence of >!. In that case the non-zero solvability
condition is, equivalent to (4.21), given by

[l

)wl’z(s, 0)-v, d§
a=0
-2

o ¢ 4at
[l ) Josonens=
- \/E a=0 K(z)
where « is defined by (2.12)

Thus, the Evans function analysis cannot be extended straightforwardly if £ = O (%)

with the techniques presented in Chapter 3. We will not consider this case any further. Note
that we will show that the £ = 1-mode and ¢ = 2-mode will lead to spectral instability. Hence,
it is also not necessary to analyze this case to draw conclusion concerning spectral stability
with respect to non-radially symmetric perturbations.

4.2.2.2 The case { = O(1)

In this section, we extend the Evans function techniques in the case £ = O(1) and o = 1. The
analysis in this section strongly relies on the analysis presented in Sections 3.2.5 and 3.2.6.

We proceed as in Section 3.2.5 and pose expansions for both L(a, £) and the (generalized)
eigenfunctions, see equation (3.26). From (4.13) and as discussed in Section 4.2, it follows
that the derivative d,L(0, ¢) is independent of ¢ and is given by (3.29). We also obtain that
0%L(0, ¢) takes the form:

#2L110,6)  02L12(0,0)

2 —
OO0 =181000.0) 3L000.0]" (*422)
where
) d-1_ d-1
BaLn(O,f) = 2K0 63— s — 12bKOSORCS1 —2R6511mS1 —4S01m52—2K2(33,
Ko Ko
(4.23a)
d-1
6§L12(0, f) = (d - l)Ko +2 5 Sas - 4bK()ImS1S0 - 4SoReSQ -2 (RGS 1)2 (423b)
K,
0
C+d-2
~6(Im S 1) — oy + 20472
Ko
2 d-1 2
05L21(0,6) = —(d - 1)Ky — 2 5 s0; —4bKoIm S 1Sy + 12S9Re S, + 6 (Re S)° (4.23¢c)
K
0

S +d=2)

2 9’
Ko

+2(Im S 1)2 + KoKy —
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d-1 d-1
05—

P Lxn(0,0) = 2K,
Ko Ko

s — 4bKoSoRe S| + 4Re S 1Im S| + 4SoIm S, — 2k20;.
(4.23d)

Analogous to the analysis presented in Section 3.2.5, we evaluate the solvability conditions
for (non-)persistence of the higher orders in a regular expansion of the (generalized) eigen-
function. The analysis is completely similar, but the results are different, because (4.23b) and
(4.23c) are now {-dependent.

The persistence of the eigenfunction ¢! breaks down at O (az) and the solvability con-
ditions are given by:

f ) (= (B2L0, ) ¥ (5.0) = 2(8,L(0, £) Dy (5. 0)) - vy d5

| - - -
- = I RGNS (— (2140, 0) ¥ (5,0) = 2(3uL(0, 0)) D0 (5,0)) d5

_ 8(alad(t —2) + &L —-2)—4)+12) - 6) (4.24)
- 3a/K(% ’
and
f (- (32200, 0) 4 5.0) = 20,10, 0) 9, 5,0)) - v 5
= Vo f ) $1(3) I (— (aﬁL(o, f)) Y15, 0) — 2(8,L(0, 0) D" (3, 0)) ds
By (4.25)

_ Ha(-2a(d —2) +d —6) +3)

aKo

where I1; and I, are defined by (3.30). The persistence of the generalized eigenfunction
> breaks down at O(a) and the solvability conditions are given by (3.43) and (3.44). The
persistence of the eigenfunction y'-? breaks down at O (az) and the solvability conditions are
given by:

f ) (= (02L(0, ) ¥'*(5,0) = 2(8,L(0, £)) Dty (5. 0)) - vy d5

L < < <
-z [ RGNS (= (92L(0. 0) y'2(5,0) = 2(3uL(0, 0)) D" (5,0)) d5

(4.26)
=0,
and
f ) (- (92L(0. ©) ¥'2(5,0) = 2(3uL(0. 0)) .4 (5,0)) - v2 d5
= Va f Caem, (- (210, 0) ¥ (5,0) = 2(BaL(0, £)) D' (5,0)) d5
8al(d+(-2) (4.27)
R

The persistence of the generalized eigenfunction y>? breaks down at O(a) and the solvabi-
lity conditions are given by (3.46) and (3.47). We want to stress that all the computations
presented above are non-trivial due to the same reasons explained in Section 3.2.5.
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Based upon this analysis, we derive the following expressions for the derivatives of the
Evans Function. The computation of 6ﬁE(O, 0,¢) and 6a63E(0, 0,?) is completely similar as
the one presented in Section 3.2.6 and thus from (3.50), (3.51), (3.58), (3.59) and the proof
of Theorem 3.2.4, we obtain:

VE(0,0,0) = 60%(T1 = T3) AT A(T2 =T A Y,
where 7; is as in (3.10). Also,
3.03E(0,0,0)
= 3(0u0a(T1 = T3) A Y1 AOY(Ta = Ta) A T2+ 05Ty = T3) ATy A Bada(T2 = Ta) A 7’2)|

| ey = =24, (4.28)

A=a=0

=6 (2(3 —4a)Ky —2d + 4. (4.29)

Due to the fact that the eigenfunction ' does not persist for £ # 0, it follows that
0% (1> - 'Y'4)|a= o does not vanish. Therefore, the expressions for PHE(0,0,0),820,E(0,0,0),
6281E(0, 0, £) will differ from their £ = 0 equivalents, as given by (3.60), (3.61) and (3.61),
and will depend on ¢:
PAEW0,0,0) =21 = T)ATI AR =T A T2+ A1 =T)ATI AR =T AT
+20,01(Y1 = T3) AT1 ANBuOa(Y2 — Ta) A Vol popmp

[ f T (=(92L(0,0) )y (5.0)-2(0a L(0,0)da1s"' (5,0)) 5 f Ty (5,0) as|
= -2 Det|= -
[ &1 (=(B2LO.0)W (5.0)-20a L0 (5.0)) 5 [ ¢y TT1y?2(5.0) d§
[ }o YT (=(82L(0,0))y"2(3.0)-2(04 L(0,0))0 " (5,0)) d§ f U Ly (5,0) df-
+2 Det | =
[ 1L (—(B2LO.0)W 2 (3.0)-2(0aL0,0)3atp" *(5.0)) 5 [ ¢ ITy™!(3,0) d§

[ f T (8,4 (5,0)-(0,L(O0.0)>! (5,0)) d3 f T (8,42 (5,0)— (0 L(0.0)>(5,0)) d§
—4 Det |2 )
J T (8ayp™ (5.0)~(BaLO0)Y*' (5.0)) d5 [ ¢1TT1 (Baty2(3,0)~(,L(0,0)*2(5,0)) d5

160/2(d2 —6d —28) + 60 — 27 — 2a20(d + £ - 2)
3(1//(5 ’

(4.30)

320,E(0,0,0)
= 302(T1 = T3) AT A0u0)(Ta = Ta) AT +30,0,(T1 = T3) ATy AOXT2—Ty) A 7’2|A=a=0

[ o Ta(~(2L0.0)0 M GO-20,L0.00M GO) &5 [ 1 T80 (5.0~ @uLO.LOWE.0) ds|
=3 Det|= >

f 111 (—(82L0.0)y™! (3.0)-2(8a L(0.6)3,0" 1 (5.0)) dF f &I (009" 2 (3.0)— (0 L(0.0)y??(5.0)) d§

» f YT (= (B2L0,0)y"2(3,0)-2(04 L(0,6)day'*(5,0)) d§ f UL (Bt (5,0)- (0, L(O0,0W>' (5,0)) as]
+3 Det | =

T I (~(2L00.0)0 2 (5.0)-20, L0030 2G0) A5 [ oTT) (0 (50)~@,LO.OW (.0)) ds

16(a?(d = 10)d + 6a(d +2) = @*( (d = 2 (Ko + D) (d + £ = 2) = 9) 4.31)

2
CYKO

and

GLE(0,0,0) = 602(T1 = T3 AT1 APAT2 =T AT,
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f Ui T (=(62L(0.0) )¢ (5.0)-2(0. L(0.0),y " (5.0) ) d§ f &1 (=(82L0.0)y ™1 (5,0)-2(84 L(0,0)3u 0" (5,0)) d
= —6 Det|= =
[ T (=(62L(0.0))¢'2(5.0)-2(0,L(0.0)0.0'2(5.0)) d5 [ ¢1 111 (—=(2L(0.0)y'*(5,0)-2(84 L(0,0)0ur "2 (5,0)) d5

_1280(d + € - 2)(ala(d(€ — 2) + £(L —2) — 4) + 12) — 6)

4
Ko

4.32)

Note the above expressions agree with the radially symmetric case, i.e. £ = 0, since for £ = 0
(4.30) reduces to (3.66), (4.31) reduces to (3.67) and (4.32) vanishes.

4.2.3 A Taylor expansion of the Evans function

In this section, we use the expressions for the derivatives of the Evans function, as presented
in Section 4.2.2.2, to derive a leading order expansion of the Evans Function for o = 1.

Theorem 4.2.5. Let o = 1 and let E(A,a,{) be the Evans function associated to the eigen-
value problem L(a, O)W = AW through its definition in Section 4.2.2, where L(a,?{) is given
by (4.13). Then if £ = O(1), a leading order expansion of the Evans function is given by

0%E0,0,0) ,  B30.E0,0,6) ,  HRIZE0,0,0) , , 0,IE0,0,0)
Ed,a,l) = a0 A+ 3 a+ 190 Aca +T/la
8*E(0,0,¢
+ %a“ + 0(4), (4.33)

where 6jE(O, 0, ) is given by (4.28), 8ic')aE(0, 0, ) is given by (4.29), 8§6§E(O, 0,¢) is given
by (4.30), 8,03E(0,0, ¢) is given by (4.31) and 02E(0,0, €) is given by (4.32).
Furthermore, for € = 1 the Evans function can be written as

E(la,t=1)=-a) (-2 + Ey%a + E1A@® + Egd’ + 0(3)), (4.34)
where

4 (a2(17 —2d) +3a(d - 9) + 9)

B 4.35
2 3a//<(2) ( Y
2007 _ _

E, = a ((d—-10)d - 9) + 3a(d + 11) — 18 (4.35b)

3(@ - Da
— 2 —_

g, = 16@ -1+ 53“ 12a +6) (4.35¢)

3K0

As explained in the beginning of Section 4.2.2, the Evans function is, so far, constructed
with functions Y;, where i = 1,2, 3,4, that satisfy only Property 3.2.1.a or Property 3.2.1.b.
To complete the Evans function analysis, it must be determined whether Property 3.2.1.c or
3.2.1.d can also be satisfied. This will lead to the condition formulated in Proposition 4.2.6
and will be the topic of Section 4.2.4.

The remaining sections of this chapter are devoted to a discussion of the further impli-
cations of Theorem 4.2.5 and its relation with the already presented theory. Note that the
parameters Ky and ko depend on d and b through the system of nonlinear equations (2.26).
Thus, as in Section 3.2.7, further analysis is needed to draw conclusions concerning the spec-
tral stability from the Taylor expansions presented in Theorem 4.2.5.

From Lemma 4.2.2, it follows that A = a is an eigenvalue of the Evans function if £ = 1
for all 0 < a < 1. Note that this eigenvalue indeed appears as a factor in (4.34).
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4.2.4 Matching

This section in the equivalent of Section 3.2.8 in a non-radially symmetric setting. As was
the case in Section 3.2.8, we will, in this section, not restrict ourselves to the case o = 1.

In this section, we will determine whether the functions Y;, where i = 1,2, 3,4, that are
used in the Evans function construction and satisfy Property 3.2.1.a or Property 3.2.1.b, can
also satisfy Property 3.2.1.c or 3.2.1.d. Only the requirement that Y3 and Y, should satisfy
both Property 3.2.1.b and Property 3.2.1.d leads an extra condition which is formulated in the
following proposition. This proposition is the equivalent of Proposition 3.2.9.

Proposition 4.2.6. Let £ = O(1), R be defined by (2.42), (d,b) € Rand 0 < a < 1, then: the
functions Y3 and Yy as used in the construction of the Evans function, see Section 4.2.2, that
satisfy Property 3.2.1.b can only satisfy Property 3.2.1.d if the inequality
A 1
Re (—) > - (4.36)

a g

holds.

To derive Proposition 4.2.6, we can proceed exactly as in Section 3.2.8. Therefore, we
here assume that the reader is familiar with the analysis in Section 3.2.8 and will only indicate
where the analysis differs.

The main difference is the analysis in the inner region. From (4.11), it follows that the
eigenvalue problem in the inner region reduces at leading order to

17

d-1, +d-2)
v — v
& &
As in Sections 2.2.1 and 3.2.8.3, the solution to this equation is given in terms of modified
Bessel functions:

-v=0.

Vinner(€) = CLET L (€) + Cé T Ko (€).

Since f%d K# (é) blows up in & = 0, we require Cg = 0.
The rest of matching procedure is completely similar to the one performed in Section
3.2.8, only now the constants determined in the matching also depend on ¢.

4.2.5 Analysis of the case £ =1

In this section, we prove, for o = 1, that the Evans function E(1,a,£ = 1) has next to the
positive eigenvalue 4 = a always a second positive eigenvalue. In order to do so, we first
prove two statements about the coefficients in leading order expansion of E(1,a,{ = 1) as
given by (4.34).

Lemma 4.2.7. Let o = 1, then in the region R as defined by (2.42) the inequality Ey > 0
holds, where Ey is given by (4.35¢).

Proof. From (4.35¢) and Assumption 1.2.2.a, it follows that E has the same sign as Ey(d, @),
where
Eo(d,a) = (d + 5)a® - 12a + 6.

From Assumption 1.2.2.b, it follows that 2 < d < 4 and from Assumption 2.2.1.b and (2.12),
it follows that 0 < @ < 1. Thus, (d, @) takes values in the rectangle

(da):2<d<4and0<a<1}.
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The sign of Ey(d, @), and thus also the sign of Ey, can only change in this rectangle if the
curve Ey(d, @) = 0 intersects this rectangle. In order to determine whether there is such an
intersection, we analyze the curve Ey(d, @) = 0. On this curve, d is given as a graph over a.
Solving for d gives

-5+ 12a-6

do(@) = 5

[0

The function dyp(a) attains on the interval 0 < @ < 1 its maximum value domax = 1 at
@omax = 1. We, thus, find that the curve Ey(d, @) = 0 has no intersection with the defined
rectangle and that the sign of Ey(d, a) is fixed. Evaluation at, for example, @ = 0.001 and
d = 3 shows the sign of Eo(d, ) is positive. O

Lemma 4.2.8. Let o = 1, then in the region R as defined by (2.42) the inequality E, < 0
holds, where E, is given by (4.35a).

Proof. We proceed as in the proof of Lemma 4.2.7. Thus again, for o = 1, the inequalities
2 <d<4and 0 < @ < 1 hold. We define

Ey(d, @) = a(-17a +2ad - 3d + 27) - 9.

Now, from (4.35a), it follows that E has the same sign as E,(d, ). We investigate whether
the curve defined by E,(d, @) = 0 can have an intersection with the rectangle

{d,a):2<d<4and0<a<1}.
On the curve E,(d, @) = 0, d is given as a graph over a. Solving for d gives

1702 =270 +9

@) = = a3

The function d»(a) attains on the interval 0 < @ < 1 its maximum value dyax = 5 — 2 V3
at @omax = 6 -3 V3. We, thus, find that the curve E»(d, @) = 0 has no intersection with the
defined rectangle and that the sign of E>(d, o) is fixed. Evaluation at, for example, a = 0.001
and d = 3 shows the sign of E5(d, @) = 0 is negative. o

Lemma 4.2.9. Let o = 1, then in the region R as defined by (2.42), the Evans function
E(A,a,€ = 1) has for a < 1 exactly two zeros with positive real part.

Proof. Theorem 4.2.5 states that a leading order expansion of E(1,a,£{ = 1) is given by
(4.34). Thus A = a is one of the zeros and we prove that there is always one other zero with
positive real part. From (4.34), it follows that it remains to show that the equation

— P+ Ea+EAd* + Eyd® =0, (4.37)

where the coefficients are given by (4.35), always has one zero with positive real part. Let 4,
A, and A3 be the three zeros of (4.37). Equation (4.37) can now be written as

—(A=-2DA=2)A-23)=0. (4.38)
Combining (4.37) and (4.38) with Lemma 4.2.7 implies

A - - A3 = Egd® > 0. (4.39)
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And similarly, combining (4.37) and (4.38) with Lemma 4.2.8 implies
Al + A+ A3 = Era<O. (440)

From the fact that zeros of (4.38) come in complex conjugate pairs, it follows that, up to
equivalence under permutation of the zeros, there are six possibilities:
A1 and A, have non-zero imaginary part, are complex conjugate zeros and A3 > 0;

1.

2. A; and A, have non-zero imaginary part, are complex conjugate zeros and A3 < 0;
3. Ay, A2 and A3 are real-valued and are all positive;

4. Ay, A, and A3 are real-valued, A1, 4, > 0, and A3 < 0;

5. A1, 4> and A3 are real-valued, A4; > 0, and A, A3 < 0;

6.

A1, A3 and A3 are real-valued and are all negative.
Now, inequality (4.39) rules out possibility 2, 4 and 6. And, inequality (4.40) rules out
possibility number 3. So only possibility 1 and 5 remain. Furthermore, inequality (4.40)
implies that in possibility 1, the two complex conjugate eigenvalues have negative real part.
Thus, we conclude that (4.37) has exactly one zero with positive real part. O

Note that Lemma 4.2.9 implies that the £ = 1 is unstable and, thus, that the m,”*-solution
is spectrally (and linearly, see Remark 1.4.3) unstable with respect to non- radlally symmetric
perturbations. Nevertheless, in Section 4.2.6, the case { = 2 will also be analyzed as an
illustration of how to analyze any higher order mode with £ = O(1),

4.2.6 Analysis of the case { =2

In this section, we show (with numerical evaluation) that the Evans function E(A, a, €) has for
¢ =2 (and o = 1) at least one zero with positive real part for all valid parameter values. In or-
der to do so, we derive two implicit equations that define two curves in the (d, b)-plane. These
two curves divide the (d, b)-plane in several regions in which the number of eigenvalues with
positive real part is constant. The procedure is based on the following Lemma concerning
the coefficients in the leading order expansion of E(4,a, ) as given by (4.33). The lemma
is valid for general ¢ of O(1), but will, as an illustration, only be applied to the case £ = 2.
We first prove two statements about the coefficients in leading order expansion of E(4, a, {)
as given by (4.33).

Lemma 4.2.10. Let o = 1, R be defined by (2.42), (d,b) € R, E(1,a,{) be given by (4.33)
and Ay = aly be a zero of E(4,a, ). Now, the following two statements hold.
4.2.10.a If Ay = 0, the equality

*E0,0,6)=0 (4.41)

holds, where c')iE(O, 0,¢) is given by (4.32).
4.2.10.b IfRe Ay = 0, but Im Ay # 0, then the following equality holds:

~24(0133E) - 6 .53 RRE 9,E + GiE (aiaaE)zL_ —0. (442

Proof. The Evans function E(4, a, {) as given by (4.33) can be written as a fourth order poly-
nomial in A = ﬁ of the form:

—a* (A= ) = )(A - A3)(A - Aa),
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where the 1, are the four zero’s. Comparing coefficients of the powers of A in this polynomial
with (4.33) leads to

0*E(0,0, ¢ < ~ ~ ~

% = —/11/12/13/14, (4433)
OPEO0,0,0) <« <o oo
T = QA Az + Ay Ap Ay + A1 A3y + A A3 A4, (443]3)
RREO0,0,0) - .
T = —-Aidy — Q1 ds — Q1 Ay — Ap Az — Ax Ay — Az Ay, (4.43c¢)
BO.EO0,0,00 . . .
—3' =A1+ A + A3+ Ay (4.43d)

Obtaining Statement 4.2.10.a is straightforward: suppose that, without loss of generality,
A =0,

then, from (4.43a), it follows that 62E(0, 0,¢) =0.
For Statement 4.2.10.b, we proceed as follows. Suppose that, without loss of generality,

A = iy, (4.44)

where A, is real-valued. Note that complex zeros of E(4, a, {) always come in pairs since the
coeflicients of A in (4.33) are real-valued. So, we also suppose that, without loss of generality,

1 = —ilps. (4.45)

Substitution of (4.44) and (4.45) into (4.43a) and then using (4.43c) leads to

FLE0,0,0)
) _ —ORE0,0,6) ey
12 T = 2 : (4.46)
A3, 2+ 3202E(0,0,0)
12 2121

Moreover, substitution of (4.44) and (4.45) into (4.43b), and then using (4.43d) leads to

) 638QE(0, 0,0) _ HiﬁaE(O, 0,0)
27 31+ ) 8,03E(0,0,0)
Through combining (4.46) and (4.47), we derive 4.2.10.b. ]

(4.47)

Since, when zeros of E(A, a,{ = 2) cross the imaginary axis either (4.41) or (4.42) holds,
we can use these curves to divide the subset R as defined by (2.42) of the (d, b)-plane, i.e. the
part of the (d, b)-plane in which the mgp P_solution exists, into regions in which the number
of zeros of E(A,a,{ = 2) is constant. In this way, Figure 4.2.1 is constructed. This figure
shows the number of zeros of E(4, a, £ = 2) with positive real part in Regions 1 —3. The union
of Regions 1 — 3 corresponds to the existence region R. In this figure, we assumed o = 1,
¢ = 2 and, in line with Assumption 1.2.2.b, the figure is restricted to the strip 2 < d < 4 of the
(d, b)-plane. On the curve separating Region 1 from Region 3, (4.42) holds. And similarly,
on the curve separating Region 1 from Region 2 and also separating Region 2 from Region
3, (4.41) holds. At the point where the line separating Region 1 from Region 3 (the dashed
line) and the line separating Region 1 from Region 2 (the dash dotted line) intersect, 4 = 0 is
a zero of E(4,a, ¢ = 2) with algebraic multiplicity 2.
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2 2.2 2.4 2.6 2.8

Figure 4.2.1: The existence region R as defined by (2.42), i.e. the region in which the m,*-solution

exists, divided into regions bounded by the thick lines indicating (for o= = 1) the number of zeros of
E(A,a,{ = 2) as defined by (4.33) with positive real part. The union of the Regions 1 —3 is the existence
region R as defined by (2.42). For the thin dotted lines, see Figure 4.2.2. See also Section 4.2.6 for a
discussion.

For each point (d, b) in the union of Regions 1 to 3 in Figure 4.2.1, the four zeros of
E(A,a,€ = 2) as defined by (4.33) can be determined through combining Theorem 4.2.5 with
the system of equations (2.26). Thus, as we change the parameters d and b such that we
move over one of the thin dotted lines in Figure 4.2.1, we can construct figures that show the
position of the zeros of E(4,a,{ = 2) as defined by (4.33) in the complex plane. This is done
in Figure 4.2.2.

In Figure 4.2.2a, the position of the zeros of E(1,a,{ = 2) is displayed for d = 2.7 and
b ranging from —0.2 (indicated with a *) to co (indicated with a e). Note that this corre-
sponds to the thin dotted line d = 2.7 in Figure 4.2.1. As can be seen in Figure 4.2.2a, two
additional eigenvalues destabilize (indicated with a o) which corresponds to the transition
from Region 1 into Region 3 in Figure 4.2.1. The gray dashed line indicates the threshold
atRed = —£| _ = —a, see Proposition 4.2.6. This proposition implies that everything left
of the gray dashed line should be ignored: for these values of A there exists a solution V' of
eigenvalue problem (4.11) that satisfies Property 3.1.1.a and 3.1.1.b, this solution does not
satisfy Property 3.1.1.c and 3.1.1.d.

In Figure 4.2.2b, the position of the zeros of E(A,a,{ = 2) is displayed for d = 3.7 and
b ranging from —0.2 (indicated with a %) to oo (indicated with a e). This corresponds to the
thin dotted line d = 3.7 in Figure 4.2.1. The destabilization of one additional eigenvalue in
Figure 4.2.2b (indicated with a o) corresponds to the transition from Region 1 into Region 2
in Figure 4.2.1.

In Figure 4.2.2¢, the position of the zeros of E(4,a,{ = 2) is displayed for b = 5 and d
ranging from 2 (indicated with a *) to 4 (indicated with a e). Again, this corresponds to the
thin dotted line b = 5 in Figure 4.2.1. The destabilization of one additional eigenvalue in
Figure 4.2.2¢ (indicated with a o) corresponds to the transition from Region 2 into Region 3
in Figure 4.2.1.

Finally, we note that the method presented in this section is not restricted to the case £ = 2
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(a) d = 2.7 and b varies from —0.2 to infinity.
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/
0.2f b .
b=-0.2 b=eo b=-0.2 A \i / | |‘ b=-0.2
0
e Q= ke Y b > ol
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(b) d = 3.7 and b varies from —0.2 to infinity.

1.5 T T T T T T T T T T T
N d=2 i
05} \ J

d=4 d=2 d=4 A d=4 d=4 d=2

_05+ / B
-r 4 d=2 ]

_1 5 | | | | | | | | | | |

-6 -5 -4 -3 -2 -1 0 0.025 0.05 1 2 3 4 5

(¢) b = 5 and d varies from 2 to 4.

Figure 4.2.2: Position of the complex-valued zeros of E(4,a,{ = 2) (for o = 1), as defined by (4.33),
divided by a in the complex plane on the thin dotted lines in Figure 4.2.1. The gray dashed lines
indicate the threshold at Re A = —§|(T= | = —a, see Proposition 4.36. The o’s indicate intersections with
the imaginary axis. For more details, we refer to the discussion in Section 4.2.6.
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and can be used for all £ = O(1).

4.3 Conclusion

In this chapter, we studied the spectral stability with respect to non-radially symmetric pertur-
bations of the stationary m,* -solution of equation (2.1) as defined by Definition 2.2.8. The

m,**-solution was constructed asymptotically in Section 2.2, see also [9, 40]. In Chapter 3,

we showed that, when only the perturbed NLS spectrum is considered, the m;pp “'_solution is
spectrally stable with respect to radially symmetric perturbations, see Theorem 3.4.1.

In order to do so, we showed that the set-up of Chapter 3 can be extended to the non-
radially symmetric setting through using spherical harmonics Y;", see Section 4.1. This re-
sults in an eigenvalue problem and Evans function analysis for each mode, see (4.11).

In Section 4.2.1, we showed, by using an invariance under perturbations of the blowup
point itself, that for £ = 1 there is a positive eigenvalue A = a. However, this eigenvalue is
related to a perturbation in a direction tangent to a family of blowup solutions. Therefore, it
is irrelevant in the setting in which we study spectral stability.

As in Chapter 3, the NLS point spectrum, consisting of 4 = 0 with algebraic multiplicity 4
and geometric multiplicity 2, was taken as a starting point through considering solutions that
are exponentially localized in the bump region, see Property 3.1.1. In Section 4.2.2, Evans
function techniques are used to determine the perturbed spectrum if £ = O(1).

In Section 4.2.4, it is investigated whether exponentially localized solutions in the bump
region decay in the far field. This leads to Proposition 4.2.6 which states that this is only

possible if Ref > —1L_ Since for all points in the right half of the complex this inequality

is satisfied, it has no(rimpact for conclusions concerning spectral instability of the m;p per.
solution.

Two particular cases, £ = 1 and £ = 2, are considered in more detail in Sections 4.2.5
and 4.2.6. We showed in the ¢ = 1 case that there is, next to the irrelevant eigenvalue A = a,
always one additional eigenvalue with positive real part, see Lemma 4.2.9. And, if £ = 2,
we showed that there is always at least one eigenvalue with positive real part, see Figure
4.2.1. We thus conclude that the solution of which we studied the stability in this chapter is
always unstable with respect to radially symmetric perturbations. We formulate this result in

a theorem.

Theorem 4.3.1. Let0 < a < 1, let o = 1, consider the region R in the (d, b)-plane as defined
by (2.42) and let (d,b) € R. Then, the radially symmetric my"* -solution of (2.3), i.e. the
solution on the upper branch of the saddle-node bifurcation as denoted in Figure 3.4.1a, is
spectrally unstable with respect to non-radially symmetric perturbations.

Corollary 4.3.2. Under the conditions stated in Theorem 4.3.1, the my”*" -solution is linearly

unstable with respect to non-radially symmetric perturbations.

Proof. Spectral instability caused by an eigenvalue implies linear instability, see Remark
1.4.3. O

Note that Theorem 4.3.1 and Corollary 4.3.2 do not contradict the numerical simulations
in [9]. The numerical simulations in [9], for the case d = 3 and b = 0, only concern the
stability with respect to radially symmetric perturbations.



Appendix A

Proof of Theorem 2.1.1

In this appendix we present the proof of Theorem 2.1.1.

Proof. For the main part we follow the proof in [40] and we therefore adopt the notation of
[40] in this proof. Due to a slight error in [40], we adapt the proof of Lemma 7.1 and 7.2 in
[40]. We reformulate Lemma 7.1 and 7.2 as follows.

Lemma A.03. Let0O <a < 1,2 <d <4,b>0be given. And let 0 < € < 1 be such that
& = Ka for some positive constant K. Then, for every &, < & < &max, the phase |¢| = o ( \/E)
iff the following two statements hold:

(A.0.3.a) there exists a Ky such that K = Ky + O(a);

(A.0.3.b)

( — Ko - 22b - DK, (1 - %))‘ - 0.
There is a slight error in [40] Formula (4.3), it should read
afl dKZ _
¢(§)—A(§)2(1+ 2)f f“( +K - K(b+ A + aK&y + O (a ))dg

&a’K?
T2 (1 +a?K?)’

where K is such that € = Ka, i.e. K = Ky + O(a). As in Appendix D of [40], we have

252

zd—-1 -2 2
<A@ j; X3 ( ;— +tK- Kb+ DAE) - df‘

+CA(&)E]) + 1d”.

1-d
66| f—)(

Furthermore, as derived in Appendix D of [40], we have A(¢) > A(fb)aé. It follows

1-d 22
9% f AE ( —2 K- K(b+ DA® - %) d&
A 2 2

lp(&)l < AGR 1)
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where we used &, = O (log le) From [40] Section 5, we conclude that for the 2-bump solution
A = Ay + O(a), where

A = 2(1 - ang)sech[ (1 - a?)y] + O(a)

andy =& - Z Thus, for the 2-bump, we obtain

ag'~ %—a’ o ) , K& -
|¢(§)ISA(§)2 f& AET (2 + Ko — Ko(b+ DAy - — )+0(a)d§

=0(a)

+f A%(—) (%JFKO—KO(bJrl)AZ Ko ) 1 0(a?) dE

d-2 Koa*& By
+f Azf‘”( 5 + Ko — Ko(b + 1)A2 - §§)+0(a2)d§ +0(a%)
Tar

=0(a)
1-d d— Ko
<[ () (452 + o= oo+ Daat? - 520

A(f)2

+ O(a%).
(A.1)

Here 3 < ¥ < 1 and we assumed without loss of generality that £ S+ a’ <& < &pax. For

Pyl < a ~7, we have

2 2
Ay = 2(1 - UZ) sech[ (1 - %)y + O0(a).
Thus, upon explicitly evaluating (A.1), we obtain
é;l -d nz d—1 772 s
I¢(§)I_A(§)2 -7 ( ——1{0—-(21)—1)1<0 -7 +0(a).

The last formula differs from the one derived in Appendix E of [40] due to a small calculation
error. We conclude that in order for |¢| to be of o ( \/5) we require that at leading order

d-2 2
‘(T —Ko- —(2b - 1)Ko(1 - UZ))

is exponentially small in a. This condition corresponds to the condition I, = 0, see equations
(2.102), (2.264a) and (2.26b) and also the discussion in Section 2.5.1.

For the n-bump, where n is even, the estimate is similar. Note that an n-bump solution
has 5§ maxima on the halfline £ > 0. Let one of these bumps have a maximum at ¢ = - in the

interval (5 —-a’, Z +a” > From [40], it follows that the maxima are O (log a) apart. As for
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the 2-bump we integrate and obtain to leading order
% -loga Nd-1(d -2 K
f A2 ('7—) [ Ky — Kob+ A2 — =2 ] +0(?) dE
0

% tloga a 2 2
d-1
= 4(1 - "_)(Z)
4 )\a

2 2
Ag = 2(1 - %]sech[ (1 - %’)y] + 0(a)

andy =& - % Now, we use the fact that n; = n + O(aloga). It follows that

s

d-2 ;
——K——2 ~ DK,
5 0o— =(2b )0( 4)

where

d-1 2
4(1—%) @ |——KO——(2b—1)Ko(l—nZ]
d-1 2 1
=4(1—%)(— l——Ko——(Zb—l)Ko(l—Z)+0(adl)

Thus, integrating over 5 of such bumps again yields that

2
(u ~-Ko- —(2b - DK, (1 - —))

2 2 4

should be exponentially small. O
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Samenvatting

Dit proefschrift gaat over oplossingen van de complexe Ginzburg-Landau vergelijking waar-
van de amplitude oneindig groot wordt in eindige tijd. In deze samenvatting zal ik in een voor
iedereen begrijpbare taal proberen uit te leggen wat dit precies inhoudt.

De Ginzburg-Landau vergelijking is een voorbeeld van een partiéle differentiaalvergelij-
king. Parti€le differentiaalvergelijkingen kunnen (onder andere) gebruikt worden om pro-
cessen te modelleren die athangen van zowel de plaats als de tijd, denk bijvoorbeeld aan:
de temperatuur in een ruimte, de concentratie van reagerende chemische stoffen in een glas,
maar ook aan zeer complexe systemen zoals het weer.

In tegenstelling tot vakgebieden als natuurkunde, scheikunde en biologie, houdt men zich
in de wiskunde in eerste instantie niet bezig met de processen die deze partiéle differentiaal-
vergelijkingen kunnen beschrijven, maar richt men zich met name op het begrijpen van de
vergelijking an sich. Om ervoor te zorgen dat het wiskundig onderzoek aansluit bij toepassin-
gen is het cruciaal dat er intensief wordt samengewerkt met aangrenzende vakgebieden. Een
intensieve samenwerking kan ervoor zorgen dat de wiskunde vooruit geholpen wordt door de
toepassingen en dat de toepassingen vooruit geholpen worden door het wiskundig onderzoek.
Tegelijkertijd ontstaat er door het bestuderen van vergelijkingen ook “een groot boek™ waarin
alle vergelijkingen staan en waarin men kan opzoeken wat er allemaal over bekend is. Dit
is een manier waarop veel mensen met wiskunde in aanraking komen: als je bijvoorbeeld
de inhoud van een voetbal wilt uitrekenen, dan zoek je de bijbehorende formule op in een
wiskundeboek.

Bij het bestuderen van (parti€le) differentiaalvergelijkingen stellen wiskundigen vaak de
volgende vragen: bestaat er een (unieke) oplossing, kunnen we begrijpen wat voor soort op-
lossingen er allemaal bestaan en zijn er stabiele toestanden. Deze vragen zal ik toelichten aan
de hand van een proces dat gemodelleerd kan worden met een gewone differentiaalvergelij-
king. Dat is een differentiaalvergelijking waarin alleen de tijd een rol speelt en het proces
niet afhangt van de plaats. Beschouw een plank die aan het uiteinde met een spijker aan de
muur bevestigd is. De plank kan nu rond deze spijker in het vlak van de muur roteren. In de
natuurkunde heet dit een mathematische slinger. Het meest voor de hand liggend is misschien
de situatie waarin de plank stil hangt en de plank aan de spijker hangt, d.w.z. de spijker zit
bovenaan de plank. Wanneer we de plank uit evenwicht brengen begint deze heen en weer te
slingeren.

Het is mogelijk om dit proces met een differentiaalvergelijking te beschrijven. Gegeven
de initi€le positie en snelheid kan de positie van de plank op toekomstige tijdstippen berekend
worden door deze differentiaalvergelijking op lossen. De vraag of de opgeschreven differen-
tiaalvergelijking een oplossing heeft kan, in dit geval, gezien worden als antwoord geven op
de vraag of het opgeschreven model, dat is in dit geval de differentiaalvergelijking, iiberhaupt
zinnig is. Het model beoogt immers een situatie in de praktijk beschrijven en in de praktijk
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bevindt de plank zich op ieder tijdstip op precies één positie, dus zou dat in het model ook
zo moeten zijn. Het bestaan van een unieke oplossing in het model kan, in dit geval, ook
aangetoond worden.

In dit voorbeeld zullen veronderstellen dat er ook wrijving is en spreken dan van een
gedempte mathematische slinger. Wat we verwachten is dat, wanneer de plank aan het oscil-
leren is, hij uiteindelijk stil zal komen te hangen aan de spijker (de spijker zit dan bovenaan
de plank). Deze zogenaamde evenwichtstoestand noemen we stabiel, omdat wanneer we de
plank een kleine uitwijking geven hij uiteindelijk weer naar dit evenwicht toegaat. Er is echter
ook nog een andere evenwichtstoestand: namelijk, de plank kan in principe ook naar boven
wijzen met de spijker aan de onderkant en daarop rusten. Deze evenwichtstoestand noemen
instabiel: met een kleine duw zal dit evenwicht immers verstoord worden en komt de plank
niet terug in het betreffende evenwicht.

De laatste vraag is het begrijpen van de structuur van de oplossingen. In dit voorbeeld
is dat betrekkelijk eenvoudig. Kort samengevat, verwachten we dat de plank, wanneer deze
voldoende snelheid heeft, een aantal keren om de spijker heen roteert, vervolgens wat heen
en weer slingert en uiteindelijk in het stabiele evenwichtstoestand terecht komt. Het andere
evenwicht waarbij de plank op z’n kop op de spijker rust bestaat wel en we kunnen er in
terecht komen wanneer we de plank een duw geven die precies hard genoeg is. Echter, we
verwachten we dit in de praktijk niet vaak te zien. Verder kunnen we, wanneer de initi€le
positie, initi€le snelheid, wrijvingsconstante, massa etc. allemaal gegeven zijn, ook precies
aangeven hoe vaak de plank heen en weer slingert.

Bij ingewikkeldere (parti€le differentiaal)vergelijkingen stellen we in principe dezelfde
vragen. Echter, in dat geval is de structuur van de oplossingen in zijn algemeenheid vaak
lastig te beschrijven. Dit kan vergeleken worden met een situatie waarin we proberen het
weer te beschrijven met een groot aantal ingewikkelde parti€le differentiaalvergelijkingen.
Het aantal mogelijkheden van wat er kan gebeuren is nu zo groot dat we in plaats daarvan
ons afvragen hoe patronen kunnen ontstaan. Met patronen bedoelen we dan bijvoorbeeld een
hogedrukgebied, lagedrukgebied etc. Deze vraag sluit aan bij observaties van het systeem
in de praktijk. Een van doelen is uiteraard het begrijpen van deze observaties aan de hand
het model. Wat we ons nu wederom afvragen is of deze patronen stabiel zijn. Wanneer
ze instabiel zijn, verwachten we dat we deze patronen in de praktijk vrijwel nooit zullen
waarnemen.

Of bepaalde patronen kunnen ontstaan hangt af van (exogene) parameters van het model.
In dit voorbeeld zou wanneer het model alleen de luchtdruk beschrijft de temperatuur een
parameter kunnen zijn. Er kan nu een grenswaarde zijn waarbij als we daar doorheen gaan
bepaalde patronen wel en anders bepaalde patronen niet kunnen ontstaan. Dit heet een bifur-
catie. Een duidelijk uitlegbaar voorbeeld van een bifurcatie is een faseovergang: boven de
100° Celsius verdampt al het water, net eronder wordt het vloeibaar.

In dit proefschrift heb ik niets gedaan met de toepassingen die ik zojuist beschreven heb
en ook niet met vergelijkingen die deze processen beschrijven. De gegeven voorbeelden zijn
uitsluitend bedoeld uit te leggen hoe wiskundigen in dit vakgebied parti€le differentiaalver-
gelijkingen bestuderen. De complexe Ginzburg-Landau vergelijking, die ik in dit proefschrift
bestudeerd heb, is ook een partiéle differentiaalvergelijking. Deze parti€le differentiaalverge-
lijking heeft te maken met patroonvorming (zie het voorbeeld over het weer) in een algemene
klasse van parti€le differentiaalvergelijkingen. De amplitude van een patroon dat kan ont-
staan in deze algemene klasse van parti¢le differentiaalvergelijkingen kan in de buurt van een
bifurcatie (onder bepaalde voorwaarden) bij benadering worden beschreven met de complexe
Ginzburg-Landau vergelijking. De benadering is alleen geldig zolang de amplitude niet al te
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groot is.

Wanneer we de Ginzburg-Landau vergelijking bestuderen kunnen we wederom dezelfde
drie vragen stellen als zojuist besproken. Gegeven de achtergrond dat de Ginzburg-Landau
vergelijking de amplitude van het patroon slechts benadert als deze niet al groot is, zijn we
geinteresseerd in de vraag of er in de Ginzburg-Landau vergelijking oplossingen zijn waarvan
de amplitude wel groot wordt. Dergelijke oplossingen worden bestudeerd in dit proefschrift.
Dit zegt dan iets over de geldigheid van de Ginzburg-Landau vergelijking om dergelijke pa-
tronen te beschrijven. In dit proefschrift word één specifieke oplossing bestudeerd waarvan
de amplitude oneindige groot wordt in eindige tijd. In het laatste hoofdstuk van dit proef-
schrift wordt bewezen dat deze oplossing instabiel is, hetgeen betekent dat we hem in de
praktijk “niet” zullen zien.
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