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Chapter 1

Introduction

Pattern formation is a very lively field of research within the nonlinear sciences,
where the traditional disciplines of mathematics, physics, chemistry, and biology
merge, interact, and exchange ideas. Reaction-diffusion equations (RDEs) serve
as relevant, often simplified models within several branches of these fields. For
instance, pulses traveling through nerve cells, as well as vegetation patterns [44]
and stripes on zebras [37] are modeled by RDEs, see Figure 1.1. From a mathe-
matical perspective, RDEs are arguably the simplest nonlinear partial differential
equations (PDEs) that exhibit complex patterns observed in many natural sys-
tems such as spiral waves and spatio-temporal chaos which are observed in many
natural systems, see Figure 1.1. Therefore, RDEs can be considered as the key
prototype models in which one can begin to develop a fundamental understanding
of complex patterns.

Localized structures form a special class of solutions to these RDEs related to
the aforementioned patterns. These structures are solutions to the PDE remain-
ing close to a trivial background state except in one or more localized spatial
regions, see Figure 1.2. Fronts and pulses are the most well-known and well-
studied localized structures in one spatial dimension; spots, spirals, and stripes
are examples of localized structures in two dimensions. Localized patterns can be
seen as the foundation for the mathematical analysis of more complex patterns.

In recent years, significant progress has been made in our mathematical under-
standing of the simplest localized structures. These being fronts and pulses that
are stationary or move with a constant speed through a 1-dimensional domain
[59]. In general, the behavior of localized structures is less well-ordered: those
structures interact with each other and thus also move with different velocities,
see Figure 1.2. At present, there is a well-developed theory that describes the
interaction of fronts and pulses in the weak interaction regime [19, 20, 55]. In
this regime these fronts or pulses are ‘far away’ from each other, meaning, all
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Figure 1.1: In the left frame, one sees pattern formation on the coats of two
zebras [73]. In the right frame, one sees pattern formation at the edge of the
Negev Dessert. The dark stripes correspond to vegetation, whereas the lighter
stripes correspond to sand. Note that the scale of this frame is in decimeters.
Both phenomena are modeled by RDEs.
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Figure 1.2: In the left frame, we plotted a localized stationary 2-pulse or 4-front
solution of the three-component system under investigation in this thesis, see
(1.1.3). Note that two of the components (V' and W) interact strongly, while the
U-component interacts only via their background states. In the right frame, we
plotted an interacting 3-front solution of the same system; only the U-component
is plotted. In the context of Figure 1.1: black/dark corresponds to U = —1, and
white/light to U = 1.
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Figure 1.3: The schematically experimental setting of a planar gas-discharge sys-
tem (with high-ohmic barrier) [74].

components of the structure interact only through their trivial background states
mentioned above. However, there is no mathematical theory that explains the
interaction of fronts and pulses in the strong interaction regime where the fronts
and pulses are close to each other, and all solution components are far from equi-
librium in the regions between the fronts and pulses. In that regime, interesting
behavior such as collision, repulsion, annihilation, and self-replication of fronts
and pulses can be observed; in a daily life setting, one could, for instance, think
of the collision of two stern waves. In between the weak and strong interaction
regimes lies a third regime, the semi-strong interaction regime, where certain
components of the fronts or pulses interact via the background state, while the
remaining components interact strongly with each other, see Figure 1.2. Under-
standing this regime is a fundamental next step in furthering our understanding
of how localized structures interact. In this thesis, we take a first step in that
direction for a specific RDE.

1.1 Model equations

1.1.1 Physical background

In the mid-nineties, the physicist H. G. Purwins studied pattern formation in
gas-discharges, the effect that creates light in fluorescent tubes, see Figures 1.3
and 1.4. He mainly considered the interactions of localized states with each other
and first modeled his observations by a two-component RDE

{ U = DyAU + f(U)—r3V +k1, (1.1.1)

V4 DyAV + U-V,
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Figure 1.4: Examples of experimentally observed patterns [74].

where f(U) was taken to be a cubic polynomial. Numerical simulations revealed
that certain 2-dimensional structures — such as traveling spots — were unstable;
they were, nevertheless, observed in experiments — an apparent contradiction. To
rectify this situation, Purwins introduced a third component to his model [54, 60],

U, = DyAU + f(U) — k3V — kW + K1,
TV, = DyAV + U-V, (1.1.2)
oW, = DwAW + U-W.

It turned out that this extended model supports stable traveling spots and a va-
riety of other interesting localized solutions, as well. In subsequent years, many
variations of this model were studied extensively by several research groups of
both physicists ([5, 32, 54, 60, 65, 70]) and mathematicians ([50-53, 71]). These
studies went beyond the original gas-discharge context and established the Pur-
wins system as a paradigm model within the field of pattern formation that can
be used to investigate the interaction of fronts, pulses, and spots.

1.1.2 Mathematical background

Besides its physical background and the richness of dynamics it exhibits, exempli-
fied by such patterns as breathing pulses, scattering pulses, and bouncing pulses,
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the model (1.1.2) is also particularly interesting from a mathematical point of
view. Even within the class of RDEs, the extended Purwins model has a remark-
ably transparent structure, especially in the scaling we consider in this thesis. In
the next chapter, we will show that (1.1.2) can be rescaled, under certain circum-
stances, into a particularly simple form. In one spatial dimension, this rescaled
version is given by

U, = Use + U—-U3—c(aV+pW +7),
™V, = ZVee + U-V, (1.1.3)
oW, = DWe + U-W,

with

0<e<1l; D>1;0<T,0<e3; (1) ER xR
a,B,7 € R and O(1) with respect to €.

This equation is the central object of study of this thesis. Note that we consider it
in a single spatial dimension, since we use the dynamical systems approach of spa-
tial dynamics to study it. The model is singularly perturbed (see Section 1.2.1),
bistable (see Section 1.2.2), and its U-component is only weakly coupled to its
V, W-components which, in turn, are linearly coupled back to U. Moreover, ex-
plicit nonlinear effects occur directly only through the U? term in the first PDE.
As a consequence, localized states typically interact in a semi-strong fashion, see
Figure 1.2. The combination of these properties makes this model amenable to a
rigorous mathematical analysis, something which has not yet been accomplished
before for three-component systems.

In this thesis, we study (1.1.3) to gain insight in the interactions of fronts and
pulses in the semi-strong interaction regime.

1.2 Basic concepts

In this section, we lay down certain basic features of (1.1.3) in relatively simple
terminology. We have chosen to do so by means of a number of specific examples.
This way, we can solidify the introduction of these concepts by means of con-
crete calculations. First, we expound on the notion of a singular perturbation by
looking into simple yet instructive perturbations of cubic polynomials and ordi-
nary differential equations (ODEs). Next, we introduce the concept of bistability.
In Section 1.3, we proceed in a similar fashion: we exemplify the three main
mathematical tools used in this thesis by three relatively simple examples. These
examples are chosen for convenience in introducing the mathematical techniques
we use, and wherever possible we specify if there is a connection between the
example and some part of the full model (1.1.3).
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1.2.1 Singular perturbations

In simple terms, a singularly perturbed problem is a problem containing a small
parameter, usually denoted by e, with the property that one cannot obtain a
valid approximation to all of its solutions by setting this small parameter to
zero. This feature of singularly perturbed problems is in stark contrast with the
behavior of regularly perturbed problems, where one can directly obtain such an
approximation by setting the small parameter to zero. To obtain more insight
what differentiates a singularly and a regularly perturbed setting, we now consider
several simple examples.

A cubic algebraic equation

In the first example, we contrast the behavior of the roots of the regularly per-
turbed cubic equation

P - +e=0, 0<e<l,
to that of the roots of the singularly perturbed equation
exd —2?+1=0, 0<e<x 1. (1.2.1)

In both cases, we consider the behavior of these roots as we let ¢ — 0. A priori,
one may think that approximations of the zeroes of either equation can be (for-
mally) obtained from the reduced equation which is obtained by setting ¢ — 0
in the original equation. However, this is only true for the regularly perturbed
equation; its reduced equation has the zeroes z{; = 0, with multiplicity two, and
xg = 1. It is simple to show that these values are the limiting values of the roots
for ¢ #£ 0 as we let ¢ — 0. The reduced equation corresponding to the singu-
larly perturbed equation has, on the contrary, only two zeroes xf = =1, since
it is of degree two instead of three. The third zero of the singularly perturbed
equation has ‘disappeared’ in the limit e — 0; in fact, it is O(e~1) and thus be-
comes arbitrarily large for £ — 0. More explicitly, for € = 0.01, the zeroes of the
singularly perturbed equation are approximately z® = 1.005,z° = —0.9951, and
z® = 99.99, while the zeroes of the regularly perturbed equation approximately
read " = 0.1057, 2" = —0.09554, and =" = 0.9898.

So, by naively setting e — 0, one loses information on one of the zeroes of the sin-
gularly perturbed equation, while this is not the case for the regularly perturbed
one.

The asymptotic behavior of the third zero of the singularly perturbed equation
can, naturally, also be determined. Indeed, by rescaling the variable y := ez,
(1.2.1) transforms into

Y —y*+e>=0.
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The corresponding reduced equation is now of degree three, and it also yields the
root y5 = 1 apart from the the double zero solution. In the original variable, this
first root becomes z§ = =1 and it corresponds to the leading order approximation
of the third root (which is not captured by the reduced equation of (1.2.1)); the
double zero solution, in turn, corresponds to the bounded roots x§ = +1.

Ordinary differential equations

The terminology introduced above can be transplanted easily to the field of dif-
ferential equations. An example of a singularly perturbed ODE is the equation
for a rescaled damped oscillator,

ei+z+z=0, 0<exl,

z(0) = Ay, ©(0) = A, (1.2.2)

where = %7 and Aj, Ay are arbitrary real numbers. Setting e — 0 in this equation

yields the reduced equation
z+z=0.

The solution to this first order ODE is readily found to be zo(t) = Ce~*. This
formula, in turn, yields that 2¢(0) = C = A; and 4(0) = —C = As. Therefore,
the reduced problem cannot satisfy both initial conditions, unless A; = —As.

In this particular example, the general solution to the full equation (1.2.2) can be
explicitly found to be

x@)::Che*(kbiig)t+_Cge*(L:%;£)t::Che—(é+OODt*_Cbe*O+O@Dt7

where C and Cs are determined by the initial conditions. We see that, here also,
one of the exponents is of O(¢~!) and thus becomes arbitrarily large for & — 0.

So, here again, setting € — 0 leads to the loss of crucial information. This
fact is most readily evident through our observation above that the reduced ODE
cannot accommodate both initial conditions. However, the reduced dynamics
actually describes the long time behavior of the full system, see Figure 1.5 and
Section 1.3.1 (where the reduced dynamics are termed slow dynamics). On the
other hand, this is a mere coincidence: if one changes the +4 into a —& in (1.2.2)
the new reduced dynamics does no longer describe the asymptotic behavior of
the full system, since the stability type of the fixed point at x = 0 changes from
attractive to repulsive.

A prototype example of a regularly perturbed ODE is the first order ODE

i=—(1-8z, 0<e<l,

2(0) = 4y (1.2.3)
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L L L L L
1 2 3 4 5 6

Figure 1.5: In the left frame, we plotted the phase portrait of the singularly
perturbed rescaled damped oscillator (1.2.2) (solid line) and of its reduced problem
(dotted line). Note that all initial conditions eventually approach 0. Observe that,
to leading order, all initial conditions align with the linear subspace associated
with the reduced problem. In the right frame, we plotted the time series of the
specific initial condition A; = 1 and Ay = 14.36. Note that we set € = 0.1 in both
frames.

The solution to this equation is given by

z(t) = A1e” 179 = Aje™t + O(e),

while the solution to the corresponding reduced equation reads zq(t) = Aje~t. In

this case, then, the dynamics of the reduced equation offers a good approximation
of the full dynamics for all time ¢, see Figure 1.6. A slightly more complicated ver-
sion of this simple first order ODE will be analyzed in more detail in Section 1.3.3
in order to introduce the renormalization group (RG) method.

A second example of a regularly perturbed ODE is offered by the equation for a
rescaled oscillator with small damping,

iteit+r=0, 0<e<1,

z(0) = Ay, #(0) = A,. (1.2.4)

The solution to this full equation is given by
x(t) = Cre 2 (FHVEA) L 003 (=VE0)l = Ao gint + Ay cost + O(et)(1.2.5)

whereas the solution to the reduced equation reads zo(t) = Agsint + A; cost.
After an O(e~!) time scale the expansion of (1.2.5) is no longer well-ordered, and
secular terms get a leading order influence. However, since the reduced equation
misses the effect of the small damping, these secular terms do not appear in the
solution to the reduced equation. Therefore, trajectories of the full problem do
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Figure 1.6: In the left frame, we plotted the solutions to the regularly perturbed
equation (1.2.4) (solid line) and to the reduced equation (dotted line). The initial
conditions here were A; = 3, A3 = 2, and € = 0.1. The trajectory corresponding
to the reduced equation mimics the dynamics of the full equation, to leading
order and over a bounded time interval. After some time, however, the dynamics
of the reduced equation is completely different from the actual full dynamics.
In the right frame, we plotted the solutions to the full and reduced equations
corresponding to (1.2.3). The initial condition here was A; = 3, whereas € = 0.1.
Note that the trajectory of the reduced equation describes the dynamics of the
full equation to leading order for all time.

indeed follow the trajectories of the reduced problem to leading order but only
up to O(e71) time. This observation serves to highlight the important fact that
the reduced equation of a regularly perturbed problem can also yield insufficient
approximations, see Figure 1.6.

In conclusion, whereas one observes a radical change in the dimensionality of
the dynamics of the singularly perturbed system (made explicit foremost by a
reduction in the dimensionality of the system) when one sets the small parameter
to zero, this is not the case for regularly perturbed problems.

1.2.2 Stability and bistability

The concept of bistability is best illustrated by Figure 1.7. Consider the double-
well (two minima) potential landscape plotted in the figure. Because of friction,
a marble dropped in this landscape eventually ends up in one of the two wells.
For a given, sufficiently large but not too large, friction, the initial position of
the marble fully determines the well in which it ends up resting. For instance,
marble 1 in Figure 1.7 ends up in the first well, while marble 2 ends up in the
second well. However, there is also the possibility that the marble lands exactly
on the peak (maximum) in between the two wells (marble 3 in Figure 1.7). In
this case, the marble does not move at all. This situation is highly unlikely of
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Figure 1.7: A double-well potential. Because of friction, marble 1 will end up in
well I, while marble 2 will end up in well 1. The third marble will not move at
all.

course, since an arbitrarily small perturbation would cause the marble to move
into one of the two wells. Mathematically, we call this peak location unstable, as
opposed to the two wells which are termed stable. Accordingly, we say that this
double-well landscape is of bistable nature.

Mathematically, a simple example of a bistable ODE is
t=x—2%, 2(0)=A;. (1.2.6)

This first order ODE has two attracting (stable) fixed points at x = +1 and an
unstable fixed point at * = 0. This unstable fixed point acts as a separatrix
between the two attractors at x = 41, that is, negative initial conditions tend
to —1 and positive initial conditions go to +1 without trajectories originating
from one region being able to cross into the other, see Figure 1.8. Moreover, note
the connection between (1.2.6) and the (graph of the) potential in Figure 1.7:
x — 2% > 0 in the regions where @ > 0 and z — 23 < 0 in the regions where
# < 0. Mathematically speaking, 2 — > corresponds to minus the derivative of
—% 24 ix‘*, the graph of which corresponds to the potential of Figure 1.8.

Perhaps the simplest bistable PDE [26, 45] reads,
Ut:Uzz+U7U37

which is identical to the U-component of (1.1.3) with ¢ = 0. Besides the trivial
fixed points at U(x,t) = £1 and at U(x,t) = 0, this PDE also has the spatially
inhomogeneous stationary solutions U(z, t) = + tanh (1/2z) that connect z = F1
toxz = £1. In Section 1.3.2, we analyze the stability of one of these inhomogeneous
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3k 2 r

Figure 1.8: In the left frame, we plotted the phase portrait of the bistable ODE
(1.2.6). The arrows indicate the direction in which a trajectory evolves. For
instance, trajectories starting in z = —0.5 end up in z = —1, while trajectories
starting in = 0.5 end up in z = 1. In the right frame, we plotted the time series
of several initial conditions. Positive initial conditions tend to +1 and negative
initial conditions go to —1. Therefore, the unstable fixed point at z = 0 acts as a
separatrix.

solutions to introduce the concept of the Evans function, see also Sections 2.2.1
and 3.4.1.

1.3 More advanced concepts

The three main mathematical tools which we use in this thesis are geometric
singular perturbation theory (Chapter 2), the Evans function (Chapter 3), and
the RG method (Chapter 4). Proceeding along the lines of the previous section,
we introduce and explain the basic ideas underlying these concepts by means of
three simple examples.

1.3.1 Geometric singular perturbation theory

Consider the reaction kinetics of the two-component limit model of (1.1.3) (with
r=ela=-1,=0,and v = 0),

U = u—ul+ev,
v = e(u—v),

(1.3.1)

%,u,v € R!, and 0 < ¢ <« 1. This small parameter ¢ gives the

system its singular character. With a change of time scale, f := et, this system is

where "~ =
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Figure 1.9: In the left frame, we plotted the dynamics of the FRS (1.3.2) and in
the right frame, we plotted the dynamics of the SRS (1.3.3). The dynamics of the
SRS, the slow dynamics, is only defined on the fixed points of the FRS.

transformed into

e = u—ud+ev,
v o= u-—w,
with /' = d%. The time scale corresponding to ¢ is termed the fast time scale,

whereas the time scale corresponding to ¢ is called slow. Accordingly, the former
system is called the fast system, while the latter one is called the slow system.
These two systems are equivalent for € # 0 but have very different reduced equa-
tions, i.e., limit systems as € — 0. The fast reduced system (FRS) reads

=u—u’

and v=1vy € R. (1.3.2)
This is a 1-parameter family of 1-dimensional systems parametrized by v = v, a
constant in R. The slow reduced system (SRS), on the other hand, is given by

_ .3
{O, N (1.3.3)

v = u-—w,

which is a 1-dimensional differential-algebraic system. In fact, the SRS is only
defined exactly on the fixed points of the FRS by virtue of these points coinciding
with the solutions to that constraint. Both reduced systems are simpler and of
lower dimension compared to the full systems and therefore easier to analyze; see
Figure 1.9 for their dynamics.
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The idea underlying geometric singular perturbation theory is to analyze the full
system (with € # 0 but sufficiently small) by suitably combining the dynamics
of the two limiting systems, see [33, 39, 43, 64] for instance. The foundations of
the theory were laid out by Fenichel [27, 28], and the theory is accordingly also
called Fenichel theory. We first need to recall certain definitions before we can
state Fenichel’s persistence theorems.

Consider the following slow-fast system (in fast formulation)

{g = flu,vie), (1.3.4)

v = eg(u,v;e).

A manifold M. is said to be locally invariant under the flow generated by (1.3.4)
if there exists a neighborhood V' O M such that no orbit can leave M without
leaving V.

A locally invariant manifold Mg is called normally hyperbolic if the eigenval-
ues of the linearization D, f(u,v;0) restricted to My are bounded away from the
imaginary axis.

The stable manifold W*(M) and unstable manifold W*(M) of a manifold M
which is locally invariant under a flow ¢(+;:) are defined as follows:

W3 (M) :=A{y | d(6(t;y), M) — 0 as t — +oo},
WH (M) :=A{y | d(¢(t;y), M) — 0 as t — —oo},

with ¢(0;y) = y and d(-,:) is the usual Euclidean distance.

Fenichel’s first persistence theorem states that, if the FRS has a normally hyper-
bolic invariant manifold My, then, for £ small enough, the full system possesses a
locally invariant slow manifold M. that is O(e) close to Mg in the C* topology.
Moreover, Fenichel’s second persistence theorem states that the full system also
possesses locally invariant stable and unstable manifolds W**(M,) which are
O(e) close to the stable and unstable manifolds W**(M,) of the FRS.

We are ready to apply these the two persistence theorems to the problem at hand.
The three manifolds MF"? := {(u,v)|u = £1,u = 0} are normally hyperbolic,
since each M is invariant with respect to the FRS (1.3.2) and

d 3 2
. _ - 1—3 ={-2 .
u(u u ) MOI,O U |M0i1,0 { s }

Moreover,

We(ME) =R \{0} x R, W*MI") = M,
We(MQ) = Mg, W*MG) =[-1,1]\{0} x R.
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By Fenichel’s first persistence theorem, the full system (1.3.1) possesses locally
invariant slow manifolds M0 that are O(e) close to ./\/l(j][ 1’0, respectively. Note
that Mil % themselves are no longer (locally) invariant manifolds as ¢ # 0. We
now (formally) determine /\/lsil’o. By Fenichel theory, we know that /\/lsil’o can
be expressed as a graph u = hsﬂ’o(v); local invariance then yields

dh:l:l,O dh:l:l,O
+1,0 . € o € _
=" (v) = 4= W VT (u—w).

On the other hand, % = u — u? + ev. Combining these two expressions for 1, we
obtain an equation for hX1:0(v),

+1,0
dh?
€

7o (u—v)=u—u®+ev.

£L0 asymptotically in &, hE10(v) = hZ 0 (v)+ehi 0 (v)+O(£2), and

Expanding h
equating O(1 ) terms of course yields the normally hyperbolic manifolds Mg =1 O;
hY = 0 and hZ! = £1. Substituting these expressions in the O(¢) terms of the

expansion ylelds

Y +v=0 = M2 ={(u,v)

( | u=h2(v) = —ev + O(?)},
“2hfl =0 = Mfl {(u,v) |

u=h¥l(v) = £1+ = + O(e?)} .

By Fenichel’s second persistence theorem, Mg‘zl have local 2-dimensional sta-
ble manifolds, W*(MZ?!), and M? has a local 2-dimensional unstable manifold,
W (MP2). Moreover, since the full problem (1.3.1) is planar, all initial conditions
in between M_! and MY lie in both W¥*(M?) and W*(M_1), and hence are
forward asymptotic to MZ1. A similar statement can be made for all initial
conditions between M? and MZ!. Moreover, since MZ! possess attracting fixed
points uy, respectively, M2 acts as a separatrix between W*(—uys) and W*(uy).
In Figure 1.10, we plotted the dynamics of (1.3.1).

1.3.2 The Evans function

In this section, which can be seen as background information to the first part of
Section 3.4.1, we introduce the notion of the Evans function. In particular, we
use an Evans function to determine explicitly the linear stability properties of a
heteroclinic stationary solution to a bistable PDE, that is, to determine the spec-
trum of the linearized flow corresponding to a certain time independent solution
joining two distinct trivial states of the PDE. Note that, under certain rather
general conditions, which apply to the specific PDE under consideration in this
section, linear stability of a solution implies that the solution is also nonlinear
stable [59].

For concreteness of presentation, we work with the bistable PDE introduced in
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y (1D

0,0)

=€)

Figure 1.10: In the left frame, we plotted the dynamics of the FRS and the
SRS of (1.3.1), see Figure 1.9. In the right frame, we plotted the dynamics of
the full system with ¢ = 0.1. The fixed points of the system are (0,0) and
tuy = £(1.0488,1.0488) (to four decimals places). The former is unstable, while
the latter two are stable. Observe the locally invariant slow manifolds MZ!0
close to M§ 1’0, respectively, whose existence are guaranteed by Fenichel’s first
persistence theory. The asymptotic dynamics on MZ*!0 is given by the SRS to
leading order. For the two attracting manifolds MZ! this can be seen in the plot.
Moreover, note that M2 acts as a separatrix between W¢(—us) and W*(uy).
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Figure 1.11: In the left frame, we plotted the phase portrait of the stationary
solutions of (1.3.5). Tt possesses two heteroclinic stationary solutions uif (z). In
the right frame, we plotted the even and odd eigenfunctions of the associated linear
stability problem (1.3.7), which have been determined using an Evans function.

Section 1.2.2,

Uy =Ug +U - U3, (1.3.5)
which also forms the backbone of the three-component system (1.1.3). Equa-
tion (1.3.5) possesses the heteroclinic stationary solutions U(z,t) = uj (z) :=

+ tanh (%\/ix), see also Section 2.2.1. Here, we analyze the solution u (z) con-

necting U = —1 (at * = —o0) to U = +1 (at © = o0), see Figure 1.11. Then, by
symmetry considerations, we replicate our results for the remaining heteroclinic
solution u;, (z). For notational convenience, we drop the superscript ‘4’ in u (z).
To determine the linear stability properties of up (), we consider the (standard)
small perturbation of wup ()

Ulx,t) = up(z) + eMu(z), (1.3.6)

where z € R, A € C, and u is an integrable function. Note that this is a real-
istic assumption: nonintegrable perturbations cannot be assumed to be small in
any natural topology. Plugging this perturbation into (1.3.5), and linearizing we
obtain the stability problem

1
0=tz + (1= 3(un)? = A) u = ug, + <3sech2 (2\@5) — (A + 2)> u. (1.3.7)
Thus, the linearized operator reads
L= s + <3sech <2\f2x> — 2) ;

its spectrum is equal to the union of its point spectrum and its essential or con-
tinuous spectrum. The part of the spectrum in the left half of the complex plane
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corresponds to stable eigendirections, whereas spectrum in the right half plane
corresponds to unstable eigendirections, see (1.3.6).

The essential spectrum o.s covers instabilities under perturbations ‘at infinity’.
Usually, it is straightforward to determine this essential spectrum for a localized
solution [59, 63]; here, gess = {A € R| X < —2}. Roughly speaking, this can be
concluded as follows: for |z| large, (1.3.7) is to leading order given by

Ugy — (A +2)u=0,
with the general solution reading

u(x) = AjeVATE 4 Age VAT

This solution becomes oscillatory, also in the neighborhood of infinity, for A €
(—00, —2] = Tess. S0, although these solutions u(z) are bounded, they fail to be
integrable for \ € gess and thus do not belong the function space we settled on in
advance.

The point spectrum, that is, the set of isolated eigenvalues corresponding to lo-
calized integrable eigenfunctions, is usually much harder to determine. It is here
where the Evans function, an analytic function whose zeroes correspond to these
isolated eigenvalues [1, 21-24], comes into play. Generally, and for A\ ¢ o, it is
possible to construct two sets E1 and Fs of solutions to the linearized system in
such a way that F; forms a basis for the subspace of solutions that approach zero
at positive spatial infinity, while F5 forms a basis for the subspace of solutions
that approach zero at negative spatial infinity. Together F; and F5 span the
solution space of the linear problem. Since the eigenfunctions corresponding to
isolated eigenvalues necessarily converge to zero in both spatial limits, as they are
integrable, any eigenfunction is an element of both F; and F5. The Evans func-
tion D is defined as the determinant of the Wronskian of the fundamental matrix
solution generated by E; and E5. In general, this Evans function is nonzero, i.e.,
F, and Es together form a basis of the solution space. However, for any specific
value of A to be in the point spectrum, F; and E5 must be linearly dependent,
and therefore the Wronskian must be zero. Thus, zeroes of the Evans function D
correspond to isolated eigenvalues in the point spectrum of the linearized opera-
tor [1, 59, 63]. Note that, an Evans function is only determined up to a scaling
constant by construction. Therefore, there exists a whole 1-dimensional subspace
of Evans functions rather than a unique Evans function.

We now proceed to determine the point spectrum of (1.3.7) and the correspond-
ing eigenfunctions with the help of an Evans function. Upon rescaling y via
y := 32z, the stability problem (1.3.7) reads

0 = uyy + (6sech®y — P?) u, (1.3.8)



18 Chapter 1. Introduction

where P? := 2\ + 4. To avoid that A € gess, P? should satisfy P? € C\(—o0,0].
It follows that we can select the square root branch in such a way that P €
C*t ={P € C|R(P) > 0}. Tt is hard to solve this problem straightforwardly, but
this can be done via a reduction to (so-called) hypergeometric functions. To do
so, we introduce the function F(y) := u(y) cosh” y and the independent variable
z:= 3 (1 —tanhy). Since y € (—o0,00), it follows that z € (0,1) and

4 _dds__sedfyd L, d
dy dzdy 2 dz dz’
Therefore, (1.3.8) transforms to
0 = F,, —2Ptanh(y)F, — (P? + P — 6) sech’(y)F

(1.3.9)
= 2(1—2)F..+(P+1)(1-2:)F, — (P+3)(P-2)F,

where in the two steps the respective factors sech”y and 4z(1—z) are divided out.
This is a hypergeometric differential equation. The solution space of the general
hypergeometric differential equation,

2(1—2)F..+(c—(a+b+1)2)F., —abF =0,
is spanned by the hypergeometric series

Zala+1)...(a+n—1)bb+1)...0+n—1) ,

Flable)s) =1+ lelet 1) (ctn—1) :

n=1

and 2! 7°F(a—c+1,b—c+1]2—cl|z), see [48] for example. Here, a = P+3,b = P—2,
and ¢ = P+1, and therefore F(P+3, P—2|P+1|z) and 2~ P F(3, —2|1 — P|2) are
two independent solutions of (1.3.9). Note that F'(3,—2|1 — P|z) is a quadratic
polynomial in z,

6 12 )

F(3, 21~ Plz) =1~ 5z + (BT

Next, we define a scaled version of =7 F(3, —2|1 — P|z) which is also a solution
to (1.3.9)
J7(z;P):=(22) (1 - P)(2 - P)F(3,-2|1 — P|z).

Note that the scaling factor 2~% is incorporated only for our convenience. Now,
J7(z; P) solves (1.3.9), has no singularities at P = 1,2, and lim,_,; J~(z; P) is
bounded. Working backwards, we find then that

1
u”(y; P) :=sech”(y) J=(z; P), with z= 5(1 — tanhy),

solves (1.3.8) and lim,_,_ o v~ (y; P) = 0. By the reversibility symmetry of equa-
tion (1.3.8) (i.e., its invariance under the change y — —v)

ut(y; P) == u~ (—y; P) = sech” (y)J~(1 — 2; P)
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is also a solution of (1.3.8) and lim,_.. u™(y; P) = 0. Hence, we have explicitly
constructed two independent solutions of (1.3.8). Plainly, u~ (y; P) corresponds
to the set Eo, whereas u™(y; P) corresponds to Ej.

Using these independent solutions, we now define the Evans function

= | v (P ut(y;P)

Dp) = au (i P) ghut(y; P)
Note that the function D is independent of y by Abel’s identity, see also [1]. Note
also that, since u* has been obtained from u~ by an application of the reversibility
symmetry, u+ and = can only be dependent for values of P if u™ = £u~. This
implies that the eigenfunctions are either odd or even. In general, D(P) cannot
be computed explicitly. However, in the context of this example, a tedious yet
direct computation shows that

D(P) = u (y;P)Lut(y; P) —ut(y; P)gou(y; P)
= sech”(y)J~(z; P) (J*(l - z;P)d% (sechpy>
—&—sechpyg—zd% (J-(1— z;P))) —sech”(y)J~(1 - z; P)
(J_ (% P)% (sechpy> + sechpyg—;ﬁ (J~ (2 P)))
2P
= mrigriar (21 = 2) Q= P)Q:(1 = % P) = Q(1 - 2 P)Q(2; P))
—PQ(z P)Q(1 -z P))
— 2P (122(1 — 2) (=122 + 122 4 P? — 4) — (14424 — 28823
—12P222 4 19222 4 12P% — 482 + P* — 5P2 4 4P))
= —2P(P?-1)(P*-14).

Recalling the definition of P, we find that the Evans function associated with
the linear stability of the front solution uy(x) of (1.3.5) reads

D(A\) = D(P()\) = —8V2\ ()\ + ;’) A+2.

The zeroes of this Evans function, and thus the isolated eigenvalues of (1.3.7),
are A =0 and \ = —%. The zero eigenvalue is due to the translation invariance
of the system (see also the next paragraph), and therefore the heteroclinic so-
lution up(x) is linearly stable as A < 0. Note also that the essential spectrum
corresponds to {A € R| A < —2}, so that D()) is purely imaginary for A\ € gegs.
Thus for this system also the essential spectrum can be obtained from the Evans
function calculation.
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Since the original problem (1.3.5) is translation invariant — that is, every trans-
lated version (in x) of a solution to (1.3.5) is also a solution to (1.3.5) — A = 0 was
expected to be an eigenvalue with corresponding eigenfunction equal to (a scaled
version of) the derivative of the heteroclinic solution up(z). A short computation
shows that

A=0= P=2 = J (2) =3 = u (y;2) = 3sech®y = uT(2;2).

Thus, A = 0 indeed yields an even eigenfunction that is a scaled version u},(z) —
this is given by %\/5 sech? (%\@I) — namely 3 sech? (%\/ix) The other eigenvalue,
A= —%, yields

=-3 = P=1= J (1) = -3(1-22)

= u (y;1) = —3sech ytanhy = —u*(y;1).

Thus, the second (odd) eigenfunction is given by —3 tanh (%\/ﬁx) sech(%\/ia:), see
Figure 1.11.

1.3.3 The renormalization group method

There are a variety of methods which entail a form or another of renormalization,
and all these methods are called RG methods. Originally, renormalization was
developed in field theory and in the theory of phase transitions [42, 61, 66, 67] to
cope with irregularities in critical exponents. More recently, the RG method has
been adapted to deal with various perturbation and asymptotic problems arising
both in ODEs and PDEs [7]. These new methods use either a continuous in-
variance condition [7, 10] or a discrete one [68, 69]; see also [49] for a discussion
and examples of this RG method. Another type of an RG method using scaling
invariance to prove rigorously that the solutions to a nonlinear parabolic PDEs
have a particular asymptotic form, was developed in [6] and has originated in
statistical physics. This method has also been used to prove stability of solutions,
see [18].

The aforementioned RG methods also differ from the RG method we use in this
thesis. Our method was developed in [55] and uses renormalization to estab-
lish the existence and nonlinear stability properties of certain special solutions to
PDEs and ODEs. Moreover, it was also used in [16] to validate a formally derived
system of ODEs describing the dynamics of semi-strongly interacting fronts. It is
for this purpose that we employ the RG method, see Chapter 4.

We remark that in many physical problems, the dynamics of the positions of
fronts are referred to as collective coordinates, see for example [3]. In [19, 20, 55],
it is proved that for a certain type of weakly interacting structures, a reduction
to such collective coordinates always possible is. However, in this thesis we are
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dealing with semi-strongly interacting structures. For such a structures, the au-
thor is not aware of methods other than that developed in [55] (and used in this
thesis) to prove rigorously the collective coordinates reduction.

To explain the basic ideas behind the RG method we use in Chapter 4 [16, 31,
47, 55], we consider the first order nonautonomous ODE,

z = —(1—¢t))x, 0<|e®)| <eo <1,
2(0) = Ay, (1.3.10)
for g9 small enough (see below). Note that for () = ¢, (1.3.10) can be solved
explicitly: z(t) = Age~179)% see (1.2.3). It follows that there is a globally at-
tracting fixed point at * = 0. This is, of course, also the case for any general
e(t) satisfying 0 < |e(t)| < g9 < 1. However, for the sake of demonstration, we
pretend that both the exact solution of (1.3.10) and the existence of the attract-
ing fixed point at the origin are unavailable. Using the RG method, we identify
the attracting fixed point at x = 0 and prove that it is, indeed, globally attracting.

The variation of constants formula applied to (1.3.10) yields
t
z(t) = e tAg —|—/ e~ e (s)a(s)ds. (1.3.11)
0

Defining

y(t) := sup et,|33(t')|
o<t/ <t

and multiplying both sides of (1.3.11) by e?, we obtain the estimate

t
eta(t) < |Ao| + 2o / y(s)ds < |Ao| + soty(t) .
0

Note that the last term is secular: it becomes arbitrarily large for increasing t.
Taking the supremum over all time up to time 7 yields

Y < Aol + cory(r) = y(r) < 709
— EoT

It seems that, according to this inequality, the secular term yields blow up for
too large 7, see also Figure 1.12. A prototypical area of applications of the RG
method concerns problems on which the estimates exhibit similar secular behav-
ior. Problems solved by using the RG method often have this property of an
uncontrollable secular term. Using these naive estimates, we have an a priori
finite time control over the solution,

1
lz(t)] < 2e7 Ao, te (0, 2€0> : (1.3.12)
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The idea behind the RG method is to choose a specific new initial condition A

at time t = f — the moment when (1.3.12) loses its validity — and to repeat

the above procedure using this new initial condltron A;. (Note that we can also
renormalize at any other moment smaller than E— This specific choice of A; is

A1 = 2€_ﬁ |A0| s

namely, the upperbound of (1.3.12) at ¢t = . Using this new initial condition,
we now consider the initial value problem

t=—-(1-e)z, 0<[e(t)] <eo <1,
{,C(ng) A1

The variation of constants formula combined with the above estimates yields,
then,

(1 1 1
j2(t)] < 2¢~ (770 ) 14y = 414, te( )
260 o

Repeating this renormalization procedure, we obtain
__1 _ntl
| A1 = 2 %0 | Ay = 20D 555 | 4| .

An easy induction shows, then, that

_(t—n +1
Hl <2 (t 2 ) A :2(n+1) aay| ¢ i n '
(0] < 26775 jay| =20Vt agl, ve (20

Thus,
|lz(t)| < 2|Agle t(172e01082)  for all £,

Since g is a small enough, which in this particular case means g¢ < 210 35
obtain a net contraction of the initial condition Ag. Therefore, there is a g% bally
attracting fixed point of (1.3.10) at z(¢) = 0. See Figure 1.12.

In Chapter 4, we use this same method to establish the attractivity of a set
spanned by N-front solutions. There, however, we do not choose a different
initial condition when we renormalize; instead, we choose a different position of
the fronts we linearize about.

1.4 Outline

As we already remarked, system (1.1.3) is the central object of study in this thesis.
Our ultimate goal is to understand the semi-strong front and pulse interactions



1.4. Outline 23
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Figure 1.12: Schematic depiction of the main idea underlying the RG method.
After a finite time, the secular term becomes too large (diverges) and one has to
renormalize. For (1.3.10), this entails to choosing a new initial condition.

present in this system. Before we can thoroughly study those interactions, we
need to first study the existence and stability properties of the ‘simple’ asymp-
totic states. That is, we need to analyze the existence and stability of several
stationary or uniformly traveling 1- or 2-pulse solutions (2- or 4-front solutions).
In all of these cases, and for both the existence and stability problems, we find
that we can reduce the system of PDEs to a 6-dimensional system of first or-
der ODEs in the spatial variable £, so that the analysis reduces to investigating
these ODEs. Note that these ODEs turn out to be autonomous and nonlinear
for the existence problem and nonautonomous but linear for the stability problem.

In Chapter 2, we consider the existence problem. This chapter was published
in 2009 under the title Pulse dynamics in a three-component system: ezistence
analysis in the Journal of Dynamics and Differential Fquations, and it is joint
work with A. Doelman and T.J. Kaper. The main mathematical tool we use in
that chapter is geometric singular perturbation theory (see Section 1.3.1).

In Chapter 3, we consider the nonlinear stability problem. This chapter was
published in 2008 under the title Pulse dynamics in a three-component system:
Stability and bifurcations in the journal Physica D, and it is also joint work with
A. Doelman and T.J. Kaper. The main mathematical tool used here is the Evans
function (see Section 1.3.2).
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It should be noted that these first two chapters are more than merely prelim-
inary work towards the interaction analysis of the final chapter, as they deal
with several other issues. For example, we analyze the way in which the sec-
ond inhibitor, the W-component, alters the dynamics of the two-component limit
model (1.1.1). More specifically, we map out the type of dynamics exhibited by
the three-component model which is absent from the two-component limit model
(1.1.1). As in the case of the original Purwins system (1.1.2), several solutions
only exist or are only stable in the extended model (1.1.3). For instance, station-
ary 2-pulse solutions do not exist in the two-component limit model (Section 2.6)
but do exist in the extended three-component model (Section 2.5.2). In a similar
vein, stationary 1-pulse solutions can only emerge from a saddle-node bifurcation
in the extended system; this is not the case in the limit system, see Corollary 3.4.2
and Figure 3.3. We also study the possible bifurcations of stable stationary 1-
pulse solutions. Besides the aforementioned saddle-node bifurcation, a 1-pulse
solution can bifurcate into a breathing 1-pulse solution (Hopf bifurcation) or into
a traveling 1-pulse solution as the bifurcation parameter 7 keeps increasing, see
Sections 2.4 and 3.5.2. Note that the latter bifurcation can be either supercritical
or subcritical, see Lemma 2.4.1 and Figure 3.11. Moreover, observe that these
bifurcations only occur for large 7 = O(¢~2). This makes the bifurcation analysis
much more involved compared to the existence and stability analysis of stationary
1-pulse solutions.

In the final chapter, we analyze the semi-strong front and pulse interactions.
Using the RG method (see Section 1.3.3), we derive systems of ODEs describing
the motion of the various fronts of an N-front solution. This derivation contains
a fully nonlinear PDE analysis, in contrast to the previous chapters. Eventu-
ally, we analyze the derived ODEs to understand the semi-strong front and pulse
dynamics. This chapter has been recently submitted for publication under the
title Front interactions in a three-component system, and it is joint work with A.
Doelman, T.J. Kaper, and K. Promislow.

Finally, we would like to clarify that the material in this thesis only offers a
the first few glimpses into the dynamics generated by (1.1.3). One of the main
‘gaps’ in our current understanding is related to the fact that we only study in-
teractions in the parameter regime where 7 = (1), see the last chapter. In
particular, we do not study the much more interesting regime 7 = O(¢~2), where
uniformly traveling, breathing, and stationary 1-pulse solutions co-exist and in-
teract, see Chapters 2 and 3. The reason behind that is quite fundamental: in
that regime, the essential spectrum associated with the stability of an N-front
solution lies asymptotically close to the imaginary axis. As a consequence, some
of the central estimates on which the RG method is built no longer hold. Our
analysis is also limited in the sense that we only consider patterns in one spatial
dimension; a natural and challenging future project concerns the analysis of the
planar variant of (1.1.3). This is a natural next step, for instance to make a bet-
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ter comparison with the (numerical) observations obtained for the original model
(1.1.2). Two a priori bottlenecks for this analysis concern the extensions of, first,
the dynamical system-informed spatial dynamics approach and of the RG method
to a 2-dimensional setting. To the former bottleneck there exist solutions in the
literature, while the latter bottleneck is still largely unsolved.
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Chapter 2

Existence

2.1 Introduction

Spatially-localized structures, such as fronts, pulses and spots, have been found
to exhibit a wide variety of interesting dynamics in dissipative systems. These
dynamics include repulsion, annihilation, attraction, breathing, collision, scatter-
ing, self-replication, and spontaneous generation. The richness of the observed
dynamics typically increases with the complexity and the size of the system. Lo-
calized structures, that do not exist in reaction-diffusion equations (RDEs) with a
small number of components, may readily exist when more components and more
terms are added to the system. Likewise, solutions that are unstable in small or
simple RDEs may become stable with such additions.

The aim of this chapter is to report on the mathematical analysis of a paradigm
example that exhibits this increased richness. In particular, we study the three-
component model introduced in [60] and studied further in [5, 51, 53, 54, 70, 71],
see also the previous chaprter. In one space dimension, the equations are

U = DyUg + [fU)— &3V — kW + k1,
WV, = DyVi + U-V, (2.1.1)
QWt == DWWI:E + U - W,

where we used the notation of [51], see also (1.1.2). Note that (2.1.1) has the re-
versibility symmetry @ — —x. Here, the (U, V)-subsystem is a classical, bistable
two-component RDE, which exhibits dynamics similar to the classical FitzHugh-
Nagumo (FHN) equations (although here Dy # 0, whereas Dy = 0 in FHN), and
the variable W denotes an added inhibitor component. We will show that it is
responsible for increasing the richness of the types of solutions the model possesses.

In (2.1.1), U,V, and W are real-valued functions of x € R and ¢ € RT, and

27
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the subscripts indicate partial derivatives. The parameters 7 and 0 are positive
constants, and the primary interest is in using 7 as the bifurcation parameter.
The diffusivities of the respective components are denoted by Dy, Dy, and Dy,
f(U) is a bistable cubic reaction function (often taken to be f(U) = 2U — U?),
k3 and k4 denote reaction rates, and kq denotes a constant source term.

The fundamental discovery reported in [60] is that, in this three-component model,
the added component W can stabilize stationary and traveling single spot so-
lutions and multi-spot solutions in two space dimensions, which otherwise are
inherently unstable in the classical two-component (U, V)-bistable model. This
stabilization was shown to occur when Dyy is sufficiently large relative to Dy and
Dy, because then the presence of W prevents spots from extending in the direc-
tions perpendicular to their directions of motion. In this manner, W suppresses
the instability that spots undergo in two-component systems [60].

The dynamics of pulses in the 1-dimensional model (2.1.1) is also known to
be richer than in the corresponding 1-dimensional version of the two-component
model. Pulses collide, scatter, annihilate, among others, as has been shown in
[61, 52], whereas the dynamics of pulses in the restricted two-component system
is much less rich. A special class of unstable 2-pulse solutions, called scattors or
separators, is identified for (2.1.1) in [51, 52]. It is shown that their stable and
unstable manifolds organize the evolution in phase space of all nearby solutions.
More precisely, during the course of a collision between two pulses, they converge
to a separator state, and the location of the initial data relative to the stable and
unstable manifolds of this separator determines how and when the pulses scatter
off each other. Furthermore, in some parameter regimes, the scattering process
may be directed by a combination of two separators, where the colliding pulses
first approach one separator, spend a long time near it, and then approach a sec-
ond separator state, and then finally repel or annihilate, see [51, 52].

Our work is inspired by the results from [54, 60] and [51, 52]. We carry out
a complementary, rigorous analysis of the existence of certain pulse solutions for
a scaled version of the three-component model, see (2.1.6) below. The model has a
rich geometric structure that will be studied using geometric singular perturbation
theory, and we note that the application of this theory is challenging due to the
fact that the associated ordinary differential equations (ODEs) are 6-dimensional.

2.1.1 Statement of the model equations

In [5, 51, 53, 54, 60, 70, 71], the numerical values of the diffusivities of the three
species differ by several orders of magnitude. For example, in [51], the values are
Dy =5x107% Dy =5 x 1075, and Dy = 102, Therefore, we are motivated
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to introduce a scaled spatial variable
T

VDy

For computational convenience we also scale out the factor two in the nonlinearity
f(U) = 2U — U3. Therefore, we introduce

(2.1.2)

jj:

2t, (U, V,W)=3v2(U,V,W), (7,0)=2(r0),

‘E:
N 2.1.3
(R1,Rs, Ra) = 2(3V25k1, k3, Ka). ( )
In terms of these scaled quantities, the system (2.1.1) is
f{g = 52(255: + (:]_(:]3_,2317_;@412}/_,_,217
iV = Viz + U-V, (2.1.4)
ow; = D*W;z + U-W,

with the nondimensional diffusivities €2 = 2%[; < 1and D? = g—:f > 1.

As to the parameters in the reaction terms, the numerical values that are used in
[61] are (K1, K3, ka) = (=7,1,8.5), and very similar values are used in [60]. While
these are O(1) with respect to ¢, it is helpful to first study the system with O(e)
values of these parameters; i.e., to introduce scaled parameters, as follows:

k1= —¢7, R3 = ea, Rq = €03, (2.1.5)

where «, 3, and y are O(1) quantities and where we have taken 1 to be negative,
since it is negative in all of the above cited articles.

The rationale for this choice of scalings (2.1.5) is threefold. First, this choice
was made to facilitate the mathematical analysis, since in this regime the terms
in the U-equation corresponding to the source and to the coupling from the in-
hibitor components are weak, yet not too weak. In fact, the effects of the source
and the coupling terms are too weak when they are of O(g?) [14]. Second, it
turns out that much of the rich pulse dynamics exhibited by system (2.1.4) ex-
ists also when the parameters have O(e) values, as we will show in this chapter
(see also [56]). Therefore, one might reasonably hope to understand the origins
of the dynamics observed in [51] by beginning with the present analysis. Third,
in the numerical simulations of [51, 60], which were done on bounded domains,
the W wvariable stays near —0.8, approximately. Hence, in a very approximate
(and rough) sense one might argue, as follows, that there is an effective impact
of the parameters in the U-equation of (2.1.4) that is of O(e). Since k3 = 0.5
and € = % 5 ~ 0.22, the effect of V in this equation can indeed be considered
to be O(g). Moreover, by the scalings (2.1.3), &gW — & ~ 0.07 for W = —0.8
(and k1,4 as in [51]), which is clearly also O(e). Thus, it appears that the impact
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of the source and coupling terms are indeed small. Of course this last argument
is far from being mathematically consistent. However, this argument formed the
original motivation to introduce the aforementioned rescalings.

In light of the above scalings, the model equations that we study are

U = €U + U-Ud—c(aV+pW+7),
oW, = DW,, + U-W,

where we dropped the tildes. Furthermore, we require that 0 < e < 1,0 < 7,0 <
€3, D >1, and o, 3,7 € R, where the upper bound on 7 and 6 is derived in
Section 2.3.1. Moreover, we assume that the solutions (U(z,t), V(x,t), W (z,t))
are bounded over the entire domain.

At various stages throughout the analysis, we will see that it is also useful to
examine the three-component model in a stretched (or ‘fast’) spatial variable

£=1%
U, = Uege + U—-U3—e(aV+pW +7),
Vi = LV + U-V, (2.1.7)
oW, DWee + U-W.

We refer to this system as the fast system, and to system (2.1.6) as the slow
system.

The system (2.1.6) or (2.1.7) is well-suited as a paradigm for the analysis of
three-component RDEs. On the one hand, it is sufficiently nonlinear and com-
plex so that it supports a rich variety of localized structures, and on the other
hand it is sufficiently simple, with linear reaction functions in the second and third
components and with linear coupling, so that much of the dynamics can be com-
puted analytically, including certain bifurcations. In this respect, we believe that
the results presented here also provide a basis to establish a theory of interacting
pulses in this paradigm model.

2.1.2 Outline of the main results

We begin in Section 2.2 with examining the stationary, or standing, 1-pulse solu-
tions. For these solutions, the U-component consists of a front, which connects
the (quiescent) state U = —1 + O(e) to the (active) state U = 1+ O(e), and a
back, which provides the opposite connection, concatenated together to form a
pulse (or homoclinic orbit). Both the front and the back are sharp, so that the
pulse is highly localized, due to the asymptotically small value of 2 in (2.1.6).
The V-component of the 1-pulse solutions consists of a smooth pulse that is cen-
tered on the middle of the interval in which the U-component is in the active



2.1. Introduction 31

0.5

05 v ]
w -

-

4

5 5 45
-1000 500 0 500 100 -1000 500 0 500 1000

Figure 2.1: Stable stationary 1l-pulse and 2-pulse solutions of system (2.1.6)
obtained via numerical simulation. For the 1-pulse the system parame-
ters are (a,3,7,D,7,0,e) = (3,1,2,5,1,1,0.01), and for the 2-pulse we had
(a,B,7,D,7,0,e) = (2,—1,-0.25,5,1,1,0.01).

state and that varies over slightly wider interval than the U-pulse. Finally, the
W-component also consists of a single, smooth pulse, but it varies on a wider
interval than either of the other two components due to the fact that D > 1.
See Figure 2.1. The standing 1-pulse solutions are formally constructed in Sec-
tion 2.2.2. Then, we make this construction rigorous in Theorem 2.2.1, which
states that the three-component model (2.1.6) possesses standing 1-pulse solu-
tions whenever the system parameters satisfy (2.2.22). See Section 2.2.3 for the
statement of this theorem and Section 2.2.4 for its proof.

Next, we analyze the existence of traveling 1-pulse solutions. This analysis, pre-
sented in Section 2.3, follows the same two-step procedure: we first construct
solutions formally (see Section 2.3.1) and then we prove their existence rigorously
(see Sections 2.3.2 and 2.3.3). The main result is Theorem 2.3.1, which states that
there exist traveling pulse solutions whenever either 7 or 6 (or both) is O(e72)
and the system parameters satisfy (2.3.13).

Given these results about standing and traveling 1-pulse solutions, it is of interest
to investigate the bifurcation of the former into the latter. We do so in Section 2.4.
The leading order results are given by (2.4.2) in Section 2.4.1, and then the rigor-
ous, high-order asymptotics for the main bifurcation parameter 7 as a function of
the other parameters is summarized in Lemma 2.4.1, see Section 2.4.2. It turns
out that this bifurcation can be supercritical, as well as subcritical, depending
on the parameters, see Corollaries 2.4.2 and 2.4.3. This result contrasts with the
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bifurcation result for the 2-dimensional version of this model, obtained in [54],
where it was shown that this bifurcation is supercritical.

Having completed our analysis of the 1-pulse solutions, we next turn our at-
tention to 2-pulse solutions of (2.1.6). The main result is Theorem 2.5.1, which
guarantees the existence of 2-pulse solutions whenever the system parameters
satisfy (2.5.6). These 2-pulse solutions have U-components that consist of two
copies of the U-component of the single pulses, while the V- and W-components
exhibit two peaks as well, but are not near equilibrium in the interval between
their two peaks. See Figure 2.1. In this sense, the interaction between the pulses
is semi-strong, according to the terminology of [12]. We also note that (2.5.6) is
rather complex, and we present investigations of it when D = 2, and when D is
general. Moreover, we give the asymptotics of the key quantities as D — oo. See
Sections 2.5.2 and 2.5.3, respectively.

After completing the analysis of these pulse solutions, we examine in Section 2.6
the two-component (U, V)-subsystem, obtained from (2.1.6) by setting W con-
stant at —1. This analysis of the two-component system enables us to make
observations about the differences between the two-component and the three-
component systems. For instance, for the 2-pulse solutions, we observe that the
inclusion of the third component is essential, because the two-component version
of the model cannot possess 2-pulse solutions. Simply put, there is not enough
freedom in the two-component model to permit for the construction of these solu-
tions, and our analysis reveals why the third component — which naturally makes
the phase space of the associated ODE problem 6-dimensional — creates sufficient
space/freedom for their existence.

In Section 2.7.1 we present the results of a series of numerical simulations of
(2.1.6). These simulations confirm the various analytical existence and bifur-
cation results presented herein, and they also reveal the presence of rich pulse
interactions, including pulse reflection and annihilation, stable breathing single
and double pulses (which bifurcate from stationary pulse solutions), pulse scat-
tering, as well as combinations of these. See Figures 2.14-2.18. The single and
double pulses analyzed in this chapter are key building blocks to understand these
rich pulse interactions. Finally, in Section 2.7.2, we summarize our analysis and
discuss some related items.

Remark 2.1.1. The 2-pulse solutions constructed in [25, 34] for the FHN differ in
several respects from those constructed here. In FHN, these are essentially copies
of the 1-pulse solution, that must be very far apart, and that exhibit oscillatory
behavior in the interval between the pulses. The mechanism responsible for their
existence is related to the classical Shilnikov mechanism.

Remark 2.1.2. Other examples of stabilization via the inclusion of an addi-
tional component in a model are given for instance by the Gray-Scott and Gierer-
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Meinhardt systems. In these, 1-pulse (homoclinic) solutions that are unstable
with respect to the scalar RDE for the activator component are stabilized in
certain parameter regimes by the coupling to the equation for the inhibitory com-
ponent. The diffusive flux of inhibitor into the pulse domains helps to localize
the activator concentration, hence stabilizing 1-pulse solutions, and we refer to
[12, 13] for the mathematical analysis using the Evans function and the stability
index. Moreover, it is is worth noting that the converse may also arise; namely
in [14] it is shown that stable fronts of a bistable, scalar RDE are destabilized
through coupling to a second component when the parameters are chosen so that
either the essential spectrum approaches the origin or an eigenvalue emerges from
the essential spectrum and becomes unstable.

2.2 Stationary 1-pulse solutions

2.2.1 Basic observations

First, we look at stationary pulses of system (2.1.7), i.e., we put (U, Vi, W3) =
(0,0,0). By introducing p = ue,q = %vg and r = gwg, we transform system
(2.1.7) into a 6-dimensional singularly perturbed ODE

ug = Pp,
pe = —uud+ o+ Bu+7),
Ve = &4,

2.2.1
g = elv—u), ( )
we = pr,
re = pHlw—u).

Although £ is the spatial variable, it will play the role of ‘time’ in our analysis.
The system possesses two symmetries

(& pig,r) = (=& —p,—¢,—r) and (2.2.2)
(uapv v,q,w,T, ’Y) - (_uv -p,—v,—q,—w,—T, _7) . o

Note that the first symmetry corresponds to the reversibility symmetry (z,£) —
(—x,—€) in (2.1.6), (2.1.7), respectively. The fixed points of system (2.2.1) have
p=q=7r=0,and u = v = w with u® + u(—1 +e(a+ B)) + &y = 0. Solving this
last equation yields

1
uf =+1F és(a—&—ﬁiw)—&—(’)(ez), ul = ey + O(e%). (2.2.3)
Hence, there are three fixed points,
PE = (uF,0,uZ,0,uF,0), P? = (u?,0,u,0,u2,0). (2.2.4)

It can be checked that PF, respectively P, represent stable, respectively unsta-

ble, trivial states of the partial differential equations (PDEs) (2.1.6) and (2.1.7).
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Figure 2.2: The phase portrait of the fast reduced Hamiltonian system (2.2.5).

The fast reduced system (FRS) is obtained by letting € | 0 in (2.2.1),

{“5 - b (2.2.5)

pe = —u+ud,
as well as (ve, ge, we,me) = (0,0,0,0), i.e., (v,q,w,7) = (Vs, @u, Wa, 74 ) With vy, gy,
Wy, T« € R constants. The fixed points of the FRS are given by (u,p) € {(£1,0),
(0,0)}. The former are saddles. The latter, (0,0), is a center that corresponds to

P? and thus to an unstable trivial state of (2.1.6) — we will therefore not consider
it.

We define the 4-dimensional invariant manifolds M(jf by
MG = {(u,p,v,q,r,w) €R® :u=+1,p =0},

which are the unions of the saddle points over all possible vy, g, Wy, 7% € R.
Planar system (2.2.5) is integrable with Hamiltonian

1 1
H(u,p) = 5 (0" +u*) = S (u' +1), (2.2.6)
which is chosen such that H(u,p) = 0 on ./\/loi. The FRS possesses heteroclinic
orbits (u%i(f),p%i(f)) that connect the fixed points (u,p) = (£1,0) to (u,p) =

(¥1,0),
ug’i(£)=$tanh(;\/§£) , P?{i(ﬁ)=¢;\/§se0h2(;\@£>. (2.2.7)

See Figure 2.2. The manifolds ./\/loi are normally hyperbolic, and they have 5-
dimensional stable and unstable manifolds WS’“(MS—L) that are the unions of the
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4-parameter (v, s, Wy, 1y )-families of 1-dimensional stable and unstable mani-
folds of the saddle points (u,p) = (£1,0) in (2.2.5).

Fenichel’s first persistence theorem [27, 39, 43] implies that for e small enough,
system (2.2.1) has locally invariant slow manifolds MZ which are O(e) C*-close
to J\/l(jf, i.e., MZ can be represented by

ME = {u==1+ Euli(v, q,w,T;€),p = Epli(v, q,w,T;€)}, (2.2.8)

where the graphs u; and p; can be computed by an expansion in e,
1
ME ={u=+1- 5e (av+ Bw+7) + O(e%),p = O(e?)}. (2.2.9)

The application of Fenichel’s second persistence theorem establishes that MZ*
have 5-dimensional stable and unstable manifolds, W% (MZ), that are O(¢) C1-
close to their & = 0 counterparts W**(MZ). Observe that the critical points P
have 3-dimensional stable and unstable manifolds W**(P*) which are contained

in Weu(ME).

There are two slow reduced limit systems (SRS), both of which we write in terms
of the fast variable £: one that governs the flow on M_,

{ vee = 52(0 + 1+ 0(e)), (2.2.10)
Wee = %(w+1+(9(5)), -
and one that governs the flow on M7,
{ vee = e(v—140()), (22.11)
Weg = %(UJ*l‘FO(&)).

Observe that (v,q,w,r) = (£1,0,£1,0) + O(e) are saddle points on MZE that
correspond to the fixed points PF (2.2.4). Also note that the v- and w-equations
are to leading order decoupled, so that both ODEs can be considered separately.
See also Remark 2.2.1. Hence, we have a (v, ¢)-subsystem and a (w, r)-subsystem,
both with two saddle points. These four saddle points each have 1-dimensional

stable and unstable manifolds, lf}ﬁj;i, that are given to leading order by
It = {g==£1-v}, E* = {r=+41-w}
. oW ’ 2.2.12
Wt = {g=F1+v}, It = {r=F1+w}. ( )

In Figure 2.3, we sketch some orbits on the manifolds MZ.

2.2.2 The construction of l-pulse solutions 7, ;({) homo-
clinic to P~

In this section, we consider symmetric stationary 1-pulse solutions -y, j (&) that
are homoclinic (denoted by the subscript ‘h’) to P (denoted by the superscript
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Figure 2.3: The flow generated by the (v, ¢)-subsystem on M_ and that of the
(w,7)-subsystem on M. Note that stable/unstable manifolds /5% and [5%F
have the same slopes.

—’). The last subscript ‘j’ is an index which is needed since there can be more
than one pulse solution for a given set of parameters. Here, we present the formal
derivation. Then, in section 2.2.3, we formulate a theorem based on this analysis
— Theorem 2.2.1, and we prove this theorem in Section 2.2.4. This proof also
establishes the validity of the asymptotic analysis in this section. Note that or-
bits homoclinic to the other fixed point P can be obtained from these orbits by
application of the symmetries (2.2.2).

Before we start with the construction of v, j(f), we introduce some notation.
From Figures 2.1 and 2.4, we notice that there are five different regions, three
in which the leading order spatial evolution is given by the SRS (2.2.10) and
(2.2.11), and two regions that are governed by the FRS (2.2.5). Since the PDEs
are translation invariant, we may parametrize the pulse solution so that its u, v, w-
components are at a local extremum at § = 0, i.e., p;, ;(0) = g, ;(0) =7, ;(0) =0
— we will find that v, ;(0) and wj, ;(0) are maxima, while u;, ;(0) is a (local) mini-
mum. Moreover, we introduce &, as the position of the ‘jump mid-point(s)’, more
precisely &, is such that v, ;(£) is half-way between the two slow manifolds at
£ =&, le., uy, ;=0 at & = £¢£, (2.2.2). We will find that & = O(%), but at
this point of the analysis it is still undetermined. Next, we define the two ‘fast

intervals’ I T and the three ‘slow intervals’ IF, 19,

I (- b+ 2) 0 = (- L6+ ) 2213
I = (foo,fg*fﬁ},lg ::[ ot k.6 - } I = [§*+ﬁ,oo)."

Note that the choice of the width for I f of % is standard, but arbitrary. We can

now give a more precise definition of the five regions mentioned above (see Figure
2.4).
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1: The dynamics take place exponentially close to the slow manifold M_:
el .

2: The dynamics take place in the fast field: £ € T 7
3: The dynamics take place exponentially close to MT: & € I?.
4: The dynamics take place in the fast field: £ € IJT.
5: The dynamics take place exponentially close to M7 : £ € I}.
By definition,
Vg = (Un 3P > Vh > Tnjr Whoj Thy) € W) NW?(PS) C WHMI) N WMD),
while the jump mid-points are defined by
Vi j (FE6) = (0, FPss Vs Flao, W, Frv)-

Furthermore, since v, (¢€) remains exponentially close to M for & € I, v ;(£)
is also exponentially close to W*(P-)NW* (M) and to W*(P-)NW* (M) for
sufficiently long time. Note that -, ;(§) ¢ W*(MZ) N W*(MF) or W*(MZ) N
Wu(MZ), since it has to be able to jump back again from MT to M.

By considering possible take off and touch down points of jumps through the fast
field and by studying, in fact explicitly solving, the slow flows on M7 (2.2.10) and
on M (2.2.11), we obtain relations between the coordinates (vs, Fqu, ws, Fry)
of the jump mid-points and their spatial positions +£, that uniquely determine
the homoclinic orbit(s) v, ;(§); see Remark 2.2.1.

For € # 0, the Hamiltonian H (u,p) (2.2.6) is not conserved

= w+p(-utvdP+elaw+pPw+7y)) —u’p (2.2.14)
= eplav+ Pw+7).

Since (uy, ;(§),py, ;(§)) must be O(e) close to the heteroclinic solution
(ug’f(g),pg’f(g)) (2.2.7) of the FRS (2.2.5) in the fast field I, the total change
in H for an orbit v, j(f) that jumps from M7 to M7 is approximated by

A;H(v*,q*,w*,r*) = fI;Hgdg
= Ji-en T (€48 (o + B +7)dE + O(evE)

= elovs + Bus +9) [Z 9y (€)dE + O(eVE)
= 2e(awy + Pws + ) + Oe/e),
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Figure 2.4: A schematic sketch of a standing pulse solution ~, ,(§) in the 6-
dimensional (u,p, v, q, w,r)—phase space. In region 1, the pulse is exponentially
close to M7 for a long ‘spatial time’ and approaches P as £ — —oo. It ‘takes

off’ from M7 at £ = =, — ﬁ (by definition) and ‘jumps’ through the fast field

(€ e If_) towards MZT — this is region 2. In region 3, Vi i (&) touches down near
M at £ =&+ % and remains exponentially close to M until £ = &, — ﬁ,
from where it jumps back towards M_, which defines region 4 (£ € I]J{) In the

g

final region, 5, v, j(f) is again exponentially close to M_ and approaches P as

& — 00. See also Figure 2.1 in which v, j(f) exhibits the same structure.
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where we have used (2.2.7), (2.2.14), and assumed that & = O(1). Note that
A} H in principle depends on (s, @s, Wi, T4), the slow (v, q,w,r)-coordinates of
the jump mid-points, and that these coordinates do not vary to leading order
during a jump through the fast field,

Ajv= [-vede = [,-eqdé =2q./E + O(e) = O(Ve),

Afg= [-qedt = [i-e(v—u)dg = 20./E + O(e) = O(V5),
Ajw= [-wed = [i- frdS =2r.5ve+0() = O(v2),
Apr= [iredt = [ §(w—u)d§ =2w.51E+ O(c) = O(VE).

(2.2.15)

On the other hand, such an orbit v, ;(§) cannot have a total change of more than
O(e?) over a jump through the fast field I, , since

H(u,p)|MEi = % ((il — %e(av + fw + ) + (’)(52>)2 + (’)(52)2)

-1 ((:tl — 2e(av+ Bw +7) + 0(62))4 + 1)
sFselav+pBw+7) -+ e(av+pBw+y)— 1+ 0(e
=0(%) ,

(2.2.16)
%)

where we recall (2.2.8), (2.2.9). Thus, we conclude that for an orbit -, ;(£)
that jumps from M_ to M7 the following relation for the slow (v, qs, Ws, 7)-
coordinates of the jump mid-point must hold to leading order

avy + Pw, +v=0. (2.2.17)

Note that A;H (s, @x, Wy, T4) 1s in fact a Melnikov function that measures the
distance between W*(M_) and W*(MJ) as they intersect the {u = 0} hyper-

1>

plane (see [12, 14, 57]). Condition (2.2.17) determines the 3-dimensional set of
initial conditions in {u = 0} that defines the 4-dimensional intersection of the two
5-dimensional manifolds W*(M_ ) and W*(MZ) (recall that the phase space is
6-dimensional and that the p-coordinates of these initial conditions are necessarily
O(e) close to piy~(0) = V2 (2.2.7)).

By the reversibility symmetry (2.2.2), we know that (2.2.17) also must hold for the
(Vs, —Qx, Wy, —T4 )-coordinates, which are the coordinates of the jump mid-points
of the orbits that jump from M to M7 near & = ¢&,.

Next, we study the slow flows on MZE. The equations (2.2.10) and (2.2.11) for
these flows are linear and decoupled to leading order, thus we may solve for v and
w separately. Based on the above analysis, we write down the following boundary
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conditions for the solutions in regions 1, 3, and 5:

o) = —1, w(-Gt L= w(EFh) = 0.+ 0(/A),
Qh(ioo) i 0, Qh(_f* + %) i _Qh(f* + %) i g+ O(\ﬁ)v (2.2.18)
”Ujh(:l:OO) = -1 wh(fé‘* + %) - wh(g* + ﬁ) = Wi+ O(\/g)a
Th(:too) = 0, Th(_g* + ﬁ) = _Th(g* + ﬁ) = et O(\/‘g)ﬂ

see Figures 2.1 and 2.4. Note that there are more (boundary) conditions than free
parameters in the general solutions of (2.2.10) and (2.2.11). As a consequence,
we find that both v, and ¢, as well as w, and r,, must be related,

¢ =ve + 1, re = wy + 1, (2.2.19)

which in geometrical terms is equivalent to (vi,q.) € I*~, and (w., 1) € %~
(2.2.12), see also Figure 2.3. Moreover, (2.2.18) yields additional relations between
v, and &, and between w, and &,,

v, = —A%, w, = —AP  where A =e &, (2.2.20)

Observe that, since & > 0, A € (0, 1), so that v,, w, € (—1,0). For (v, Gx, W, 74)
and &, that satisfy (2.2.18), (2.2.19) and (2.2.20), we obtain the explicit (slow)
solutions,

2¢° sinh e€, — 1, 2¢5¢ sinh 56 —1 inl,
vh(€) ={ —2e %%+ coshet +1, wy(€) = —26_%5* cosh5&+1 in 3, (2.2.21)
2¢"*¢ sinh e, — 1, 2¢"Désinh &, —1 in5

to leading order in e. Thus, together with the Melnikov condition (2.2.17), the
boundary conditions (2.2.18) imply three relations between v, w, and &.. These
relations combine into the following jump condition on A,

aA® + BAD =~ + O(E). (2.2.22)

A solution A € (0,1) of this equation uniquely determines the jump mid-points
(Vs, F¢x, Wy, Fry) in phase space of a homoclinic solution Vi (), as well as their
spatial positions £&, (2.2.20).

Remark 2.2.1. We comment briefly on the coupling between the V- and W-
components and on the related fact that the homoclinic orbits are isolated. In the
PDE (2.1.7), the variables V and W seem to be only coupled through the equation
for U. In the construction of Yh.j (€), this coupling induces the Melnikov condition
(2.2.17) and gives a natural relationship between the v,- and w,-coordinates of the
jump mid-points. However, we observe that there is an additional geometrically-
induced coupling between these two components that is not directly obvious from
the equations. In particular, the jump mid-points £, must be the same for both
the v- and w-components in (2.2.1), which implies that also the ‘time-of-flight’
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along the slow manifolds must be the same for both the v- and w-components,
since the parametrizations of all of the components of a homoclinic orbit ;. J(f)
are of course the same. Hence, from among the entire 1-parameter set of pairs
(vs, wy) that satisfy the Melnikov condition (2.2.17), a unique pair, with v, =
—(—w,)P (2.2.20), is selected by this ‘time-of-flight’ constraint. Together, the
two constraints determine the values of v, and w, uniquely and thus establish
that the homoclinic orbits are isolated.

2.2.3 Existence theorem

Based on the analysis of the previous section, we can formulate the following
existence result:

Theorem 2.2.1. Let (a, 3,7, D) be such that (2.2.22) has K solutions A; € (0,1)
(K € {0,1,2}), and let € be small enough. If K = 0, there are no symmet-
ric orbits homoclinic to P in system (2.2.1). If K > 0, then there are K
symmetric homoclinic orbits 7, ;(§),7 € {1, K} to P- that have a structure as

sketched in Figure 2.4, i.e., the orbits 'ygj(f) consist of five distinct parts, two

fast parts in which it is O(e) close to a fast reduced heteroclinic orbits (u?lF(f F

@),pg’i(f F &), U, £qu, Wa, £74) (2.2.7) with (Vi g, Wy, T+) given by (2.2.19)
and (2.2.20), and three slow parts in which (u, ;(§),p;, ;(§)) = (£1,0)+O(e) and

(v, 1(8)s @y, (&) wy, ; (&), 7y, 5(€)) are given by (2.2.21), up to O(\/e) corrections,

with
1 1

The orbits ’Y;:,j(f) correspond to stationary pulse solutions

(U(§7 t)a V(£7 t)7 W(ga t)) = (uh,j (5)7 Uh,j (g)a Wh,j (g))
of (2.1.7).
Moreover, if |aD| > |B| and sgn(a) # sgn(3), then a saddle-node bifurcation

of homoclinic orbits occurs, to leading order in €, as y crosses through
1 (DT - D DT} >0 fora<0<f

’YCl(aaBa ):( )
o o ) (2.2.24)
Yea(a,8,D) = a~ D1 (—B)D1 (D™D 1 —D 1) <0 for B<0< .

The explicit expressions for the values 7,12 of the saddle-node bifurcations
are based on a straightforward leading order analysis: set the partial derivative
of (2.2.22) with respect to A equal to zero to obtain

D

A, = Ai(a,3,D) = (—O‘é)>_2 e, (2.2.25)
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Figure 2.5: A graphical representation of the jump condition (2.2.22) and the
associated saddle-node bifurcations as described by Theorem 2.2.1 for a« < 0 < 3
(with « + 8 > 0) and for 8 < 0 < « (also with a+ 8 > 0). Note that Ax € (0,1)
for all parameter combinations.

and then insert this expression back into formula (2.2.22) to obtain 7. 2 (2.2.24).

In Figure 2.5, the relations between A; and 7 as solutions of (2.2.22) have been
plotted. The two saddle-node cases at A. described by the theorem are also clearly
visible. Two other bifurcations occur: one at v = A = 0, which corresponds to
&« = 00 (2.2.23), i.e., the plateau at which the U-component of the 1-pulse solu-
tion is near 1 becomes infinitely long; the other at v = o+ 3, A = 1, where the
pulse becomes infinitely thin — see also Lemma 2.2.2 below.

2.2.4 The proof of Theorem 2.2.1

) will be es-
tablished by studying W*(M ) and W¥(P. ) as they pass along M7T. The re-
versibility symmetry (2.2.2) plays a crucial role in the proof.

The existence of the homoclinic orbit v, ;(§) € W*(P) N W*(P-

The manifold W*(P.") is 3-dimensional, so that all orbits v (§) C W*(P,) can
be represented by a 2-parameter family, v5(§) = vp(§; s, ws), where (v.,wy)
represents the jump mid-point. Of course, we only consider the part of W*(P.)
that is spanned by orbits v (§) that are O(e) close to a heteroclinic solution of the
FRS (2.2.5) away from M_ and M7, i.e., we do not pay attention to the other
‘half’” of W*(P.") that is spanned by solutions with a monotonically decreasing
u-coordinate — see Figure 2.2. More precisely, v (§) is exponentially close to M7
for asymptotically large, negative values of £, jumps away as £ increases, and
crosses through the {u = 0} hyperplane at

’Y];(*SP,*) = '71;(*£P,*('U*7w*)) = (O,p*,v*,q*,w*,r*). (2'2'26)
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Note that 75 (&;vs, w,) must be exponentially close to the slow unstable mani-
fold W4 (P-) C M_ that is spanned by %"~ and I}~ (2.2.12), so that ¢, =
v + 1, 1 = wy + 1 as in (2.2.19). Moreover, we note that this family of orbits
~vp (& vs, wy) with finite pairs (v.,w,) has as its natural geometric completion
the slow unstable manifold W _(P.) C M. in the limit that |v,] — oo and
|wy| — oo such that their ratio remains fixed.

Within W*(P.), there is a priori a 1-parameter family of orbits that is forward
asymptotic to M}, because W*(P-) N W5(M7) is the intersection of a 3- and
a 5-dimensional manifold in a 6-dimensional space, i.e., W*(P=) N W5 (MZT) is
expected to be 2-dimensional. The Melnikov calculus [12, 14, 57] of the pre-
vious section implies that v5 (& v, ws) C WH(PS) N WSMT) if v, and w,
are related by (2.2.17). By construction, W*(P.) N W#(MZ) is spanned by
Thet (63 V5) = Vp (& Vs, wi (v4)) With w, (v,) given by (2.2.17).

The evolution of v, (&;vs) near M7 is governed by the linear SRS (2.2.11).
If v, w, € (—1,0), then 7, (&) intersects the {g = 0}-hyperplane (Figure 2.3).
We may assume that the intersection 7, . (§;v«) N {q = 0} takes place at £ = 0.
This assumption determines the jump mid-point &ne« (Vi) = Ep (Vi Wi (V).
Moreover, it follows that Eneq «(vs) > 0 (2.2.26). For € > —&pet«(vs) + O(e71/2),
i.e., if 4y, (& v4) is exponentially close to M7, the evolution of the r-coordinate
Thot (&3 V) Of 710, (€5 v4) can be computed explicitly. For general v,, 1, (0;v,) # 0,
but there are special values of v, such that r_, (0;v.) = 0. In fact, 7 (0;v4) =0
if and only if v, = —Ag ., where A, solves an algebraic equation that is to lead-
ing order given by (2.2.22). Note that this is in essence how (2.2.22) has been
obtained. However, also note that the relation (2.2.22) has been deduced for the
so far only formally constructed homoclinic orbit v, ;(§) € W*(P.) N W*(P.),
while Ay , corresponds to the heteroclinic orbit 7, (§;v«) C W* (P )NWs(MT).
This is explained by the fact that ¢; ., the position of the jump mid-point of
Vi;(€), is of O(e™") (2.2.23). Thus 1, ;(£) must be exponentially close to M7
for an asymptotically long ‘time’. Hence, it must be exponentially close to
W#(MZ). We define the (rigorously constructed) critical heteroclinic orbit v, (&)
by Y. (€) = Vet (&5 v+) With v, determined by A .. Moreover, we observe that
Y0,(§) is such that [y, ;(§) — 7. (§)[l is exponentially small for { < 0; and
|Aj — Ao «| is also exponentially small, but nonzero. Note that v, ,(£) cannot be
symmetric, since it remains exponentially close to M for £ > 0; this necessarily
implies that p, ,(0) # 0.

Now assume that K # 0, i.e., that there exits at least one solution A = A; € (0,1)
of (2.2.22), and that (o, 3,7, D) are such that W*(M_) and W*(M7) intersect
transversely, i.e., that v is not asymptotically close to Y1 c2(a, 5, D), the values
at which the saddle-node bifurcations occur (2.2.24). The above arguments im-
ply that the heteroclinic orbit vy, (§) C W*(P.) N W*(MT) with Ag . = A; to
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leading order, exists and, by construction, that v, ,(0) € {g = r = 0}.

By definition, the orbit vy (&) for & € (a,b) spans a curve Ty, (a,b) C RS,
and there is a 3-dimensional tube 7, C W*(P-) around I'y (a,b) (for any
—00 < a < b < o) which consists of all orbits 7~ (& v, wy) C WY(P) with
(vs; W) so close to (—AF ,, w.(—AF ,)) that
sup |77 (& ve wi) — 0L (E)Il < e VF,
<104
where —&p .« = —&het,«(v«), the position of the jump mid-point of 7, (£). The

existence of 7, follows from the continuous dependence on the initial conditions
of solutions of smooth ODEs (as (2.2.1) clearly is); 7, defines an open neighbor-
hood of 'y, (a,b) for any —co < a < b < oo in the relative topology of W*(P-").
Note that 7;, contains both orbits that jump away from MF O(y/g) close to
Yo, *(—%go,*) — these are the orbits close to 97, that only remain close to MF
up to & = —3& . + O(e~Y/2) — and orbits that are exponentially close to M7
for arbitrarily long ‘time’ — the orbits that are close enough to v, ,(£). Note
also that the ‘secondary’ jump mid-points, i.e., the points at which the orbits
7 (& 04, wy) take off again from M, of all orbits in 7y . must be exponentially
close to the curve F&*(—%foﬁ*, 00), that is itself exponentially close to M7 and is
approximated, or represented, by a part of a solution curve of (2.2.11) — compare
to region 3 in Figure 2.4 in which the curve I'y (=, §«) is approximated.

The tube 7, is stretched by the fast dynamics near M7 into a 3-dimensional
manifold that is no longer exponentially small in the direction of the fast unstable
eigenvalue of MT — see Remark 2.2.2. In fact, 7. is exponentially close and
parallel to W*(MZ). Since W*(MJ) intersects W*(M_ ) transversely — which
can be shown by the same Melnikov-type arguments that established the inter-
section of W*(M_) and W*(MT) — it follows that 7, , N W*(M_) exists as a

g
2-dimensional submanifold of 7, ,. We label this manifold as S ,; it consists of a
1-parameter family of orbits v~ (§,v*,w*) CW*(P)N VVS(./\/lE_)7 i.e., orbits in
W*(P-) that are homoclinic to M. Since 7, is exponentlally close to Yo (§)

for £ < —1&,., and since Y.+ (&) takes off from M- at W (P-), it follows

blOW( €
by the reversibility symmetry (2.2.2) that the orbits in S;, touch down on M2
close to W3, (P-), the slow stable manifold of P~ in M_ that is spanned by I3, .

€

The existence of the homoclinic orbit 7, ; (&) is established if it can be shown

that there is an orbit v~ (§;vs, wy) C Sy that indeed touches down exactly on
Wiow(Po). This result will follow from another application of the reversibil-

ity symmetry. The above construction of the 2-dimensional manifold S;, C
W (P ) NW# (M), that is based on the heteroclinic orbit vy, (§) C W*(P7) N
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W#(MJ) and on the tube 7y .., has a symmetric counterpart in the 2-dimensional
manifold S5, € W*(P7) N W*(M_), that is based on the heteroclinic orbit
’yaf* (&) C W(PZ)NW¥(M) and on the tube ’J?f* Note that by construction all
(P7)c M_.

orbits in SS: , touch down (or: take off in backward ‘time’) on W5,

Thus, 7, ;(£) exists if it can be shown that S , and Saf* intersect.

To show this, we first note that
S0 NSy =Ty, NIy, CWH(PZ)NW*(P7),

since orbits in 7, that are also in ’ZE)+* C W#(P.) C W*(M_ ) must, by defini-
tion, lie inside S; . Moreover,

dim (S;, NSy,) =dim (7, N75) = 1.

Since both S(f* consist of solutions of (2.2.1), the dimension of S;, N ng , cannot
be zero, i.e., S5, N SoJf . cannot be a point. It also cannot be two, which would
imply that the 2-dimensional sets S(f* coincide. This is not the case, since S(f*
are, as subsets of ’]Bﬂ;, stretched like 76%*7 thus S, is parallel to W*(MZ) and

SS: . to W¥(MZ). Hence, we may conclude that we have proved the existence of
the (locally) uniquely determined homoclinic orbit 7, ;(§) C W* (P )NW*(P.),
if we have shown that 7, and ’]B"; intersect.

This follows from the local stretching of the tubes 7, and ’ZBt near M7. To see
this, we consider the curves F&*(—%&L*, $&0,+) and Faf*(—%&’*, 1&0,+) that are
associated to v . (§) and 'yaf* (&) (note that 'yaf* (&) jumps at +&p . by (2.2.2)). By
construction, Fa,*(—%§07*, 3&0,+) and F&*(—%fm*, 5&0,+) are exponentially close
to each other and exponentially close to M. The tube 7, is stretched in the
direction of the fast unstable eigenvalue of MZT near F(jf*(—%fo,*7 +&0,+) and is
exponentially close to W*(MZ), while ’]E)"’* is stretched in the direction of the
fast stable eigenvalue of M7 near F(jﬁ*(f%fo,*, +&0,+) and is exponentially close
to W*(MZ). Moreover, both 3-dimensional manifolds ’Z)i* extend to two sides —
{u < 1} and {u > 1} — of M near Fi*(—%ﬁm*, 1&0,+), since they both contain
orbits that are asymptotic to MF. Thus, 7, and ’];f* must have a nontrivial
intersection. This completes the proof for K > 0.

Observe that the left hand side of (2.2.22) has at most one extremum for A € (0, 1),

namely
D

D _%D—l
A (_aD
SR

see (2.2.25). Therefore, K cannot be more than two.
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Finally, we briefly consider the situation in which K = 0, i.e. in which there is no
solution A € (0,1) of (2.2.22). In this case, the critical heteroclinic orbits g, ()
cannot be constructed, and it follows immediately that W* (P ) N W#(P-) = ().
The saddle-node bifurcations occur at the transition from K = 2 to K = 0 and
must be locally unique by the C'-smoothness with respect to ¢ of the stable and
unstable manifolds of M* and PF [27, 28]. O

Remark 2.2.2. In [40, 41], the stretching and squeezing associated to the passage
of an invariant manifold along a slow manifold are described by the Exchange
Lemma. This lemma can be used to study the deformation of W*(P.") as it
passes along M7. Indeed, one may verify explicitly that the sets of touch down
points of the tracked manifold on the slow manifolds are transverse to the flows on
those manifolds. However, we have chosen for a somewhat more direct approach
here.

2.2.5 Explicit analysis of the number K of stationary 1-
pulse solutions

Theorem 2.2.1 above establishes that K < 2. In this section, we carry out a
straightforward analysis of the jump condition (2.2.22) to derive explicit results
for the number (K) of stationary 1l-pulse solutions in (2.1.6) for a given set of
parameters. The following lemma is an example; it is stated without proof.

Lemma 2.2.2. Let (o, 3, D) be such that |aD| > |B|. Then, for ¢ > 0 small
enough, and Ye1,c2 as given in (2.2.24), we have
(a1) if sgn(a) = sgn(B), sgn(v) = sgn(a), and |v| < |a + 3|, then K = 1.
(a2) if sgn(a) = sgn(B), sgn(v) = sgn(a), and |y| > |+ B, then K = 0.
(a8) if sgn(a) = sgn(B) and sgn(vy) # sgn(«), then K = 0.
(b1) if sgn(a) = =1 = —sgn(B), a + B > 0, and sgn(y) = —1, then K = 0.
(b2) if sgn(a) = =1 = —sgn(B), a+ >0, and 0 <y < o+ (3, then K = 1.
(b3) if sgn(a) = =1 = —sgn(B), a+ 06 > 0, and o+ B < v < 7Ye1, then

(b4) ifs;n .a =

() =—1=—sgn(B), a+ B >0, and v > Y1, then K =0.
(c1) if sgn(a) = —1 = —sgn(B), a+ 4 <0, and v < a + 3, then K = 0.
(c2) if sgn(a) = —1 = —sgn(B), a+ <0, and a+ 3 < v <0, then K = 1.
(¢3) if sgn(a) = —1 = —sgn(B), a + [ <0, and 0 <y < Ye1, then K = 2.
(¢4) if sgn(a) = =1 = —sgn(B), a+ B <0, and v > c1, then K = 0.
(d1) if sgn(a) =1 = —sgn(B), a+ 08 >0, and v < ve2, then K = 0.
(d2) if sgn(a) =1 = —sgn(B), a+ >0, and ve2 <y <0, then K = 2.
(d3) if sgn(a) =1 = —sgn(B), a + >0, and 0 <y < a+ (3, then K = 1.
(d4) if sgn(a) =1 = —sgn(8), a+ 8 >0, and vy > a + 3, then K = 0.
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(e1) if sgn(a) =1 = —sgn(B), a+ B <0, and v < 72, then K = 0.

(e2) if sgn(a) =1= —sgn(B), a+ <0, and y2 <y < a+ 3, then K = 2.
(e3) if sgn(a) =1= —sgn(f), a+ B <0, and a+ 3 <y <0, then K = 1.
(e4) if sgn(a) = 1= —sgn(B), a+ 5 <0, and v > 0, then K = 0.

See also Figure 2.5, where we plotted (2.2.22) for certain parameter combi-
nations. The left frame represents the cases (bl) — (b4), the right frame (d1) —
(d4).

2.3 Traveling pulse solutions

In this section, we establish the existence of localized 1-pulse solutions to (2.1.6)
that travel with a fixed, well-determined, speed. As in the previous section, we
will construct these pulses as homoclinic orbits ~,, ;(£) to the critical point P,

2.3.1 The formal construction of traveling 1-pulse solutions,
Virj 3]

We introduce the moving coordinates n = x — e2ct and, with a slight abuse of

notation, set { = 7, so that (2.1.6) reduces to the 6-dimensional dynamical system,

ug = p,
pe = —u+ud+e(av+ fw+vy—cp),
ve = €q,
¢ = e(v—u)—edrq, (2.3.1)
we = Hr,
3
re = pHlw—u)— Fzcbr,

with an additional parameter ¢ for the speed of the traveling pulse. The structure
of this equation justifies our choice for the magnitude of ¢ (= O(£?)). With this
scaling, the perturbation of the fast (u, p)-subsystem induced by c is of the same
order as the perturbations induced by the V, W-components in the U-equation of
(2.1.6). Note that, unlike (2.2.1), (2.3.1) depends explicitly on the parameters 7
and 0. However, the critical points of (2.3.1) are identical to those of (2.2.1) and,
thus, given by (2.2.4).

The fast reduced system is identical to (2.2.5), as long as 7,0 < E%, and is
thus again governed by the Hamiltonian H (u,p) (2.2.6). For any ¢ of O(1), sys-
tem (2.3.1) possesses two invariant slow manifolds and their associated stable and
unstable manifolds, which we denote, with a slight abuse of notation, by MZ and
Wt (MZ). Although MZT depend on ¢, the leading and first order approxima-
tions of MZ are still given by (2.2.8) and (2.2.9), so that it again follows that
H(u,p)|pz = O(¢?) (2.2.16).
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However, there are two significant differences between (2.3.1) and (2.2.1). First,
(2.3.1) does not have the reversibility symmetry of (2.2.1) for ¢ # 0. As a con-
sequence, we cannot expect to find symmetric pulses and, more importantly, we
cannot exploit the symmetry in the construction of the pulse and in the associated
validity proof. However, system (2.3.1) does inherit the symmetry,

(57]97 q,7, C) - (_57 -Db,—q, T, _C) ’ (232)

which implies that the traveling pulses do not have a preferred direction, i.e., to
any pulse traveling with speed ¢ > 0, there is a symmetrical counterpart that
travels with speed ¢ < 0. Second,

d%H(u(E),p(é)) = ep(aw + fw +v — cp), (2.3.3)

instead of (2.2.14), which implies that the Melnikov conditions will depend in an
O(1) fashion on ¢ — which also further validates our scaling of the magnitude of
the speed of the pulses.

As in section 2.2.2, we define the position of the jump mid-points of v, ; &)

to be F&., i.e., 7, ;(§) crosses the hyperplane {u = 0} at { = F&. (§« > 0). The
coordinates of the jump mid-points are defined by

Yorj(FE) = (0,pF o, ¢F ,wil, rF). (2.3.4)

Unlike the symmetric stationary case, the coordinates of the jump through the
fast field from M7 to M, denoted by (p;, vy, qs ,w; 7y ), will differ from those

* 97 ok

of the jump back from M7 to M_, denoted by (pf, v, ¢, wl,r}). Moreover,
the middle of the pulse, 7;,. j(()), has become slightly artificial by this definition,
in the sense that £ = 0 does not in general correspond to an extremum of any
of the U-, V- or W-components in (2.1.6). Nevertheless, with this definition we
can use the same partition of the homoclinic orbit v, ; (€) into five regions — see

Section 2.2.2 — with I and I as in (2.2.13).

We again use the Melnikov function to measure the distance between W*(M7)

and W*(MJ). We find, assuming that &, = O(2),
A;H(U;,q;,w;,r;) = f]f— H§d§

= fIf— epy (E+E&) (Ow*‘ + Bw; +

—epy (€ +6)) dE + O(evE)
= 2 (avy + Pw; +7— 3V2c) + O(eVe),

where we have implicitly used that the slow coordinates (v,p,w,r) do not vary
to leading order during a jump through the fast field, i.e., that

A}Fv, A]fp, A]Tw, A}Fq = 0(/e) (2.3.5)
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(see 2.2.15)). Since H(u,p)|z = O(e?), we find as the first Melnikov condition,

1
av, + Pw, +v= g\/éc (2.3.6)
Since there is no reversibility symmetry, the second Melnikov condition for the
jump from M7 to M is slightly different,

1
av + puwf +~ = —gx/ic, (2.3.7)

which follows from
AJH(E, g wihrh) = [ps Hedg
= f]ff epyt(E-¢&) (owj + Bwf + v

ey (€— &) dE + O(e V)
= 2 (o] + Bwf + 7+ 5v2c) + O(ey/2)

compare pO’Jr to p0’7 —(2.2.7)). Note that the jump conditions are consis-
h h
tent with the symmetry (2.3.2).

We can proceed (formally) as in the stationary case. We solve the (linear) slow
subsystems explicitly, imposing boundary conditions like those in (2.2.18) at the
boundaries of the three slow regions (1, 3, and 5) and also imposing the Melnikov
conditions (2.3.6) and (2.3.7). Here, we present this analysis for the critical case
T,0 = (9(6%), since traveling pulses can only exist for these values of 7 and 6.
More precisely, if both 7,0 < 8%, then the flows on ./\/lgE are symmetric to leading
order and the only asymmetries in the construction of ~,,. j(f ) are introduced by
the ¢’s in the Melnikov conditions (2.3.6) and (2.3.7). From this, it follows that
c=0, i.e., that v, (§) = Vi (£), the stationary pulse — see Remark 2.3.1.

Thus, we introduce 7 and 6 by

N 1
2 , 9:529<<g'

T=eTK

M | =

The flows on M_ and M7 are, up to correction terms of O(&3), given by

{ vee = —ectug +e2(v+ 1), q { vee = —ectue +e2(v—1),
o 2 a 2
wee = —ecprwe + Hr(w+ 1), wee = —ecprwe + fr(w 1),

see Figure 2.6. The eigenvalues )\fﬁw of the to leading order decoupled (v, ¢)- and
(w, r)-subsystems are given by

N = l(coriJERTD), AE - ;g(_;ﬁiﬁ), (2.3.8)
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Figure 2.6: The asymmetric slow flows for the (v, ¢)-subsystem on M_ (left) and
the (w,r)-subsystem on M7 (right) for ¢ positive.

which clearly establishes the asymmetric character of the flows on MZ (for 7, 0 #
0). The stable and unstable manifolds of PZ restricted to MZE are spanned by

lf/i = {q:/\;(:Fl'i"U)}a li}i = {T:D/\;(:Fl""w)}v (239)
vt = {g=2(F1+0)}, %t = {r=D),(Fl+w)}, e

(compare with (2.2.12)).

Since the slow (v, ¢, w, r)-coordinates do not vary to leading order during a jump
through the fast field (2.3.5), we can ‘match’ the solutions in the slow regions 1,
3, and 5 by imposing boundary conditions as in (2.2.18). As in the stationary
case, there are more boundary conditions than free parameters. Hence, there are
relations between the coordinates of the jump mid-points,

(i ) ely™, (wory)ely™, (whgh) ey, (whrh)ely™, (2310

as may be seen from the system geometry (see Figure 2.7). Furthermore,

v = sE (eﬂs*ff* - 1) —1, wi=st (eiQEA«ff* - 1) —1, (2.3.11)
with
2\F 2\
+ v + w
55 T <0, Swiiiz\i—/\fﬁ < 0. (2.3.12)

(Note that (2.3.10) and (2.3.11) reduce to their stationary equivalents (2.2.19) and
(2.2.20) if either ¢ = 0 or 7 = § = 0 — see Remark 2.3.1.) We conclude that for any
given pair (c,&,), the (slow) coordinates (vF, ¢, wF,rF) of the jump mid-points
are uniquely determined by the above conditions combined with the matching
conditions (2.3.5). Moreover, we have the following leading order approximations
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of the v- and w-components of v, (&) in the slow regions (1, 3, 5),

—2s5eMEginheAte, — 1 in 1,
Vi = s;eﬁ/\i’(ﬁff*) +sfesr €)1 in 3,
25;"e€>‘;§ sinheA; & —1 in 5,

—2se Ml sinhedté, —1 in 1,
Wy = 3;65>\$(€*5*) + sj’ueE)‘z: (+€+) +1 in 3’
25;665)‘;5 sinheA & —1 in 5,

see Figure 2.7. The Melnikov conditions (2.3.6) and (2.3.7) impose two relations
between ¢ and &,,

I e I R
—3V2c=a (sj (62”‘;5* - 1) - 1) + 5 (31‘; (eQEAiﬁ* - 1) — 1) + . o

A pair of solutions (¢, &) to (2.3.13) with ¢ # 0 corresponds formally to a homo-
clinic solution +,, ;(£) of (2.3.1) and thus to a pulse solution of (2.1.6) that travels
with speed £2c.

Remark 2.3.1. If 7,0 < E%, i.e., if %,é = 0 to leading order, then A\ = +1,
\E = :I:%, and s = s = —1, so that (2.3.13) reduces to

1 2 1
—§\/§c: aA? 4 BAD —y = 5\/56’

to leading order, with A as in (2.2.20). Hence, ¢ = 0 and 7, ;(§) = 7, (&)
(2.2.22).

2.3.2 Existence theorem for traveling pulse solutions

Theorem 2.3.1. Let (o, 8,7, D, ,0) be such that T = Eiz, 0 = g%, and assume
that (2.3.13) has K solution pairs (cj, (§4);) with ¢; # 0. Let € > 0 be small
enough. If K = 0, then there are no homoclinic orbits to PZ in (2.8.1) with
c# 0. If K >0, there are K homoclinic orbits v, ;(§), j € {1,..., K}, to P
in (2.8.1) that have a structure as sketched in Figure 2.7 and that correspond
to traveling 1-pulse solutions of (2.1.6) which travel with speed 52(:;‘- # 0, where

cj =cj(e) =¢; +Ofe).

The proof of Theorem 2.3.1 is similar to that of Theorem 2.2.1 in Section
2.2.4. Nevertheless, there are differences, especially since the proof of Theorem
2.2.1 strongly depended on the reversibility symmetry in (2.2.1). The proof is
given in Section 2.3.3.
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vw

I

q,r vw

v, W
u,p u,p 4

Figure 2.7: A schematic sketch of a traveling pulse ,,. ;(§) homoclinic to P

Generically, K can be expected to be positive for open regions in the («, 8,7, D, 7,
é)—parameter space. However, a priori, it is not clear whether parameter combi-
nations exist for which K can be nonzero. In fact, though (2.3.13) is a relatively
simple expression, it can — of course — not be solved explicitly. Nevertheless, it
can be evaluated, and the (open) region in parameter space in which K # 0 can
be determined with a simple and reliable numerical procedure. Moreover, (2.3.13)
can be approximated asymptotically in various limit settings. As an example, we

consider the case 1
F=s>1 0=hé<1,

i.e., we assume that 7 is large and 6 is small, but both still O(1) with respect to €.
We thus introduce an artificial second asymptotic parameter ¢ that is independent
of € such that 0 < ¢ < § < 1. We further assume that all other parameters,
including h, are O(1) with respect to 6. We search for solutions (¢, &,) of (2.3.13)
such that
c>0, c=0(), X, =¢ed6& =0(1),

with respect to §. Note that this implies that we look for homoclinic orbits that
spend a long ‘time’ (O(Z)) near M7 It follows by a straightforward computation
from (2.3.11) that,

X«

vy = =262 1H00) 1 14 0(8), v = —1+0(9),
wy = O5), wi = 0(5),

so that (2.3.13) reduces to

(2.3.14)

1 1
3 2¢c = av, +v+ O(9), —é\/ic:—a—I—v—i—(’)((S).
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g

Hence, there exists a homoclinic orbit v;, , (§) to P~ in (2.3.1) for a > v with

c=c = g\/i(oz—'y) + O, ¢). (2.3.15)

Moreover, X, 1, and thus (£.)1, can be determined through v, and (2.3.14). By
the symmetry (2.3.2), we conclude that K = 2 for 7> 1, 6 <1and o> 7.

2.3.3 Proof of Theorem 2.3.1

The construction of
Yer,; (&) C WP )NWH(PT) C WH(PT)NWHML)

is again based on a special heteroclinic orbit v, ,(§) € W*(P-) N W*(MZ), a
tube 7,7, C W(P-") around it, their counterparts in backwards ‘time’ vjj L& C

€

W*(P;) WU (MZ) and T, € WS(P:), so that v, ,(¢) € T, 1T,

For any ¢ > 0 (fixed), W*(P.") is represented by the 2-parameter family of orbits
vp (& v, wy) € WH(P7). We know by the Melnikov analysis that there is a
1-parameter subfamily of orbits v, (§;v5) = vp(§v5 5wy (vy)) € WH(PZ) N
W#(MT), with w (v;) determined by (2.3.6). The orbits 7, (&;v,) follow the
slow flow on M7, and it can be checked that those with v, € (—1,5, ) again
cross the {¢ = 0}-hyperplane. Here, S, is determined by the observation that
(vy,qy) € 1%~ in the (v, g)-subsystem on M7 (2.3.10), while (v, , ¢, ) must be
to the left of I3 in the (v, ¢)-subsystem on M7 so that ;. (& v, ) may cross
through {¢ = 0}; a similar condition must hold for (w; (v, ),r, ) in the (w,r)-
subflows on MZF — see Figure 2.7. For each vy € (—1,5, ) the intersection of
Thet (§5v5) with {¢ = 0} occurs by definition at & = &, (vy) € (=&, &), and
these intersections define a 1-dimensional curve denoted by

Z= = AW (vi),p (vi), v~ (v7),0,w™ (vy), 7~ (v))
= Yoo vr)) o5 € (=1,8)}, (2.3.16)

see Figure 2.8, where one point on Z~ is illustrated, since v is fixed in the figure.
The curve Z~ is by construction exponentially close to M, and its projection
on M7 is given by

Z;OW = {(1 +Euik(vi’07w7’7"7)’p1’>(v7’O’wi”r'i)’v770’ w77r7) : /U; e (_1’S;)}’
see (2.2.8).

We perform the same construction in backwards (spatial) time and define the
I-parameter family of orbits v, (&;v) € W#(P-) N W¥(MZ) by (2.3.7), the 1-
dimensional curve Zt = {(u™ (v}"), p* (vi), v (v]),0,wt (vi), 7T (vi))} C {q =
0}, and its projection Z} on MZ. The (w,r)-components of ZSjE define two

slow low
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curves, that typically intersect, i.e., the condition (w™ (vy ), 7™ (vy)) = (wT(v)),
7T (vf)) determines for each given c a discrete number of critical values (v}, (c),
vl (c)). However, for general c, the 1-dimensional curves Z_ and Z3 ., do not
intersect within the 3-dimensional manifold MZ, i.e., v~ (v, .(c)) # v* (v, (c))
in general. Nevertheless, the combined condition,

(0™ (05 (&), w (v5 (), (v (e))) = (v (v (€)), w (v (), F (0] (), (2:3.17)

in principle determines discrete critical values c; of ¢ for which Z_  and ZSJ{OW
intersect (transversely) in M. It is a matter of straightforward calculations to

show that (2.3.17) is equivalent to (2.3.13).

The present construction is computationally more cumbersome than that of sec-
tion 2.3.1, but its character is more geometrical and it can thus be more easily
extended into a validity proof. To do so, we define (for any c¢) the special het-
eroclinic orbits 7, ,(&;¢) = Y (§5vi,) € WHPZ) N W(MT) and 7/, (& ¢) =
Yoo (& vi,) € WH(PZ) N W™ (MT). The tube T, (c) C W*(P) is spanned by
those orbits 75 (§;v,,w; ) C W*(P.) that are exponentially close to v, . (&;¢)
for £ < 3(—&. 4 & (v5,))- Likewise, the tube 7.7, (c) C W*(P:) is spanned by
those orbits 77 (& vy, wy) € W*#(P) that are exponentially close to v;f,(&;¢)
for & > L(& + &, (vf,)). In forwards ‘time’, 7, (c) is stretched along W*(MF),
while 7.F,(c) is stretched along W*(MZ) in backwards ‘time’. By construc-
tion, the (stretched) tubes intersect the 5-dimensional hyperplane {¢ = 0} in
2-dimensional manifolds, Z£(¢) (by definition).

The theorem is proved if it can be established that there are nonzero values
of ¢ for which Z7 (c) N Z£(c) # 0, since each point in this intersection determines
a point in W*(P-)NW?*(P-)N{q =0}.

To show this, we extend {q = 0} to a 6-dimensional space, denoted by {{q = 0}, ¢},
by adding ¢ as an independent variable. This space contains the extended man-
ifolds {Z7 (c),c} and {ZF(c),c} as 3-dimensional subsets. Since v, (§;¢) and
v .(& ¢) are exponentially close to M7 as they intersect {¢ = 0}, and since the
projections Z . and Zlerow intersect by construction near ¢ = ¢; determined by
(2.3.13), it follows that {Z7(c),c} and {ZF(c),c} are exponentially close for ¢
near c¢;. As in the proof of Theorem 2.2.1, it now follows from the fact that
T..(c) is stretched along W*(MZ) and T, (c) along W*(MZ), that — in the
6-dimensional space {{g = 0}, c} — the 3-dimensional manifolds {Z7 (c),c} and
{ZF(c),c} must intersect transversely in discrete points that have c-coordinates

cj(e), which are to leading order determined by (2.3.13) or (2.3.17). Hence,

Z7(e) N ZF(e) = 7, (€) N {a = 0} £ 0 at ¢5(e) = ¢; + O(c). 0
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Figure 2.8: Example of the construction of v~ (v; ), w™ (vy ), and 7~ (v, ).

2.4 Bifurcation from stationary to traveling pulse
solutions

2.4.1 Leading order analysis

To investigate the nature of the bifurcation from stationary 1-pulse solutions to
traveling 1-pulse solutions, we start by considering the traveling pulse just after
‘creation’, that is, we set

c=9, (2.4.1)

with 0 < & < § < 1 (so ¢ is no longer an unknown anymore). We expand the
three unknowns, 7 = 7,0 + O(8),0 = 0,0 + O(0),& = Eup + 081 + 0(52).
Notice that 7, ¢ and 0, 0 determine the bifurcation values of 7 and 6 at which the
bifurcation occurs, since the speed of the bifurcating traveling pulse reduces to
zero at 7 = T, o and 6=20, ,0- Since the bifurcation is co-dimension one we expect

to find a relation between 7, o and 9*70.

The eigenvalues (2.3.8) and (2.3.12) become

N = EL- LRl OW), N = k- 1586+ 0,
st o= 14170040002, st = —1+1%0540(82)

We also expand the four equalities in (2.3.11), using Ay := e 550,

T

= —A(Q) :Ff'*,oé (% — %A% =+ Ag log AO) + 266*7114(2)5 —|—O(52) ,
= AP Fha (5 4Ad + AP s o) +25¢.0470 +OW).

T
|
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Next, we substitute the above expansions into the jump condition (2.3.13), and
we recall that ¢ = §, to obtain

v= adi+ BAO% (twice) ,
2
0= 4ets (aAg + %A(;D) , (2.4.2)
) 2 2
LV2= afuo (- 143+ A3log Ao) + 252 (1 — 147 + Faf 108 4,) |

where we equated coefficients on O(1) and O(d) terms, respectively, and added
and subtracted the two O(d) equations. Note that the equation for Ag is identical
to that of the stationary 1-pulse orbit (2.2.22): near the bifurcation the width
of the traveling pulse is to leading order equal to that of the stationary pulse.
Equations (2.4.2) determine the three unknowns Ay (which gives &, o), Tx,0 as
function of 6, ¢, and &, = 0. The solution 7, ¢ as function of 6, ¢, is plotted in
Figure 2.9 for several values of D.

Remark 2.4.1. We briefly consider the case of D large, i.e., D = O(3). It
immediately follows from (2.4.2) that &0 = —111log (%) (Here, we also have
to assume that v > §,a > 0 or that v < 8, @ < 0). Moreover,

a2 -8\\ "
a0 = 32 (a= (=) + (- poe (127)) 4 00).
This 7, ¢ is analogous to the (72).,0 we find in the analysis for traveling pulses of
the reduced two-component system (2.6.1) — see Section 2.6.

2.4.2 Subcriticality and supercriticality of the bifurcation

To determine the nature (supercritical versus subcritical) of the bifurcation, see
Figure 2.11, and also for the stability analysis of the next chapter, we actually need
the correction terms up to and including third order in § in the above calculations.
To keep the calculations within reasonable limits, we set the bifurcation parameter
0 equal to one, such that in the above analysis the w-component is symmetric and
has no higher order corrections, i.e., 6=0in (2.3.8), etc. Note that 6 has also
been set to § = 1 in [53, 70, 71]. Moreover, most of the numerical results presented
in [5, 51, 54, 60] are for § = 1. We also assume that a A2 + %A?/D > 0, which
implies that the stationary 1-pulse limit is not near a saddle-node bifurcation and
that it is stable, see Theorem 3.4.1.

Lemma 2.4.1. Let (o, 8,v,D,7,0,¢) be such that T = (9(6%),9 = 1l,a > 0,

(2.2.22) holds, and aA3 + %Ag/D > 0, where Ag = e %0 and 0 < ¢ < 1. For
c =190, withe € § < 1, a traveling pulse exists for T = E%(f'*@ + 82740 + O(6?)),
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Tx,0
1.5
D =10
1.25 \\\
1 _/\_ —
0.75

é*ﬁo

10 60 80 100
Figure 2.9: For (o, 8,7,¢) = (3,1,2,0.01), the bifurcation point %*,O(HA*,O) is plot-
ted for D = 2,5,10,100. The value of the jump mid-point &, o is, respectively,
40.547,47.018,50.356, 54.393 and is computed through (2.4.2). When D = oo, we

have €. 0 = 54.931 and 7, ¢(0s,0) = 7«0 = 1.0460. This is the dotted line in the
figure.

with
_ 2 1
Tx,0 = Eﬁa(l—A§+A§ Tog A2) = 0, s
Tez = 33V20(740)" 1 — AF + Aflog AF — A7 log” A7 (2.4.3)

aAj log? A2 (log Ag—l)]
2/D .
aA3+ 5 A

Note that the sign of 7, » determines the nature of the bifurcation: a negative
74,2 yields a subcritical bifurcation, while a positive 7, 2 yields a supercritical bi-
furcation. For given system parameters, we can evaluate (2.4.3) to determine the
sign of 7. 2. Moreover, we observe that it is possible for the same («, 3, D) for
7,2 to take on positive, as well as negative, values, depending on v (via Ayp), as
is illustrated in Figure 2.10.

Proof. The proof consists of an elaborate — but straightforward — asymptotic
analysis of the jump conditions (2.3.13). Plugging in vF,w¥ with 8 = 1 yields,
to leading order in ¢,

[ 1
a(sf(eﬂg’\ff* —1)—1) = pe D% 44 = :Fg\/ic.

After expanding the two unknown variables 7 and &,

7: = 7A.*,0+57A-*71 +5272*,2+5372*73+O(54) ) 5* = 6*,0‘*’55*,1 +§2£*,2+63£*73+O(54) 5
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>

Ql=
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Ql=
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Figure 2.10: Left frame: (o, 8, D) = (3,1,5). Right frame: («, 3, D) = (3,—1,5).
Note that we did not plot 7,2 but a ‘scaled’ version %f’*,g. To be more precise,
C = @ 2a(74 0)?, and the scaling therefore depends on Ag. However, C' > 0
for Ag € (0,1). Thus, the scaling does not change the sign of 7, 5. Moreover,

note that the vertical asymptote (for 3 < 0) is exactly where aAZ + %AO% =0
(Ao = A, see (2.2.25)). The last free parameter, v, actually determines the value
of Ay via (2.4.7). Thus for (o, 3,D) = (3,1,5) it is possible to have a negative,
as well as a positive 7, 2.

we obtain the leading order approximations of (2.3.8) and (2.3.12),

Ay =EL— 5700+ (F5720 — %%*,1)52+(il%* 07,1 — lﬁ,2)53Jr(9(54)’(244)
f-—l:l: 7'*05:|: 37107 F (5730 — $72)8° + O(6%). o

With these expressions we deduce

eE20F6 = el | o260 (Fefg, o — 266,10 + e 2500

- }1 (74.0)2640 F e4,1800 F €70 0801 £ 26274 04 0

+26%(F4,0)%(€,0) + 262 (€4 1)? — 26€,2]6% 4 72560

[— 367,075,180 F £72800 £ 52(F40)3(640)?

6274, 074,1(66,0)2 F £3(74,0)%(640) — (F40)%6n (2.4.5)

Fefi1&u1 + 56%(F40) 200801 £ 262 7'*,15*,05*,1
£3(74,0)2(€4,0)2Eu1 £ 26774 0(E41)? F 26370 085,0(E41)?

—23(&41) F et 0bu2 £ 2627, 0&s 0&s 2 + 46264 16s 2

—2e. 3] 6% + O(3%),

€
1
2
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and
6_2%5* = 6_2%5*,0 _ %56*716_2%5*,06 + 6_2%5*'0[%52(6*71>2
— 28, 2]6% + 72080 [~ Ee3 (& 1)% + Fre & (2.4.6)
*%66*73]53 + 0(6%).

(Recall that €&, ; = O(1).)
Combining (2.4.4), (2.4.5), and (2.4.6), we find to leading order (twice)
QA2 4 BAD =, (2.4.7)

which agrees with the first equation in (2.4.2).
The O(4) corrections read

tlaf o1 — A3+ AZlog A2) + 2¢&, 1 (aAZ + %Ao%) = +i/2.
By adding and subtracting the above two equations, we obtain

2

1
* 207 Te,0 = 5 V2 )
St T=0 3\fa(1 — AZ + Allog A32)

which agrees with (2.4.2), since 6, o = 0. Note that the function 1— A2 4 A2 log A2
is positive for all Ay € (0,1) — it decreases monotonically from one to zero as Ag
increases from zero to one. Since e > 0 it follows that 7, ¢ > 0.

At O(6?), we find
0 = *3af1(AF—1) — aAf[—Fe(Fe0)% 60 F 160 + 56%(F40)% (6 0)?
2
—2e€, 0] — Lea(Fi )26 043 + 288, 2 AP
(since &, 1 = 0). Subtracting the two equalities implies

afe1(1— A3+ A2log A3) =0 = +.,=0.

Adding both terms yields

_ 1 1aAj(f.,0)* log Aj(log A7 — 1)
16 = adZ + 2427

6*72

We note that log A2 — 1 < logA% < 0 and ad? + %A?}/D > 0, therefore,
sgn(és2) = sgn(a) = +1. Thus, the width of the pulse (2£,) is larger than
the leading order width (2. o), i.e., the width of the traveling pulse is larger than
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the width of the standing pulse.

The O(63) term is given by

0 = Za(g5(740)* = 374,2)(AF — 1) F a7u045[—16(Ti0)%Ec0
%5 (74,0)3(€x0)? — 26€s 2] F aAf[eFu 2600 — 167 (74,0) (€4 0)”
€3(74,0)% (€4,0)® + €T 06u2 — 262F, 06s 08w 2 F 2664 3] + 22 6€,. SAD .
Adding both terms implies &, 3 = 0, subtracting yields,
0 = 04(1—16(71*70)3 — 57'* 2)(AZ —1) — 2047'* 0A3[— ia(f’* 0)%€x.0

+36%(7u0)%(¢
+%63(7ﬁ*,0)3

( *,0 ) — 2e€,, 2] — aAf [ET* 2840 — *5 (7—*,0)3(6*,0)2
(£4,0) + €T4,08n,2 — 26274 0€i 0€x 2]
which can be rewritten as
0 = —ad3f oebiplog A2+ LaA(7.0) log® A2 — La(f o)1 — A
+A%log A2) + ot o(1 — A3 + A3log A2) .

Then, using the expression for 7, ¢ and &, 2, we obtain

%*72 = %(7'* 0)3 — 35 QCYAQ(T* 0)4 IOg A2
@AY (74,0)* log? AZ(1 A2—1) (2.4.8)
b v/aet i o A
which can be rewritten as in (2.4.3). a

For D large, we can analytically determine the sign of 7, 2 in (2.4.3), as we now
show.

Corollary 2.4.2. Let (o, 8,7, D, 1,0,¢) and Ag be as in Lemma 2.4.1 and assume
that D = } with 0 < e < § < 1. Define A§ € (0,1) as the (unique) solution of
2
1— A2+ A2log AZ + éAg log® A% — A21og® A2 =0 (2.4.9)
(AZ = 0.11063...). Then, 7.2 > 0 for parameter combinations such that 0 <
Ag < AZ + O(6) and 7.2 <0 for 1 > Ag > AZ + O(6).
Proof. It follows from (2.4.3) that, to leading order in 4,
Tealp=o@1) = 55V20(F0) [l — AF + Aflog A — 5 A3 log® A3
+AZlog® AZ(log A2 — 1)]
= 2V2a(f0)4L — A% + AZlog A2 + 2A21og” A3 — AZlog” A2
=: C’%;,Q )
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with ¢ = 2v2a(#,0)" > 0 and 7,, = 1 — A% + AZlog A2 + 2AZlog® A —
A3log? A2. Thus sgn(7.2) = sgn(ﬁ;’z). We notice that 72;72(0) =1 and %;’2(1) =
0. We now show that %;_’2 (s), with s := A2, has a negative minimum by differen-
tiating,

d ./ 2
— 7,5 = (1 “log?s+logs—1) .
Jg w2 (ogs)(3 og” s+ log s )

Thus, with z := logs (so that z € (—00,0)), we see that %;,2(2) has a unique
extremum if %22 +2-1=0,de, z=2M= —% — i\/33. This implies that
AM = ¢=5B+V33) ¢ (0,1), so that

, 31 5
Fa(AY) =1 —emiBHVE) (4 +5 \/33) <0.

Hence, A}! determines a negative minimum of 71;72, which implies %,;72 must change
sign once for A = AZ € (0, A}), where AZ is determined by (2.4.9). O

An additional consequence of Lemma 2.4.1, that holds for more general values
of D, is

Corollary 2.4.3. Let (a,3,v,D,7,0,¢) and Ag be as in Lemma 2.4.1. Further-
more, assume that 3 <0, aD > —f3, Ag > A, > AZ (with A., A as in (2.2.25),
(2.4.9), respectively), then the bifurcation is subcritical, i.e., Tx2 < 0.

Proof. Observe that in this case
aAdlog? A2 (log A2 — 1)
adZ + 5 2P

< AZlog? AZ(log A2 —1) < 0.

Therefore, 7 2(Ap) < C’%;72(A0), with %;72(A0) as defined above, and C%;)Q(Ao)
is negative for Ay > AZ. O

Remark 2.4.2. If, in addition to the conditions in Corollary 2.4.3, it is also
assumed that « > +, then it follows from our analysis in Section 2.3.2 that there
is a traveling pulse with speed ¢ = 2v/2(a — ) + O(d,¢) > 0 for 7 > 1 (2.3.15).
This indicates that the curve ¢ = ¢(7) has a fold structure, i.e., for increasing
7 (and all other parameters fixed) there is a saddle-node bifurcation of traveling
pulses at 7 = Tgy < 7.0 at which two traveling pulses bifurcate with speeds
c+(7) > 0 and ¢4 (Tsn) = csn > 0; the pulse associated to ¢_(7) merges with the
stationary pulse at 7 = 7, o, while the other pulse exists for all 7 > 7gy, so that
c+(#) = 3v2(a — ) as # — oo. This can be checked by using a continuation
method for the solutions of (2.3.13), see Figure 2.11. Hence, there exist parameter
combinations for which two types of traveling pulses coexist with the stationary
pulse (for Tgn < 7 < 7y ). Both the stationary pulse and the traveling pulse
associated to ¢4 (7) may be stable, see Figure 3.11 of Chapter 3.
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|e| |e|

G\/é— _ 0.04

Figure 2.11: The solution curve of equation (2.3.13) in the (7, ¢) plane for the
parameter values («, 8,7, D,0,¢) = (5,—3,1,4,1,0.01). We have chosen the pa-
rameters in such a fashion that they satisfy the conditions in Remark 2.4.2. In
the left frame we observe a subcritical bifurcation at 7 = 7, o = 6.01363. More-
over, we observe that as 7 goes to infinity the upperbranch, ¢ (7), goes to the
theoretically-predicted, leading order value, 3v/2(a — ) = 6v/2, see (2.3.15). Fi-
nally, from this numerical continuation we observe that the two branches merge
at a saddle-node bifurcation at 753" = 0.84917 and c3\" = 6.3027. In the right
frame, the region near 7 = 7, ¢ is magnified.

2.5 Stationary 2-pulse solutions

In this section, we establish the existence of localized, symmetric, standing, 2-
pulse solutions of (2.1.6). We construct these pulses as homoclinic orbits v, ;(£)
to the critical point P_".

2.5.1 The construction of v, ;({) homoclinic to P~

We search for stationary pulse-like solutions. Therefore, the PDE (2.1.7) again
reduces to (2.2.1), and the basic observations (on the fixed points, the reduced
limits, the slow manifolds, etc.) are the same as in Section 2.2.1. However, for
symmetric standing 2-pulse solutions, we have to distinguish nine different regions
instead of the five regions as we did for the 1-pulse solutions — see Section 2.2.2.
We again parametrize the 2-pulse solutions so that its u, v, w-components are at
a local extremum at & = 0. However, there are three local extrema, see Figure
2.1, and for symmetry considerations we choose to put the zero of the £-axis at
the second location, the one exponentially close to M. It turns out that vy, j(O)
and w,, ;(0) are local minima, while u,, ;(0) is a local maximum, see Figure 2.1

and Figure 2.12. We define the four ‘jump mid-points’ of 7,, ; by i§i’2 (not to
be confused with the &, 1, & 2 of the previous section). Where the last ‘back’ (i.e.,
the final jump of M back to M) of Yap.;(§) crosses the {u = 0}-hyperplane at
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¢ = ¢!, and the last front of Vop.j (€) crosses the same hyperplane at £ = £2. Note
that by construction 0 < £2 < ¢!, The reversibility symmetry implies that —¢! is
the jump mid-point of the first front and —¢2 is the jump mid-point of the first
back. Thus,

72_17’](165) = (Oa :Fpivvi7:Finwi7:Fri) I

t (2.5.1)
’72p,j(:t£3) (07 ipia U37 iqzv wza iri) .

We assume that £, €2, as well as £} — €2, are large, i.e., fi’2 and £} — €2 are O(%)

2,4,6,8 1,3,5,7,9
If 1

We now define the four fast intervals and the five slow intervals

2,4 1,2 1 1,2 1 6,8 . 2,1 1 2,1 1
= (- - -+ %) 0= (- R &)
Iti= (—o0,—gl = &| \BB7 = [7607 + L7 - &,
I=[-g+%8- L] 1=+ Lo0) .

The nine different regions are then

1: The dynamics take place exponentially close to the slow manifold M_:
Eell.

2: The dynamics take place in the fast field: & € I7.
3: The dynamics take place exponentially close to MT: & € I3,
4: The dynamics take place in the fast field: £ € I;%.
5: The dynamics take place exponentially close to M7 : & € I7.
6: The dynamics take place in the fast field: £ € I]?.
7: The dynamics take place exponentially close to MT: & € I7.
8: The dynamics take place in the fast field: € € I?.
9: The dynamics take place exponentially close to M_: & € I?.

The analysis of the formal construction is now nearly the same as for the stand-
ing 1-pulse case (Section 2.2.2); the only difference is that it involves a bit more
bookkeeping. However, qualitatively, nothing changes; for example we still have
A?’4’6’8(v, w,q,r) = O(y/e), the equivalent of (2.2.15). The homoclinic v, w-
component on the slow manifolds are still governed by (2.2.10) and (2.2.11). To-
gether with the usual boundary conditions, of which there are in total forty, we
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get
2¢5¢ (smh (55*) — sinh (ef*)) inl,
—eme(EFE) _ gee=8l) 2655(81nh (e€2)) + in 3,
v9p(§) = _ee(EHED) 4 ome(€+ED) 4 pe(6—€D) _ el ) —1 in5, (25.2)
—e(6+81) _ e=(€-€D) _ 2e—<€(sinh (e£2)) + in7,
2 “¢ (sinh (€}) — sinh (e£2)) — 1 in9,
and likewise
2eD¢ (sinh (%fi) — sinh (% f)) -1 inl,
—5(E+E) _ o p(€-€D) — 258 (sinh (52)) + 1 in 3,
wap(€) = { —e—BEHED 4o~ HEHED o BE-€) B E-€) _1 in5, (253)
—e—BEFED) _ B (E-ED) — 2~ H4(sinh (5€2)) + 1 in 7,
2e~ D¢ (sinh (5&1) —sinh (§£2)) — 1 in9.

By the reversibility symmetry (2.2.2), there are two Melnikov conditions (instead
of the expected four), which are analogous to (2.2.17),

avh? ﬂwi 24 v=0, (2.5.4)
with v1'? and w!l? defined in (2.5.1). When we define A, := e~ and Ay = e—eE

(0 < A; < A3 < 1), and combine this with the above results (2.5.2),(2.5.3), and
(2.5.4), we obtain

—aA? 4+ ad Ay — aA AT — BAP 4+ BAP AP — BAP AT 44 =0,

2 11 1 (2.5.5)
+add —aAAy —aA A7+ BAP — BAP AP — BAP AP +4=0.
By adding and subtracting, this system can be transformed into
Gi(A1, A2) :=  a(Ar — Ag)® + B(AL *A5)2:07
2
Go(A1, Ag) = (A3 — A3) — 20 A, A" + B(AP — AD) (2.5.6)

—QBAPAQB = —2v.
The above formal analysis gives rise to the following theorem.

Theorem 2.5.1. Let (o, 8,7, D) be such that (2.5.6) has K solution pairs (A1, As)
with 0 < Ay < Ay < 1, and let € > 0 be small enough. If K = 0, then there are
no homoclinic orbits to P= in (2.2.1) that have a structure as sketched in Fig-

ure 2.12. If K > 0, there are K homoclinic orbits v,, ;(§), j € {1,..., K}, to
P= in (2.2.1) (with structure as in Figure 2.12). These correspond to symmetric

€

standing 2-pulse solutions of (2.1.6).
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Given the form of equations (2.5.6), it is natural to solve A; and v as functions
of A and the system parameters «, 3 and D. In Figure 2.13, both A; and v are
plotted. Note also that G1(A1, A2) cannot vanish in (2.5.6) if sgn(a) = sgn(B).
Thus, there only exist homoclinic 2-pulse solutions if sgn(«) # sgn(5) — see sec-
tion 2.6.

Proof of Theorem 2.5.1. A symmetric standing 2-pulse 7,, ;(§) is reversible
(2.2.2) and we can therefore argue along the same lines as in the proof of Theorem
2.2.1. In fact, the proof of this theorem goes in essence very similar to that of
Theorem 2.2.1. Therefore, we will omit most details. By the first Melnikov con-
dition in (2.5.4), there exists a 1-parameter family of orbits 'y}llé; (&olwl(vl)) €
W*(P-) N W*(MZF). We define the tube 7, C W*(P.) as the collection of
orbits in W*(P-) that are exponentially close to 7,; (&;vl;wl(vl)) for € <
—¢L. Al orbits in 7,7, approach M7 and follow the slow flow on M for some
‘time’ (which may be infinite), after which they take off parallel (and exponen-
tially close to) W*(MZ). In other words, near M 7, is strongly stretched
along the direction of W*(MZ). It thus follows by the application of the sec-
ond Melnikov condition in (2.5.4) that 7, , intersects W*(M_); the intersection
T, . NW?*(M7) is again 2-dimensional, i.e., it consists of a 1-parameter family of
orbits C W*(P-) N W*(M_). As in the proof of Theorem 2.2.1, it can now be
shown that there is a unique orbit 'ya’*_ (§) C 7, ,NW*(M) that is homoclinic to
M such that 73:; (0) € {g =r = 0} — note that this also determines the position
of the symmetry point & = 0. Again, the algebra leading to the construction of
'ygj,: (€) is equivalent to the above analysis and yields at leading order (2.5.6). The
existence of the 2-pulse homoclinic orbits v, ;(§) now follows by arguments that
are identical to those in Theorem 2.2.1. It is based on the construction of the
sub-tube 7, , C 7;, around 73:; (), its symmetrical counterpart 7—2+* around the

orbit ’ygjj (€) and the application of the reversibility symmetry. O

Remark 2.5.1. In the proof presented above we have used that the jump mid-
points vi'? and wi? satisfy certain constraints. In particular, vl € (—1,0),

*

1 2
wl = —%(avi +7), v2 € (vl,V) and w? = —%(avf + ), where V = —% -

é log (1 — 28l 4 e‘a(fi*‘éf)). These constraints arise naturally from the re-

quirement that the tracked orbits lie on the correct side of the stable and unstable
manifolds of the slow manifold, so that they can have a second pulse.

Remark 2.5.2. In our analysis we have focused on the existence of localized one-
and 2-pulse patterns. As for instance in [17], the same geometrical approach as
in the proofs of Theorems 2.2.1, 2.3.1 and 2.5.1 can be applied to establish the
existence of many other kinds of stationary or traveling patterns, such as N-pulse
solutions and various kinds of spatially-periodic wave trains. We refrain from
going into the details here. However, we do notice that these patterns can be
stable and do play an important role in the dynamics of (2.1.7) — see section 2.7.1
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Figure 2.12: A schematic sketch of a symmetric 2-pulse 7y, ;(§) homoclinic to
P

€

and especially Figure 2.15.

2.5.2 The existence of 2-pulse solutions

Just as was the case for the K of Theorem 2.2.1, it is, a priori, not clear whether
there exist parameter combinations for which the K of Theorem 2.5.1 is nonzero.
To show that these parameter regimes do exist we first choose an explicit D as
an example, that is, we put D = 2. Naturally, we also have to assume sgn(«) #
sgn(B). With this special choice of D we analyze (2.5.6). It transforms into

Hy(A1,42) == a4 — A2)* + B(VAI — VA2)? =0, 057

Hy(Ar, As) = a(A3 — A2) — 2041 4 B(A; — Ay) — 2@/% _ gy (257)
Observe that the equality Hy (A1, A3) = 0 does not depend on . Moreover, 7y
only appears in the right hand side of Hs(A1, As) = —2v. That is, v only shifts
Hy(A1, Ag) up or down. So, instead of solving for A; and A, in terms of the un-
known parameters «, 5 and 7, it is much easier to fix o,  and A5 and to determine
A; and «y such that (2.5.7) is solved. Actually, by doing so, we impose, alongside
a and 3, one of the jump mid-points ¢2 and try to locate the second jump mid-
point £! and v such that (2.1.7) possesses a standing 2-pulse. Of course, we could
also choose to start with «, 3, and A; and determine A5 and ~ that satisfy (2.5.7).

The zero of Hy (A1, As), for which 0 < A; < As, is given by the relation

VA VA =2 (2.5.8)
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When we implement this into formula (2.5.7) for Ho(A;, As) we find, after some
manipulation, a unique ~y:

72@—2@(1—}—%1%),/—0“6%—6<1+3A2+;—\/—A;6— —0512>(2.5.9)

However, there are also restrictions on the choice of As. We need 0 < A1 < As <
1. Therefore,

_i§<A2<min{_§,1}_ (2.5.10)

We conclude that if Ay satisfies (2.5.10), there is a («, 3, v)-parameter combina-
tion such that (2.5.7) is satisfied, i.e., such that a 2-pulse solution exists. However,
if (2.5.10) cannot be satisfied — which is the case when |[4a| < |B], there are no
such 2-pulse solutions.

This nonexistence result can be generalized to all D > 1:

Corollary 2.5.2. Let sgn(a) # sgn((). There is an open region in (o, 3,7, D)-
space for which homoclinic 2-pulse solutions as described in Theorem 2.5.1 exist.
However, if |a|D? < |3, then there are no such 2-pulse solutions.

Proof. We start again by observing that G1(A;1, A2) = 0 does not depend on
v, and that the v in G3(A41, A3) = —27 only shifts G2(A1, A2) up or down. So,
again instead of solving A; and As in terms of «, § and v via (2.5.6), we solve
this equation for given «, 8 and A with the unknown parameters A; and ~.

The condition 0 < A; < As < 1 yields the following generalization of (2.5.10)

(—Og)zm <Ay < min{(—i)ZDl ,1} . (2.5.11)

Here, the latter inequality ensures Ay € (0,1), and the former implies A; < A,.
This interval is empty when |a|D? < |A]. O

2.5.3 Asymptotics for D — oo

In this section, we analyze the large D asymptotics of solutions of equation (2.5.6).
From Figure 2.13, we observe that, over a large portion of the interval As € (0, 1),
the solution curves for A; lie near the axis, and the solution curves for  lie near the
lower dashed curve. Moreover, these curves approach their respective asymptotes
as D increases. We establish this result precisely in the following lemma:

Lemma 2.5.3. Assume that « > 0 > v > 3. Then, for strictly O(1) values of
A € (O, . —g) , as measured with respect to the asymptotically small parameter
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A,

D=10

D = 20

Figure 2.13: In the left frame, A; is plotted as function of As for several values
of D. In the right frame, «y is plotted as function of A, for the same values for D.
The dashed curve represents the asymptotic behavior for D large and is given by
(2.5.12). The 2-pulse orbits are typically created or annihilated in a saddle-node
bifurcation — see Section 2.7, Figure 2.15.

%, the solutions A1 = Aq(a, B8, A2, D) and v = v(«, B, Aa, D) of equation (2.5.6)

satisfy, to leading order,

D 2
A1:<1—,/—2A2) : 7:—&(1/—§—A2> as D —oo. (2.5.12)

The lower dashed curve in the right frame of Figure 2.13 is this parabola of
v as function of A,. It is also useful to combine the results of (2.5.12) of this
lemma into expressions for A; and A, in terms of the given system parameters.
The result is, to leading order,

o) R

We also remark that in both frames there is a boundary layer at As = Ay, which
is why we require As to be strictly of O(1) for this result and we recall that the
existence construction requires that A; < As. In the boundary layer, the graph
of Ay limits on the diagonal, with a slope of —1, while the graph of v is nearly
vertical. Although the asymptotic analysis is not too involved, we refrain from
going into the details here. Nevertheless, we notice that, by (2.5.6), y = a+ § in
the limit As | Ay, see Figure 2.13.

Proof of Lemma 2.5.3. We observe that, for Ag strictly of O(1) in (0,1),
we may assume that
Ay =0P, (2.5.13)

to leading order, for some C' € (0,1). Indeed, if one instead assumed that A; =

ad? to leading order, for § = % and for some ¢ > 0, then from the first equation
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in (2.5.6) one would find that A2 = 0 to leading order, which is a contradiction.
Hence, with the assumption (2.5.13), the first equation in (2.5.6) becomes

adj+ B(C—1)* =0,

to leading order, where we used that Aé/D =1+ 0O(D™1) for 43 € (0,1), and
that %Dlog(Ag) < C'. Solving, one finds, to leading order,

Ay = (1 - \/%@)D , (2.5.14)

which is precisely the first formula of (2.5.12).

With the asymptotics for A; in hand, one may use the second formula in (2.5.6)
to find the asymptotics for . To leading order,

oo (- 50 ) (- )

Simplifying the right member, we find precisely the asymptotic result (2.5.12) for
7. =

!
7Ty

To conclude this section on the large D asymptotics, we comment briefly on
the form of the W profile for stationary 2-pulse solutions in the interval between
the two pulses. From the above asymptotics, we find, to leading order,

e =0(1), e =—logdy=0(1),

2.5.15
€l = —Dlog (1 - f%Az) — O(D). (2:5.15)
Hence, from (2.5.3), we find in region 5, to leading order,
wap(€) = —emBEFE) 4 o BEHED) L o5 (€€ _ o B (E-€) 1
= 2y/-5A2 -1 (2.5.16)

_ il
1 2\6.

Therefore, for each A; € (0, \/ —g), the W-component is constant to leading

order, where the constant is given by (2.5.16). Moreover, we observe that W
takes on all of the values in the interval (—1,1), since the above analysis applies

for all Ay € (0, g)

A stability analysis similar to that presented in the next Chapter shows that the
2-pulse solutions are stable for parameter combinations in the ‘boundary layer’.
However, they are unstable for parameter values near the dashed curve in the
asymptotic regime studied in Lemma 2.5.3.



70 Chapter 2. Existence

2.6 The two-component model

In this section, we investigate the two-component (U, V')-subsystem of the three-
component model, that is, we send D to infinity and assume that the W-component
is constant at W = —1 everywhere in the PDE (2.1.6). The PDE model reduces
to

{ Ut = €2Uw;1; + U - US _E(OQV + '72) ) (2 6 1)

7—2‘/;5 = Vza: + U- V7

with the same assumptions as before, 0 < ¢ < 1,0 < 7o <K 73 and az,v € R.
Note that the notation for the parameters has the following correspondence with
the parameters of the three-component model: as = a, 75 = 7 and v = v — (.

the two-component system has standing 1-pulse solutions homoclinic to Py
(uz.e,0,u5 ., 0) with uy . = —1 4 3e(aa —72) + O(€?) if there exists an A € (0, 1
satisfying

It can be shown with the same techniques used in this chapter that for 7 = O(1)
)

@ A? =5 + O(Ve),

recall (2.2.22). Hence, we immediately observe that necessary conditions for
a standing pulse homoclinic to P, to exist are that sgn(az) = sgn(y2) and
0 < |72| < [az|. Also, the existence of traveling pulse solutions to P, for large
To can be proved, and in the end it boils down to solving a system of equations
which is a simplification of (2.3.13). Moreover, when we increase 72 from an O(1)
parameter to an O(¢~2) parameter a traveling pulse solution bifurcates from a

standing pulse solution at (72)0.« = % (F2)o« = H2V2 (042 — 72 + 72 log (Z—i))
This bifurcation can be supercritical, as well as subcritical. See also Section 2.4
and especially the proof of Lemma 2.4.2.

Finally, the two-component system possesses no symmetric standing 2-pulse so-
lutions to P, . Physically, this can be explained by the fact that the model has
too few free constants (too few dimensions). The absence of 2-pulse solutions
is also plausible when we look at Theorem 2.5.1. There only exists a standing
2-pulse solution if at least sgn(«) # sgn(f) and for the two-component system
this condition cannot be fulfilled because there is no equivalent parameter for 3
in the two-component system.

To summarize, we have shown that the two-component model also possesses
stationary and traveling pulse solutions. However, it does not support 2-pulse
solutions.

Remark 2.6.1. There are two ways in which the three-component system (2.1.6)
may limit on a two-component system, either by considering W — V| associated
toD | 1, or by W — W, a constant when D — oo. In the former case one has
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to make the additional assumption that 7 = 6. Since in most studies of systems
like (2.1.1)/(2.1.6) D > 1 and 7 > 6, we do not consider this limit here.

If one considers the limit D — oo in Theorems 2.2.1 and 2.3.1 for 1-pulse so-
lutions, then it immediately follows that W — —1 uniformly on R — see for
instance (2.2.21). However, since the two-component limit cannot have standing
2-pulse solutions, taking the limit D — oo in Theorem 2.5.1 is less straightfor-
ward. In fact, this limit has already been discussed in section 2.5.3 (under the
assumption that As = O(1)). It follows from (2.5.15) that the width of the pulses
in the 2-pulse solution increases linearly with D, while the distance between the
pulses approaches a finite limit. Thus, on bounded intervals, the 2-pulse solution
of the three-component system limits on a 1-pulse solution of a two-component
(U, V)-system that is homoclinic to (U, V) = (+1,+1) (with W — 1 — 2 %, the

constant value given in (2.5.16)).

2.7 Simulations, conclusions and discussion

2.7.1 Simulations

In this section, we show the results of some numerical simulations to further illus-
trate the theory presented in this chapter and also to illustrate some of the basic
pulse interactions and instabilities. These simulations are carried out using the
numerical software presented in [4].

We already illustrated a stationary 1-pulse solution in the left frame of Figure 2.1.
Therefore, we begin here with some traveling pulses of the type constructed in
Section 2.3. The pulses shown in Figure 2.14 exist for values of 7 greater than
the theoretically-predicted value 7, o = 0.59 for the bifurcation in which travel-
ing pulses are created (which translates into an unscaled 7.0 = 59). In the left
frame, the traveling pulse collides with its mirror image pulse at the boundary,
since the boundary conditions are of homogeneous Neumann type, and afterwards
they repel each other. By contrast, in the right frame, the pulse and its mirror
image collide and then annihilate. The changeover from repulsion to annihilation
after the collision occurs at 72" = 112. Finally, we observe that the numerically-
observed value of the bifurcation to traveling waves is 7)**"* = 103, which is within
the relative error of magnitude O(e¢~!) = O(10) of the leading order theoretical
value 7,9 = 59. Of course, in these simulations € is not yet really small, and
hence we checked that the value of 7**"™ decreases toward the value predicted by
the leading order theory as € is decreased. For example, for ¢ = 0.01, we find
rrum = 595 x 102 (compared to 5.9 x 10% theoretically).

Next, we illustrate the theoretical results for stationary 2-pulse solutions of (2.1.6),
as derived in Section 2.5. For each of the four values of v = 0.8,0.75, —0.25, —0.3,
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Figure 2.14: Stable traveling pulses. The parameter values are («, 3,7, D, 0,¢) =
(6,3,4,2,1,0.1), and 7 is the bifurcation parameter. Here, we plotted a bouncing
traveling pulse solution for 7 = 110 and an annihilation of a traveling pulse for
T=115.

Figure 2.15 shows the corresponding stationary solution. Based on the simula-
tions for these parameter values, we find that the homogeneous background state
U = —1 undergoes a subcritical bifurcation into a 2-pulse solution at y**" = 0.78.
Likewise, due to the reversibility symmetry, the homogeneous state U = +1 bi-
furcates supercritically into a 2-pulse solution at 4™*™ = —0.78, though we do
not show this. In addition, we observe that, as we decrease 7 from 0.78, the width
of the pulses increases, until there is a bifurcation at y**™ = —0.27 at which the
pulses coalesce, and the solution is U = 41 everywhere, except inside an inte-
rior layer and inside the layers at the boundaries of the computational interval.
This solution is a spatially-periodic solution. Moreover, the observed value for
this coalescence of the pulses agrees well with the theoretically-predicted value of
~v = —0.31 for the saddle-node bifurcation, which occurs at the minimum in the
curve shown in the right frame of Figure 2.13.

One of the most commonly-encountered bifurcations that the pulse solutions un-
dergo is a supercritical Hopf bifurcation in which the widths, and heights, of the
pulses oscillate periodically in time. In Figure 2.16, we show a breathing 1-pulse
in the left frame, and a breathing 2-pulse in the right frame. For the 1-pulse solu-
tion (with e = 0.1), the Hopf bifurcation occurs at 77" = 47. Moreover, we find
that the breather dies out for 7 = 49.8. For the 2- pulbe solution (with e = 0.01),

num

the Hopf bifurcation takes place at 75" = 4590. Moreover, at 7 = 5060, the
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Figure 2.15: Plots of the stationary solutions of the three-component model (2.1.6)
for four values of v: v = 0.8,0.75, —0.25, —0.3. The values of the other parameters
are (o, 8,D,7,0,¢) = (2,-1,5,1,1,0.01).
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Figure 2.16: Stable breathing 1-pulse and 2-pulse solutions. For the simulation
shown in the left frame, 7 = 49.7, and the other parameters are («, 8,7, D, 0,¢) =
(6,3,4,10,1,0.1). Also, we note that the interval used in the simulation is £ €
[—100, 100], however we have displayed only a subinterval to better display the
breathing behavior. For the simulation shown in the right frame, 7 = 5000, and
the other parameters are (o, 8,7, D, 0,¢) = (2.2,—1,0,10,1,0.01). Also, we note
that the interval used in the simulation is £ € [—1000, 1000].

breathing 2-pulse solution becomes unstable and dies out. We note that we have
observed breathing 2-pulse solutions for which the pulse widths breath in an an-
tisymmetric manner.

Scattering of pulses is also observed in the three-component model (2.1.7). In
the left frame of Figure 2.17, we show the V-component of a 2-pulse solution
in which the pulses initially approach each other, spend a substantial amount of
time at a nearly constant distance from each other with a significantly-decreased
amplitude, and then regain their original amplitudes and repel each other. The
pulses continue to repel each other until they reflect off the boundary, and the
process repeats. A similar phenomenon has been observed in [51, 52]. There
the unstable, stationary 2-pulse, which the 2-pulse data approaches, is called a
‘scattor’ (or ‘separator’). The importance of a scattor stems from the observation
made in [51, 52] that the forward evolution of 2-pulse data that approaches it is
determined by where that data lies with respect to the stable and unstable man-
ifolds of the scattor or separator solution. The relation between scattors and the
2-pulse solutions constructed in this chapter is the subject of future investigation.
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Figure 2.17: Scattering of two pulses. In the left frame, we show the V-component
over a long time interval, and in the right frame we show the U-component dur-
ing the third central scattering event (not shown for the V-component). The
parameter values are («, 3,7, D, 7,0,¢) = (6,3,2,2,6500,1,0.01).

We emphasize that the time interval shown in Figure 2.17 is long and that the
length of time where the two pulses are near to each other is also long in compar-
ison to the time interval over which the pulses move an O(1) distance. Moreover,
we found that the duration of this time interval can be changed by varying the
parameter values. Finally, it is worth noting that, during the time that the two
pulses are near the boundaries, they are also near their counterparts across the
boundary, in what also appears to be a scattor state.

To conclude this brief section illustrating some of the pulse dynamics, we show
the spatio-temporal evolution of 4-pulse initial data in Figure 2.18. Initially, the
four pulses approach each other. Then, they start to breath in a time-periodic
manner, until finally the middle two pulses die out and the two remaining pulses
become stationary. In the right frame, we have zoomed in on the time interval
containing the last few breathing periods, and here the destabilization process is
visible in detail. The maximal widths per period of the inner two pulses increase
as the time of annihilation gets closer and closer, while the minimal widths de-
crease. One can see that during the final oscillation the maximal pulse widths
exceed the lengths of the gaps between the pulses. Finally, stepping back out to
the time scale shown in the left frame, one sees that the time asymptotic state is
a stable 2-pulse solution of the type constructed in Section 2.3, with pulse centers
well inside £ = —1000 and £ = 1000 on the domain £ € [—2000, 2000].
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Figure 2.18: The spatio-temporal dynamics of a solution with symmet-
ric 4-pulse initial data. The parameter values are («,(,7,D,7,0,e) =
(2.1,-1,0,5,3900,1,0.01). Note that we actually give an asymmetric 2-pulse
as initial condition and just ‘mirrored’ the domain, this can be done because of
the Neumann boundary conditions. Note that the time interval shown in the left
frame is so long that the breathing is not visible. Therefore, in the right frame,
we zoomed in on the time interval [11.2 x 10%,11.4 x 10°] for the same solution,
so that the breathing is clearly visible.
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2.7.2 Conclusions and discussion

In this chapter, we established the existence of stationary and traveling 1-pulse
solutions of the three-component model (2.1.6), as well as the existence of station-
ary 2-pulse solutions. The main results are presented in Theorem 2.2.1, Lemma
2.2.2, and Theorem 2.3.1 for the 1-pulse solutions, and in Theorem 2.5.1 for the
2-pulse solutions. Moreover, we studied various bifurcations of these solutions, in-
cluding the saddle-node bifurcation in which the stationary 1-pulse solutions are
created (see Theorem 2.2.1), the bifurcation from stationary to traveling 1-pulses
(showing that this may be either subcritical or supercritical depending on the
system parameters, see Lemma 2.4.1 and Corollary 2.4.2), and the saddle-node
bifurcation of 2-pulse solutions, see Figure 2.13.

In the course of this analysis, we also showed that this three-component sys-
tem constitutes an ideal system on which to study pulse dynamics. On one hand,
it is sufficiently simple for analysis using geometric singular perturbation theory,
with all of the reaction terms, except for one, being linear. On the other hand,
it is sufficiently nonlinear to support rich pulse dynamics. Indeed, the extent of
this richness was first demonstrated in [51, 52, 54, 60], and these interacting pulse
solutions exist also for the scaled equations (2.1.6) studied here. We think that
the analysis presented in this chapter offers a useful starting point for the analysis
of these various pulse interaction scenarios.

Finally, we considered the limit in which the three-component system (2.1.6)
reduces to the more classical two-component system (2.6.1). This two-component
system is almost the same as the FHN, except that the second species (inhibitor)
also diffuses here. It is shown that the two-component system possesses only the
1-pulse solutions, and not the 2-pulse solutions of the type studied here. Hence,
the addition of the third component, as introduced in [60], is essential for the
existence of 2-pulse solutions.

Stability of the solutions studied here is an important topic, as is demonstrated
for instance by the bifurcations to breathing pulses shown in Figure 2.16. This is
the topic of the next chapter, in which we use the Evans function and the Non-
Local Eigenvalue Problem method [12] to carry out this analysis.

The methods and analysis of this chapter can be extended to carry out the analysis
of pulse solutions in the three-component model with heterogeneity that is stud-
ied in [71]. There, heterogeneity is introduced in (2.1.1) by making the constant
term in the U-component vary in space according to a smoothed out step function.
The heterogeneity induces interesting new pulse dynamics, such as rebounding off
defects, pinning by defects, and penetration of defects, as observed in numerical
simulations. The invariant manifold theory from the field of geometric singular
perturbation theory that we have used in this chapter, as well as the Melnikov
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conditions that we used, can also be applied to these types of heterogeneous sys-
tems, so that the pulse solutions may be constructed. In conjunction with these
observations, we point to an earlier example in which geometric singular per-
turbation theory was used to establish the existence of standing wave solutions
in a RDE of the Fabry-Perot interferometer, which involves spatially-dependent
coefficients. See [58].



Chapter 3

Stability

3.1 Introduction

The analysis of the dynamics and interactions of spatially-localized structures,
such as pulses or fronts, consists of a hierarchy of problems. As a first step, the
existence of stationary, or uniformly traveling, localized solutions must be con-
sidered. If the dynamics are governed by a partial differential equation (PDE)
in which the space variable is 1-dimensional, this is equivalent to constructing
a homoclinic orbit (for a pulse) or a heteroclinic orbit (for a front) in an ordi-
nary differential equation (ODE) reduction. As a next step, it is necessary to
obtain information about the stability of these homoclinic or heteroclinic orbits
as solutions of the PDE. A full mathematical understanding of the dynamics and
interactions of the localized structures can only be developed if these first two
issues, existence and stability, are in some way settled.

From this point of view, this work may be considered as the natural next step
following the existence analysis of Chapter 2. In that chapter, the existence of
various types of localized structures of (multi-)pulse type (or of multi-front type,
see Figure 3.1) is established for a three-component reaction-diffusion equation
(RDE) that was originally introduced in [60]. By the scalings introduced in the
previous chapter, this equation can be written (in one space dimension) as

U, = Uege + U-U3 *E(O&VJrﬂWJr’Y),
™V = Ve + U-V, (3.1.1)
oW, = ZWe + U-W,

with0<e<1,D>1,0<7,0<e3 aB,v€R and O(1) with respect to e,
and (£,t) € R x RT (see Remark 3.1.1). In this chapter, the stability of the pulse
solutions to (3.1.1) that were constructed in the previous chapter is considered.

79
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In recent years, system (3.1.1) has been studied, mostly by numerical simula-
tions, as a paradigm model in three components, see [5, 32, 50, 51, 53, 54, 60, 65].
The dynamics exhibited by the localized solutions to equation (3.1.1) are remark-
ably rich. This phenomenon may perhaps be related to the intuition that three-
component RDEs may have more ‘freedom’ to generate complex dynamics than
one- or two-component equations. This intuition can be considered as a math-
ematical fact if one compares two-component systems to scalar, one-component,
systems (for instance since scalar RDEs in one (unbounded) spatial dimension
cannot have stable localized solutions of pulse type, whereas two-component sys-
tems can, as for example in the Gray-Scott and Gierer-Meinhardt equations).
However, there is no decisive mathematical evidence that three-component RDEs
indeed may generate behavior that cannot be observed in two-component systems
(see also Remark 3.1.3). In fact, the mathematical literature on pattern formation
in RDEs is almost completely devoted to the study of scalar and two-component
systems (see however [29], in which a three-component model with two fast and
one slow component is studied).

This latter observation provides a second — and, from the mathematical point
of view perhaps, more important — motivation for the analysis in this chapter.
We develop an approach by which the stability of (multi-)front or (multi-)pulse
patterns of a three-component system can be established. Although we focus
the attention on the explicit model (3.1.1), the ideas can readily be extended
to the stability analysis of localized structures in other singularly perturbed N-
component systems. However, as in previous work on two-component systems [12—
14], the assumption that the system is singularly perturbed, i.e., that 0 < ¢ < 1
in (3.1.1), is essential.

Apart from the richness of its dynamics, equation (3.1.1) is remarkable in the
sense that the methods allow us to determine the spectra associated with the sta-
bility of the (multi-)pulse solutions in terms of explicit expressions (Remark 3.1.1).
Thus, although (3.1.1) has three components, we will for instance show, for the
stationary 1-pulse solution plotted in Figure 3.1, that it is possible to explicitly
determine whether it bifurcates into a traveling pulse solution, see Chapter 2 and
[50], or into a breathing pulse solution (by a Hopf bifurcation). Moreover, both
types of bifurcations are induced by a preceding edge bifurcation, i.e., the creation
of a ‘new’ eigenvalue from the essential spectrum, that can also be investigated in
full analytical detail — see Section 3.5. We also obtain analytical expressions for
the four eigenvalues associated to the stability of the 2-pulse solution of Figure
3.1, based on which we can formulate general results (in terms of the parameters
in (3.1.1)) on the stability and instability of these 2-pulse solutions (Section 3.6).
This combination of being accessible for detailed mathematical analysis and of
exhibiting rich and complex dynamics indeed makes system (3.1.1) a paradigm
for the study of pulse dynamics in three-component RDEs.



3.1. Introduction 81

0.5

05 v ]
w -

-

4

5 5 45
-1000 500 0 500 100 -1000 500 0 500 1000

Figure 3.1: Stable stationary 1-pulse and 2-pulse solutions of system
(3.1.1) obtained via numerical simulation. For the I1-pulse the parameters
where («,f,v,D,7,0,¢) = (3,1,2,5,1,1,0.01), and for the 2-pulse we had
(a,B,7,D,7,0,e) = (2,—1,-0.25,5,1,1,0.01).

The approach to the stability of localized patterns in (3.1.1) is based on the Evans
function D(A), of which the zeroes correspond to the eigenvalues of the linearized
operator associated to the stability of a localized solution. The Evans function
is analytic as function of A outside the essential spectrum oegs of this linearized
operator [1, 59]. It has already been shown in [1] that D(A) can be decomposed
into the product of a fast and a slow Evans function, D.s(A) and Dgiow (A), if the
governing RDE is singularly perturbed. In [11-13], a method, called the NLEP
method, was developed in the context of two-component RDEs by which both
components, and their zeroes, can be determined explicitly. In fact, it was shown
that D(A) could be written, up to a nonzero constant, as the product of two
transmission functions t1(A\) and ¢2(\), where t1()\) is analytic and corresponds
t0 Diast (A), while t5(A) is meromorphic and corresponds to Dgjow(A). Equation
(3.1.1) has two slow components (V(&,t) and W (&, t)) so that one expects, by the
ideas of [12, 13], that there again is one fast transmission function ¢; () and four
slow-fast transmission functions t;;(\),4,7 = 2,3 — see Section 3.3. One of the
main results of this chapter is the following explicit decomposition of D(A),

D(A) = d(N) Drast (A) Dstow (A) = d(A) t1(A) [ta2(N)ts3(A) — t23(M)tz2(N)],

where d()) is nonzero and smooth (outside oegs) — see also Remark 3.1.2. More-
over, all transmission functions can be determined (to leading order in the asymp-
totically small parameter €) by an extension of the NLEP method to three-
component systems. In fact, another extension of the NLEP method is necessary:
the 1-pulse solutions to (3.1.1) are of 2-front type — Figure 3.1 — so that the con-
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cept of ‘intermediate transmission functions’ has to be introduced, see Section 3.4.
As a consequence, all slow-fast transmission functions ¢;;(A) have second order
poles, that are cancelled by the zeroes of ¢1(\) — this phenomenon was called the
NLEP paradox in [12, 13] (in which only simple poles appeared).

The major part of this chapter is devoted to analytically computing the zeroes of
the slow Evans function Dgjow(A). In Section 3.4, it is shown for 7,0 = O(1) with
respect to g, that, to leading order, Dgjow(A) = taa(N)t33(A) — taz(A)t32(A) has a
zero at

A=e2\" = —3v2e2 (aA2 + gAEJ) , with A € (0, 1) such that QA2+ BAD = ,

a result that determines the stability of the 1-pulse solution represented in Figure
3.1 — see Theorem 3.4.1. This 1-pulse solution may lose its stability when 7,6
become (’)(E%) The stability /bifurcation analysis of the standing 1-pulse solu-
tion, and the associated traveling pulse solution derived in the previous chapter
is the main topic of Section 3.5. Although the expressions that determine the
eigenvalues, which now include new eigenvalues that have appeared from oegs,
have become more involved than in the case 7,60 = O(1), the ‘NLEP-machinery’
enables us to explicitly determine the co-dimension 1 regions in parameter space
at which the pulse undergoes a Hopf, saddle-node, or drift (i.e., a bifurcation into
a traveling pulse) bifurcation. In the final section, Section 3.6, the stability of
the 2-pulse (or 4-front) pattern is established, where, for simplicity, we restricted
ourselves to the case 7,0 = O(1).

Combined with Chapter 2, the results of this chapter provide a foundation for
a mathematical analysis of the pulse dynamics generated by (3.1.1) — see [5, 32,
50, 51, 53, 54, 60, 65] and Remark 3.1.1. Due to the singularly perturbed na-
ture of (3.1.1), it exhibits pulse- and/or front-interactions of a semi-strong nature
[15, 16, 47]. Unlike the situation of weak pulse interactions [19, 20, 55, 59], in
which the pulses are assumed to be ‘sufficiently far apart’, so that the pulses to
leading order can be considered as ‘particles’, pulses that undergo semi-strong
interactions typically change shape and even may bifurcate, see also [38, 62].
Note that such an analysis of semi-strong pulse interactions differs from, and is
complementary to, the analysis of [20, 50], in which the pulse interactions are
of a weak nature, but in which it is assumed that the parameters in the system
are such that the pulses are close to a bifurcation (sometimes of co-dimension
> 1). The semi-strong approach of [15, 16, 47] allows one to study nontrivial
pulse dynamics (including the bifurcations induced by the interactions [15]), for
parameters that are not necessarily close to a bifurcation value of the limiting
isolated pulses. However, unlike the approach of [20, 50], it is necessary for the
semi-strong analysis to have full control over the existence and stability of the
interacting structures. Therefore, the semi-strong analysis must be preceded by
results such as those in the previous chapter and in the present chapter, while
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the approach of [20, 50] may for a large part be based on assumptions on the
properties of the linearized system associated to the stability of the pulses.

Finally, it should be noted that the multi-front nature of the pulse solutions
to (3.1.1) — Figure 3.1 — imply that instead of for instance considering the semi-
strong interactions of two pulse solutions, one should study the (semi-strong)
interactions of four localized heteroclinic fronts — see for instance the simulations
represented in Figures 2.17 and 2.18 of the previous chapter. A stable 2-pulse
solution of the type depicted in Figure 3.1 is expected to appear as an attracting
fixed point in the system of ODEs that governs the interaction between these four
fronts. This is the subject of Chapter 4.

Remark 3.1.1. Equation (3.1.1) has a particularly simple structure. The slow
components V and W only have linear reaction terms, while the coupling between
the fast component U to the slow components in the fast (U-)equation is only
O(e) weak. This form of the equation has been proposed in Chapter 2. Certainly
not all versions of (3.1.1) considered in the literature [5, 32, 50, 51, 53, 54, 60]
are of the type considered here. Especially the assumption that the coupling
term ‘e(aV + W + v)’ in the U-equation is O(e) small, may a priori seem to
be too restrictive. However, it is argued in Chapter 2 that this is not the case.
Moreover, it is shown that the richness of dynamics of the system with weak
coupling is comparable to those studied in the literature. We refer to Chapter 2
for more details on the choices of the parameters.

Remark 3.1.2. The fact that the four slow-fast transmission functions ¢;;(\),
1,j = 2,3, appear as a determinant of a 2 X 2-matrix in the expression for the
slow Evans function Dgjow (A) follows by an orthogonalization procedure of Gram-
Schmidt type in a 2-dimensional manifold of slowly growing solutions to the lin-
earized stability problem (see Section 3.3). A similar argument applied to the
linear system associated to the stability of a pulse (or front) solution to an N-
component system with N — 1 slow components, yields that Dgjow(A) will be given
by the determinant of an (N —1) x (N —1) matrix of (N —1)? slow-fast transmission
functions. Moreover, it is shown in Remark 3.4.3 that the 2 x 2-determinant of our
three-component system reduces to one transmission function t2(A) = t22(A) in
the situation in which (3.1.1) approaches a two-component limit (Remark 3.1.3).

Remark 3.1.3. At several places in the text, see especially Remark 3.4.3, Re-
mark 3.5.1, and Lemma 3.6.3, we consider the limit D > 1. This case may be
seen as a two-component limit of (3.1.1), since the W-component of a 1-pulse
solution converges uniformly to W = —1, see (3.2.10) (and the previous chapter).
The results for this two-component limit can be seen as ‘regular limits’ of the
results for the full system. However, it was shown in the previous chapter that
the 2-pulse solutions cannot exist in the two-component model. This is confirmed
by Lemma 3.6.3, in which it is shown that the parameter region of stable 2-pulse
solutions shrinks to zero as D — oo.
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3.2 Review of existence theory

The existence analysis for various types of pulse solutions was presented in Chap-
ter 2. Here, we summarize the results. Moreover, we also derive some integral
relations, (3.2.18), (3.2.28), and (3.2.35), for the higher order correction terms
of the constructed homoclinic pulses. This information will be needed for the
stability analysis.

3.2.1 Standing 1-pulse solutions

We start with the existence results for standing 1-pulse solutions. For standing
pulse solutions, system (3.1.1) transforms into a 6-dimensional ODE

ug = p,
pe = —u+ud+elav+ fw+7),
Ve = &4,

3.2.1
de = 5(” - u) ) ( )
we = 5T,
re = Hw—u).

This system has three fixed points
PE = (uF,0,uZ,0,uF,0), PO = (u?,0,u2,0,u°,0), (3.2.2)

€ s Wy Uy Ug s Wey Yy Ugy

where uF and u? are given by
1
uf =417 is(a—kb’:tv)—k(’)(sz), ul = ey + O(e?). (3.2.3)

Moreover, for 1-pulse solutions, we can divide the spatial domain into five in-
tervals, three slow intervals and two fast intervals. The fast intervals are given
by

- 1 1 1 1
If = <—§* - %, —f* + \/g) and I}i_ = (f* - %75* + \/g) ) (324)

where &, is the so-called jumping point. In physical terms this is the half-width
of the pulse under investigation, see Figure 3.1. More mathematically, £, > 0 is
the point where up, (&) = 0, given that (up)e(0) = 0, with up(€) the u-component
of the homoclinic pulse solution of (3.2.1). The three slow intervals 10 are

I; = (—oo,—é*—ﬁ],fgzz [—f*—Fﬁ,g*—% ) (3.25)
I = [éwﬁ,oo), B

and they are the complements of the two fast intervals.

The existence theorem for the standing 1-pulse solutions reads
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Theorem 3.2.1. Let e > 0 be small, and let (o, 8,7, D) be such that
aA? + BAD =~ + O(E). (3.2.6)

has K solutions A € (0,1) (K € {0,1,2}). If K =0, there are no symmetric or-
bits homoclinic to P> in system (3.2.1). If K > 0, then, for e small enough, there
are K symmetric homoclinic orbits vy, (§) to P=, that is, there are orbits v (§) that
consist of five distinct parts, two fast parts where € € IF, in which it is O(e) close
to a fast reduced heteroclinic orbit (ug (€ £ &), Dy (€ £ €%), i, £qs, wy, 1),
with

1 1 1
u?;st(g) = Ftanh (2\/§§> , pist(g) = :|:§\/§sech2 <2\/§§>7 (3.2.7)
v, = —A%, w, = _AD L ge=Us+1, r=wy+1 and A:=e %, (3.2.8)

and three slow parts where &€ € 170, in which (up(€),pn(€)) = (£1,0) + O(e) and
(’Uh(5>7 dh (5)7 Wh, (5)7 Th (5)) are given by

2e¢sinheé, —1 in I,
vp(§) =4 —2e % coshef +1 in I?, (3.2.9)
2e%¢sinhel, — 1 in I,

and

2eb¢sinh £¢ —1 in I,
wh(§) = —2e D cosh 5E+1 in I, (3.2.10)
2¢~5¢ sinh 58 —1 in If,

up to O(\/e) corrections. The orbits v, (&) correspond to stationary 1-pulse solu-
tions

(U(f, t)v V(fa t)? W(fa t)) = (Uh(g), ’Uh(f), U)h(g))
of (3.1.1).

Moreover, if |aD| > |B] and sgn(a) # sgn(B), then a saddle-node bifurcation
of homoclinic orbits occurs as v crosses through

Yer(a, B, D) = (—a)~ D=1 3BT (Dfﬁ—D7%> >0 fora<0<p,
1 D D 1 (3.2.11)
Ye2(a, 3, D) = o~ D=1 (=) D1 (Diﬁ —Dfol) <0 for3<0<a.

Finally,

Acla, B,7e1,e2, D) = (—)21 €(0,1). (3.2.12)
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The PDE (3.1.1) is translation invariant, yielding that the derivative of the
pulse is a solution to the linearized stability problem with eigenvalue A = 0 [59].
It is useful to label the derivatives of the u-components in the fast fields. Note
that these derivatives are by definition p?;st (€), thus

(&) == 2v2sech? (3V2(£ + &), ¥H(€) := $V2sech’® (3v2(€ — &,)).(3.2.13)

Observe that 1 (£) is actually —d%(u;:mt (& — &4)). However, with this choice of

T (€), we have that T (€), as well as o~ (), are strictly positive, and for both
functions we have to leading order

2

oHOd =2 and [ H©)?d = Ve, (32.14)
If [f

This completes the review of the existence theory for standing 1-pulse solutions,
as presented in the previous chapter.

For the stability theory, we will also need some information about the second
order correction term of the u-component, ui2(§ ), of the standing 1-pulse in the
fast regions [ ij In particular, we need an integral relation involving these terms.
We differentiate (3.2.1) once with respect to £. Also, we scale (vp)e(§) = €(Dn)e(€)
and (wp)e(€) = e(wn)e(§), since these components vary slowly in £ (and since one
can show that these components cannot be larger than O(g) — see Section 3.4
and especially Remark 3.4.2, where a similar property is deduced for the slow
components of basis functions associated to small eigenvalues). We obtain

((un)e)ee + (un)e(1 = 3up) = *((tn)e + B(wn)e) ,
((On)e)ee = —e(un)e +&*(On)e, (3.2.15)
((n)e)ee = —Pz(un)e + 5z (0n)e -

For the fast u-component, we may assume a perturbation expansion of the form
+ + 2, + 3
uy, (§) = Umo(f) +e Uhg(f) +0(e”),

where ufo(f) are given in Theorem 3.2.1, in particular, they are translations of
ui, (€) (3.2.7).

At second order in the fast regions [ fi, we find

£ (uia), = ((5)e(=6) + 8 (@5 )e(~€)) + By g o (ui )
£ (uiy) = a (elE) + 6 (@ el€n)) + 6ui i 5 (uif e

Here, £* are given by

(3.2.16)

3

LFu = uge + (1= 3(up )*)u, (3.2.17)
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and, up to O(y/€) corrections,

(O)¢(~€) = 1—e7*, (T7)e(6) = €726 -1,
(@)e(=6) = H(L—e?5%), (@)e(&) = He?p% 1),

where we used (3.2.9) and (3.2.10). Since £L¥¢* = 0, we deduce for (3.2.16) by
the Fredholm Alternative or Solvability condition that

/ ufouf2 (wi)2d§ _ ! (a (1—e %) + g (1- 6_255*)> . (3.2.18)
o 3 D
3.2.2 Traveling 1-pulse solutions

For traveling 1-pulse solutions of (3.1.1), we introduce the co-moving variable
&p = € — ect. In this co-moving frame we analyze stationary solutions, that is,
we investigate the following system

U = P,

pe = —u+ud+e(av+ fw+vy—cp),

ve = eq,

¢ = e(v—u)—_ederq, (3.2.19)
we = pT, ,

re = H(w—u)— 5zcr,

where we dropped the underscore tp in &,. Also, for the dynamics of a travel-
ing 1-pulse solution, we need to distinguish five different regions. They are still
given by Ifi, IF0 (3.2.4), (3.2.5). However, the point ¢ = 0 is now a bit arti-
ficial. For standing pulse solutions we have, by the reversibility symmetry, that
(p(0),4(0),7(0)) = (0,0,0), this is not longer true for traveling pulse solutions,
see Chapter 2.

It follows from the existence analysis that we need to rescale 7 and 6. More
precisely, 7 := E%%, 0 = 8%9 with, 7,8 = O(1), see the previous chapter. The
existence theorem (Theorem 2.3.1 from Chapter 2) for the traveling pulse reads

Theorem 3.2.2. Let ¢ > 0 be small enough, and let (o, 58,7, D, T,0,¢) be such
that T = Eiz, 0= E%, Moreover, assume that

V2 =a (s; (6_25’\35* - 1) - 1) + 0 (s; (6_2E>‘$€* - 1) - 1) +7,
B B (3.2.20)
_%\/ic =a (Sv+ (628)‘“ v _ 1) _ 1) +8 (s$ (625’\’“’5* _ 1) _ 1) +

has K solution pairs (cj, (€.);) with ¢; # 0, where A, are defined by

v,w

R [ f s Gt FIPUREE+4 G FRVEC ) WEREN
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and st are defined by

VW

+ 22+ + 2t
Sy ——m<07 Sw——m<0. (3222)

If K = 0, then there are no homoclinic orbits to P in (8.2.19) with ¢ # 0. If

€

K > 0, there are K homoclinic orbits v,(€) to P in (3.2.19) that correspond

53

to traveling 1-pulse solutions of (3.1.1) which travel with speed ec; # 0, where

cj =cj(e) =¢; +O(e).

The homoclinic orbits v,(£) consist of five distinct parts, two fast parts
in which they are O(c) close to a fast reduced heteroclinic orbits (ui,, (€ F
§4)s Piase (€ F &), v, ¢ wE, ) (3:2.7), with (v, ¢, wi, 1) given by

:F
vk = st (5276 Z1) 21, g =

A
3.2.23
and three slow parts in which (utp(g),ptp(g)) = (£1,0)+ O(e) and (’Utp(f), Qtp(f),
wip (&), rp(€)) are given by

—2s7 e Esinh (eAfE) —1 in 17,
vip(§) = { sy (68D pstes A (6 41 in 0, (3.2.24)
2steMo sinh (eA;€) —1 in IF,

and

—2spe S sinh (eAfE,) —1 in I,
Wip(€) = { spetruE=6) 4 ghesAu(@EHe) 41 in 9, (3.2.25)
2stesrwlsinh (eA€,) —1 in IF

s

up to O(y/€) corrections.

For small speed ¢, that is, ¢ = ¢ with 0 < & < § < 1, the bifurcation parameter
7 as function of 6 is given to leading order by

%tp(é) = m (%\/Q— ﬁ% (1 — A% +A% IOgA%)> s (3226)

where A solves (3.2.6). Note that 7, determines the value at which the traveling
pulses bifurcate from the standing pulses, see Section 2.4 and note that we used
a slightly different notation in this Chapter, 7;, instead of 7 o.

For the stability theory of traveling 1-pulse solutions (Section 3.5.3) we also need
some information about the first and second order correction terms of the u-
components in the fast fields I]jf. Unlike for the standing pulse solutions, we now
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have O(e) terms. In the fast fields Ifi, the V- and W-components of the pulses
are to leading order constant and determined by the jump conditions (3.2.20).
These jump conditions combined with (3.2.19) yield that in the fast fields I;[ the
u-components are given by

() = iy + ()" +2 (F5v2e = (i) ) + O2).
Next, we expand ui’;(f):

uip(€) = i 0(€) + iy 1 (6) + 2ug, 5 (€) + O?).

To leading order, the ODE is the same as in the case of standing 1-pulse solutions,
and we have

ugo(€) = Ftanh (3V2(£FE)).
The O(e) terms read
LR, = Fe(3v2—9F), (3.2.27)
with £+ and % () defined as before (3.2.17), (3.2.13).

Lemma 3.2.3. The first order correction terms u;l(f) of (part of) the homo-
clinic orbit w,(€) are even functions around £&,.

Proof. First notice that the right hand side of (3.2.27) is an even functions
around +¢,. Also, observe that £* conserves the parity of a function, i.e., if u(¢)
is odd/even with respect to & +¢&,, so is LTu. Altogether, when we split the first
order correction terms of the u-component in the fast fields up into an even part
and an odd part, i.e., utip 18 = ufpﬁve“(g) + utip’jdd(g), we get

£ (ui3™") = Fe(3v2-v*),
£ (us™) = 0.
Recall that we look for bounded solutions at infinity. Therefore, we obtain from
the last equation utj;ﬂdd(g) = K*pE(€), but *(€) is an even function around
+,even +.0 even
+¢., so K* = 0. Thus Ui,l(f) =y (§) + utp,1dd(f) Utj;; 1o (6)- o

Notice that, by (3.2.14), the solvability condition is fulfilled for utj;,l(f)7 and it
gives us no extra information.

Lemma 3.2.3 provides all the information on u;l(f) that we need. Thus, we

now investigate the second order correction term of the u-component, utj;’z &).
As in the last section, by looking at the derivative and by using the solvability
condition, we obtain

0 = :F6 fIfi utp Outp 2(¢i)2d£:|:3f] utp, )2(7/}i)2d€
+6 fIi Ugp, 0“?; 1(U’tp 1)€¢ d§ — co f[i “tp 1)££¢idf (3.2.28)
+2O‘(Utp) (£&) + 2B(wip)e (£Es) -
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3.2.3 Standing 2-pulse solutions

The three-component model (3.1.1) also supports standing, symmetric 2-pulse so-
lutions. We find them as solutions of (3.2.1). However, we now have to distinguish
nine different intervals instead of five. We have four fast intervals IJ%A’G’B and five

slow intervals 113579, The fast intervals read
= (_giQ R ) 5% = (53’1 vl %) . (3.2.29)

where £} is the jumping point of the last ‘back’ and £? is the jumping point of the
last ‘front’, so 0 < €2 < &} and g, (51’2) = 0. The five slow intervals are again the
complement of the four fast intervals. For notational convenience, we introduce
Ay = e such that 0 < Al < Ay < 1.

In the existence analysis of Section 2.5, we established the following theorem:

Theorem 3.2.4. Let € > 0 be small enough, and let (o, 3,7, D) be such that

0 ’

\w H

1 1

Gi(A1, Az) = a(A1 — A2)* + B(AP — AP)? ) (3.2.30)
Ga(Ar, As) = (A2 — A2) — 2041451 + B(AD — AD) — 284D A, D — 2y,

has K solution pairs (Aq, As) with 0 < Ay < As < 1. Then there are K homo-

clinic orbits vop(§) to P in (3.2.1) that correspond to symmetric standing 2-pulse
solutions of (3.1.1).

The homoclinic orbits 72, () consist of nine distinct parts, four fast parts and
five slow parts. In the fast parts, the orbits v,(§) are O(e) close to the fast
reduced heteroclinic orbits

(Ugagt (6 4 E1), Dot (€ + €0), 07, 62, wE, 75))
(“gst(§+§*)7pf+ast(§+§*) vl g Wi T
(Ugas (6 = E2), Ppast (€ — €2), 08, 68, wl, 79)
(Ut (€ = €1), Pl (€ — €1, 08, g, wd rf)

respectively, where uist(f),pfiast(f) are given by (3.2.7) and (vi,q,wi,rt),i €
{2,4,6,8} are given by

:—AQ—AA*1+AA2, @ =v2+1,
1
wf:fAD ADA +AP AP, 2 =w?+1,
vh=A3 - A1AST - AL Ay, gt =vi—-1+24,A7", (3.2.31)
2 11 11 11
wi=AP —AP A, P — AP AP, ri=wl—-1+24P A, 7
68 _ 42 68 _ 472 6,8 42 68 _ 42
Vx = Ux 7Q* —_Q* P ’LU* —'U}* 7'* = —Tx .
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In the five slow parts, the orbits v2,(§) are given by (u2p (), p2p(§)) = (£1,0) +
O(e) and
(v2p(€), q2p (&), w2p(§), 72p(§)) are given by

2¢e5¢ (sinh (efi) — sinh (5{3)) -1 in I},
—em=(6+E) _ e5(6=80) — 2¢%¢(sinh (e£2)) + 1 in I3,
Vop(€) = {  —eS(EFE) o me(EHED) | s(6-80) _ e5(6=60) 1 in 15, (3.2.32)
_e—el+El) _ pe(6—€r) _ 2e~*¢(sinh (e£2)) 4 1 in I7,
2¢~% (sinh (e¢}) — sinh (e€2)) — 1 in I?,
and
2¢5¢ (sinh (%fi) — sinh (%éf)) -1 in I;,
—e~DEFE) — 5 (68 — 25 (sinh (5€2) +1 in I3,
wop(€) = —e~ BEHED Lo~ BEHED L 0B E-ED) _oH(E-€) 1 in [5,(3.2.33)
—em BEHE) _eB(E-E) _2e~HE(sinh (5¢2)) +1  in 17,
2e~ D¢ (sinh (5&1) — sinh (5£2)) — 1 in 17.

up to O(y/€) corrections.

The orbits 2, (€) correspond to standing 2-pulse solutions

(U(&: 1), VI(§,1), W(E, 1) = (uzp(§), v2p(£), w2p(E))

of (3.1.1). Note that a sufficient condition for K to be zero in the above theorem
is sgn(a) = sgn(B), because then G1(A4;1, A2) # 0 (3.2.30).

Just as for the 1-pulse case (see (3.2.13) and (3.2.18)), we introduce
Y2u(€) = 3V2sech?(3V2(E+67)), (3.2.34)
Yos(6) = Vsech?(3Va(E— ).

Using the solvability conditions, we find the following integral relations for ng,z (&),
the second order term of ug,(€) in the j-th fast interval

f]? u%p,Ou%p,Q (1/12)2 dé. = - % (a (6217)5 (754{) + ﬂ (71}21))5 (7541«)) ’

fj‘fl u%p,ougp,z (1/’4)2 d«S = % (a (5217)5 (_ff) + B (71}217)5 (_53)) ) (3.2.35)
Jrs wpotye (W) ds = = & (a(iay)e (63)+ B (i) (63))

Jrs ot ()7 dE = & (a(Fap)e (61) + B () (€1))

3.3 The linearized stability problem

In this section, we develop a general approach to the stability of pulse solutions in
the three-component system (3.1.1) with two slow components. In the subsequent
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sections, Sections 3.4, 3.5, and 3.6, we will apply this theory on the constructed
pulse solutions of Section 3.2.

In Section 3.3.1, we linearize the PDE around a homoclinic pulse solution. Next,
in Section 3.3.2, we calculate the essential spectrum associated to the various
pulse solutions. Then, in Section 3.3.3, we determine expressions for the point
spectrum, using the Evans function [1, 59]. Finally, in Section 3.3.4, we exploit
the slow-fast structure of the PDE to further decompose the Evans function into
a fast (analytic) part and a slow (meromorphic) part.

Remark 3.3.1. From linear stability we can immediately conclude nonlinear
stability since the operator associated to the linear problem is sectorial (away
from bifurcations). See [35, 59].

3.3.1 Linearizing around a homoclinic pulse

We start by linearizing the PDE (3.1.1) around a homoclinic pulse solution. We
introduce small perturbations u(),v(§), and w(&) of the pulse solution

U(f’t) = Uh(§,€) + u(f) (gvt) = Uh(§7€) + ’U(E)eAt ) (3 3 1)
W(Et) = wn(s, )+w(§) X, o

where (up (&), vp(€), wn(€)) are the homoclinic pulse solutions of the existence
analysis. In this section, we linearize around the standing 1-pulse solutions, see
Theorem 3.2.1. The linearization around the 2-pulse solutions (ugp(§),v2p(€),
wap(€)) is essentially the same, it has the same behavior ‘at infinity’. The lin-
earization around the traveling pulse solution (g (), vep(§), wip(§)) induces a
slightly different linear operator, see (3.5.18). The results for the linear operator
can be modified easily for the linear operator obtained in the case of traveling
pulse solutions, see Section 3.5.3.

We substitute (3.3.1) into (3.1.1) and linearize to obtain

uge + (1 —3ui —Nu = e(av+ pw),
Vee = (L +7Av—u), (3.3.2)
Wee = ﬁ((l—i-@)\)w—u).

We rewrite this system as a linear system in C,

Ge(€) = M(& A, €)9(€) with ¢(€) = (u(€), p(€), v(€), a(€), w(€), (€))", (3.3.3)

where M(&;

& A\, €) is a 6x6 matrix with Tr(M) = 0, and ug (€) = p(§), ve(§) = €q(§)
and we(§) = 57

(©)-

In order to analyze system (3.3.3), we first examine the matrix M(&; )\, e) in
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the limit that & — +oo, where we observe that these limits are equal, since the
pulse is homoclinic. We obtain the matrix My (A, €):

Moo (A, €) =
0 1 0 0 0 0
A+2+3(y—a—B)+0E?) 0 e 0 e 0
0 0 0 e 0 0 | 3.34)
—€ 0 e(l+7A) 0 0 0 '
0 0 0 0 0 H
s 0 0 0 5(1+6) 0

The squares of the six eigenvalues, AZ, are given to leading order by
Mg=A+2+3(y—a—f),A3s=e2(1+7)), A3, = 5, (1+6)). (3.35)

Here, and in the remainder of this chapter, the first subscript denotes the square
root with positive real part. The eigenvectors F; of the matrix M., associated
to A; are given to leading order by

1 1 e 1 =1\
Ee = (1viv/\+2’—52ma¢€m,—ﬁm’¢ﬁ\/m) :

2 t
Epp = (_ﬁ?g,;%m+m,1,i\/1+ﬂ,0(a),0(5)) : (3.3.6)
2 t
B3y = (—A%Qs,q:%fjg 1—1—0)\,(9(5),0(5),1,1\/1+0>\) .

Remark 3.3.2. In the above eigenvectors, as well as the eigenvectors showing
up in the forthcoming analysis, see (3.4.12), (3.5.3), (3.5.21), we do not state all
components of the eigenvectors explicitly, since for some we only need to know
their asymptotic magnitude.

3.3.2 The essential spectrum

By general theory [35], the essential spectrum associated to the stability of pulse
solutions is equivalent to the spectrum of the stability problem of the background
states u_Z (3.2.3) under spatially-periodic perturbations. This is equivalent to

Oess :={A € C:3j suchthat A; €iR}, (3.3.7)

where A; are the eigenvalues of the matrix M, see (3.3.5). It is computationally
more convenient to determine oegs by introducing k& € R and w, v, w,w € C by

(U, V,W) = (uZ,uZ,uZ ) + (u, v, w)e'HFer (3.3.8)

Substituting the above in (3.1.1), we find to leading order
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with
&%k -2 —w+3e(a+B—7) —ea —ef3
M, = 1 —Tw—k* -1 0 (3.3.9)
1 0 —0w — D?*k* -1

Lemma 3.3.1. Let 7,0 = O(1). Then, for e sufficiently small, the essential
spectrum of the standing pulse solutions homoclinic to P, lies in the half plane

Yi={w: Rw) < x},

1
T

where max {—27 — —%} < x < 0 to leading order.

Proof. The characteristic polynomial associated to (3.3.9) is given by

Qw,k?) = (—%k?—-2—-w+3c(a+B-7)) (Tw+k?+1)
(0w + D2k +1) — ear (0w + D2 + 1) (3.3.10)
—ef(tw+k2+1) .

We analyze to leading order the zeroes of this cubic polynomial in k2. They are

Wi = —2— 2k < 2 WP = 1R < 1 )0 _1eDE L (3.3.11)

For the first correction terms of the zeroes, we need to distinguish two cases. Af-
ter a long and tedious calculation one finds that, if the three zeroes are simple to
leading order, the first correction terms are O(g). If two or three of the zeroes
coincide, then the first correction terms are at most O(y/€). Therefore, in both
cases the zeroes lie in the half plane ¥ for ¢ sufficiently small. a

It is also of interest to observe that, if two of the eigenvalues coincide to leading
order, they can form a complex pair, and the maximum of the imaginary part can
be computed explicitly. For example, if w(()l) = w((f) to leading order and if a > 0,
then it can be computed that

at its maximum. This agrees with the data shown in Figure 3.2 1.

Stationary 1-pulse solutions may undergo bifurcations if 7 and 6 are O(e~2).
Although it, a priori, may seem that the correction term may become of leading
order when two or more zeroes coincide, a more detailed analysis yields that this
is not the case. In particular, in this regime, we have the following lemma:

Lemma 3.3.2. Let 7,0 = O(c¢~2). Then, for e sufficiently small, the essential
spectrum of the standing pulse solutions homoclinic to P, lies in the half plane
3, with ¥ as given in Lemma 3.5.1.
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3(w) I v S
o 0.004
0.075
,(3)
w
0.025 \A‘Um
SR(JJ) -1.5 <1.45 B L -1.35 -1.3| -0.03 -0.005 %(w’)
-0.025 />>/
-0.002

-0.05
4).075./(;/

-0.1

Figure 3.2: In frame I, the essential spectrum for the standing pulse with O(1)
parameters is depicted, where («, 3,7, D,7,0,¢) = (3,1, aA? +BAD 51,1, 0.01),
with A = e~1/2. This picture is typical for all 7,6 = O(1). Note that the heights of

the loops are to leading order /—% VE, 1/ —% €, respectively, as predicted by the

analysis. In frame Ia, the branch w(®) is drawn schematically, the arrows and the
numbering indicate the flow for increasing k. In frame II, the essential spectrum
for a traveling pulse is plotted for («, 8,7, D, 7, 0,e, ¢)=1(3,1,2,5,1,1,0.1,2). In
frames III, and IV we zoomed in around the interesting regions of II. The arrows
in IIT indicate the flow of the zeroes for increasing k. From frame IV we observe
that there is a spectral gap. Hence, we can still conclude nonlinear stability from
the linear stability analysis. See Remark 3.3.1.
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Proof. We introduce 7 = £27 and 6 = €20, so that the characteristic polyno-
mial reads

elQw, k?) = (—e*k?—-2—-w+3s(a+B-7)) (Fw+e%(k? +1))
0w + e2(D?k2 + 1)) — (éw +e2(D2k2 + 1))
38 (fw+e2(k? + 1)) .

To leading order, the zeroes are given by

WiV = —2-22k2 < -2, w52)=—§(1+/€2)§—%,

3.3.12

wi) = —£(1+D%) < -1 (3312
When the zeroes are simple, the first correction terms of w(()2’3) are of O(e%) with
respect to the scaled variables. If two or more of the zeroes coincide, the first
correction term may be of O(ey/e) size. However, a detailed analysis shows that
this only occurs for |k| > 1. For small k it is found that (3.3.12) is correct up
to O(e3) terms. Therefore, in all cases the zeroes lie in the half plane X for ¢
sufficiently small. |

Finally, we investigate the essential spectrum of the traveling pulse solutions.
Because we work in a co-moving frame, the matrix M; (3.3.9) possesses some ex-
tra diagonal terms. However, given the asymptotic magnitude of ¢, these diagonal
terms have no leading order influence on the stability result. Therefore, we find

Lemma 3.3.3. Let 7,0 = O(c¢~2). Then, for e sufficiently small, the essential
spectrum of the traveling pulse solutions homoclinic to P, with speed ec, lies in
the half plane X, with ¥ as given in Lemma 3.3.1.

See also Figure 3.2, in which the essential spectrum is plotted for several pa-
rameter combinations.

In conclusion, we have shown that, in all three cases the essential spectrum is
completely contained in the left half plane. Therefore, small perturbations do not
lead to instabilities of the background states. The stability of the pulse solutions
is determined by the discrete eigenvalues.

Remark 3.3.3. The essential spectrum associated to pulse solutions homoclinic
to P, i.e., linearization around the other background state (u},ut, ul), is effec-
tively the same. That is, the eigenvalues are the same to leading order, and the
differences at O(e) do not structurally affect the main results. This also implies
that we do not have to determine the possible absolute spectrum associated to
the intermediate state uy,(¢) = +1 (€ € I?) for the pulse solution homoclinic to
P_, because this absolute spectrum is contained in the essential spectrum and it
is thus contained in the left half plane [59].
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3.3.3 The construction of the Evans function

To determine the point spectrum of the linearized operator or, equivalently, of
the matrix M(&; A, ¢) (3.3.3) [59], we construct an Evans function.

The matrix M(&; A, &) converges exponentially to the constant coefficient ma-
trix Moo(A,€) as [§] — oo, see (3.3.4). This matrix Mo, has six eigenvalues
Ai(Ne) (3.3.5). If we assume that these eigenvalues A;(A, €) are simple and that
A lies outside a small §-neighborhood of oess, say

X € Cs 1= C\B(0ess, ), (3.3.13)

for some 0 < & < 1, then the eigenvectors E;(A,¢) are analytic functions in A.
For simplicity we furthermore assume that the A;(\, ) can be ordered:

R(A;) > R(A;) for i< j. (3.3.14)

Note that this is not a restriction for A € Cs, since we can always relabel the
eigenvalues in such a fashion that the above holds. See also Section 3.4 in which
R(A;) > R(A;) for all 4 < j (3.4.11), and Section 3.5 in which R(A2) and R(A3)
can change order.

The set {E;(\,e)etM2)E i € {1,2,...,6}} is a basis for the solution space of
the asymptotic equation

The first, respectively last, three basis-elements span the space of solutions that
go to zero as £ — —oo, respectively as & — oo.

We know that we can find six solutions ¢; () of (3.3.3) which have the asymptotic
behavior

¢; (6, Xe) = Eie™®, as § — —o0, (3.3.15)
for i € {1,2,...,6}, and six (different) solutions ¢; (¢) such that
o7 (6, Ne) = Eie™e, as { — o0, (3.3.16)

for i € {1,2,...,6} [8]. Note that only ¢7 (£) and ¢¢ (£) are determined uniquely,
and that ¢; (§) is bounded at —oo for ¢ = 1,2, 3. We define the space ®~ (§) by

7 (& A ¢) :=span{oy (£), & (§), ¢35 ()} - (3.3.17)

Likewise, we define the space of bounded solutions at +oo by

(&N, ) = span{oy (€), ¢ (€), ég (6)} (3.3.18)
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If X is not an eigenvalue, the space ®~(£) U ®*(€) spans all bounded solutions of
(3.3.3). Therefore, the Evans function is defined by

D(\e) = e Jo TrMEXs qot [¢1 (€, Ase), ..., 65 (€, X)),

(3.3.19)
o1 (ENe), ... g (€, Ne)] .

One can prove using Abel’s identity that the Evans function D(A,¢) is indeed
independent of . Note that TrM(s;A,e) = 0 in the case of stationary pulse
solutions. The next theorem follows from the general theory developed in [1].

Theorem 3.3.4. The Evans function D(\;€) is an analytic function on Cs; and
D(\,e) =0 if and only if A is an eigenvalue of (3.3.3). Moreover, the order of a
zero is equal to the algebraic multiplicity of the eigenvalue.

3.3.4 The slow-fast decomposition of D(\)

For simplicity, we focus in this section on the stationary 1-pulse solutions. The
theory developed here can be extended directly to the traveling pulse solutions
and the 2-pulse solutions. 1-pulse solutions make two excursions through the fast
fields If, with a slow field I? in between. In this section, we consider this whole

interval, that is, IJT urdu I;r, to be the ‘domain of transition’ — in between the
behavior as £ — —oo and that as £ — oco. In Section 3.4.2, we will address the
dynamics inside 2.

By the slow-fast nature of (3.1.1), we expect to be able to decouple the Evans
function into a slow and a fast component D(\, ) = Diast (A, €) Dstow (A, €) [1, 12,
13, 30].

Lemma 3.3.5. Let A € Cs, then there exists a uniquely determined transmission
function t1(X, €) that is analytic in \ such that

5hm O (6N e)e ™ MNAE =1 (X ) B (N e). (3.3.20)

Lemma 3.3.6. Let A € Cs be such that t1(\,e) # 0. There is a 2-dimensional
manifold @7 (§; A €) = span{o, 5 (& A, €), ¢, 5(& A, €)} in which ¢ (& A €) is

uniquely determined, such that

Jim b, (&N e)e MM = Bi(Ne), ie{2,3}, (3.3.21)

and

5hm ¢, (&N e)em MM =(0,0,0,0,0,0)", i€ {2,3}. (3.3.22)
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The proof of Lemma 3.3.5 is standard, see [1]. The proof of Lemma 3.3.6 is sim-
ilar to the proof of Lemma 3.7 in [12], however, here the system is 6-dimensional
whereas it is only 4-dimensional in [12].

Proof. By (3.3.15) we only need to prove (3.3.22) and the uniqueness. Define
the 5-dimensional space ®7 (£) of solutions ¢(€) of (3.3.3) by

Jim ¢(€)e™ M€ = (0,0,0,0,0,0)".

The dimension of ®F(£)NP~(&; A, €) is at least two (and at most three). However,
since ¢7 (§; A, €) is an element of ®~(&; A, ), but, by assumption, not of ®F(¢),
the intersection must be transversal, and its dimension is thus two. Moreover,
P 2(&) € 25 (§) NP~ () is determined uniquely by (3.3.21) and (3.3.22). 0.

We can now introduce the four ‘slow-fast’ transmission functions t;;(\,¢),4,j =
2,3 by

5hm ¢, (e N =t (N e)Ea(Ne), i=2,3, (3.3.23)

and

Jim (¢;i(5) - tl-g()\,5)E2()\,s)eA2(A’5)5) e M NAE — (X £) B3N, €) (3.3.24)

Note that t2;(), €) are determined uniquely, while ¢3;(\, e) depend on the choice
of ¢ 3(§). However, if t22(), €) # 0, ¢, 3(§) can be chosen uniquely by ¢, 5(§) :=
b5 5(6) — B29,(€), so that

tao
lime o d5(€)e 26 = (0,0,0,0,0,0)",
. - » (3.3.25)
limg o @ 5(€)e™ 08 = (t33 - %) Es.

Hence, since D(A, €) does not depend on &,

D(\e) = det [67(€), 6,(€). 65(6), 67 (€), 6 (6), 67 (£)]
= hmf—’oo det |:¢1_6_A1£7 ¢;26_A2£7 (;3_736_/\357
G e gF oAt gt e ot (3.3.26)

= det [t1E1,t22E2, <t33 - M) E3;E47E57E6}

ta2

= t1 (t22t33 — t23t32) det [El, EQ, Eg, E4, E5, E6] .
This yields the following corollary:

Corollary 3.3.7. The Evans function can be decomposed into D(\, &) = d(A,e)
Dfast(/\aa)Dslow()‘vs); where d(/\,E) 7é 0, Drast = t1, and Dglow = taalss — tastsa.
The zeroes of D(\, €) are therefore given by the solutions of t1(taatss —tastsa) = 0.
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Combining this corollary with Theorem 3.3.4 yields that the eigenvalues of
(3.3.3) coincide with the zeroes of the fast transmission function ¢; and of the
determinant toot33 — tastss of the slow-fast transmission functions.

Proof. The statement of the corollary holds true in the case t32 # 0 by the
above calculations. Hence, here, we need only to consider the case t22 = 0, since
the rescaling of ¢, ;(£) is undefined for to2 = 0. However, after interchanging the
role of ¢ 5(§) with ¢ 3(£), no rescaling is necessary anymore and the zeroes of
the Evans function are determined by the zeroes of tito3t3s. This agrees with
(3.3.26). m|

3.4 Stability of the standing 1-pulse solution for
7,0 = O(1)

In this section, we analyze the linear stability of standing 1-pulse solutions in
the regime in which the bifurcation parameters 7 and 6 are O(1). We deter-
mine the zeroes of the fast transmission function ¢; explicitly. Next, we use the
2-front structure of the pulse to deduce expressions for the slow-fast transmis-
sion functions ¢;;. Although our analysis is restricted to the problem at hand, our
methods can be directly extended to the stability analysis of multi-pulse, or multi-
front patterns in singularly perturbed N-component systems, see also Section 3.6.

The main stability result reads

Theorem 3.4.1. For any 7,0 = O(1), the standing 1-pulse solutions of (5.1.1),
determined by the solution(s) A of (3.2.6) and given by the homoclinic orbits v, (€)
(see Theorem 8.2.1) are stable if and only if

aA? 4 %A% >0. (3.4.1)
Note that «A? + 2 A% =0 and A € (0,1) if and only if A = A, (3.2.12), i.e.,
aA?+ %A% = 0 is associated to the saddle-node bifurcation of homoclinic orbits

(Theorem 3.2.1).

Theorem 3.4.1 is proved in the following three subsections. A direct consequence
of this theorem and Lemma 2.2.2 is the following corollary, which lists for given
values of the parameters «, 3, and «, the number K of standing 1-pulse solutions,
as well as the stability type of these solutions. In this manner, the corollary is a
convenient user’s guide to the theorem.

Corollary 3.4.2. Let (o, 3, D) be such that |aD| > |8|. Then, for ¢ > 0 small
enough, and Y1 2, Ac as given in (8.2.11) and (3.2.12), respectively, we have



3.4. Stability of the standing 1-pulse solution for 7,6 = O(1) 101

(ala) if sgn(a) = sgn(B) = sgn(y) =1, and v < a + 3, then K =1 and

V.1 (&) is stable.

(alb) if sgn(a) = sgn(f) = sgn(y) = —1, and vy > a+ 5, then K =1 and

Y1 (&) is unstable.

(b2) if sgn(a) = =1 = —sgn(B), a+F >0, and 0 <y < a+0, then K =1
and 7, 1 (§) is stable (see Figure 3.3).

(b3) if sgn(a) = =1 = —sgn(B), a+ 5 >0, and a+ < v < 71, then
K =2 and v, (&) (0 < A< A.) is stable, while v, ,(§) (Ac <A< 1)
is unstable (see Figure 3.3). ’

(c2) if sgn(a) = —1 = —sgn(B), a+8 <0, and a+ 3 <y <0, then K =1
and 7, 1 (§) is unstable.

(e3) if sgn(a) = =1 = —sgn(B), a+ 6 <0, and 0 < v < Ye1, then K =2
and v, 1(§) (0 < A < Ac) is stable, while v, ,(§) (Ac < A < 1)is
unstable.

(d2) if sgn(a) =1 = —sgn(B), a+ 8 >0, and y.2 < v < 0, then K = 2
and v, 1(§) (0 < A < Ac) is unstable, while vy, ,(§) (Ac < A <1)is
stable.

(d3) if sgn(« ): =—sgn(f), a+ B3>0, and 0 <y < a+pf, then K =1
and 7, 1 (§) is stable.

(e2) if sgn(a) =1=—sgn(B), a+6 <0, and e <y < a+p3, then K =2
and 7, 1 (§ (O < A < Ac) is unstable, while 7, ,(§) (Ac < A <1)is
stable.

(e3) if sgn(a) =1 = —sgn(B), a + 5 <0, and a4+ <y <0, then K =1
and 7, 1 (§) is unstable.
In the remaining cases we have K =0 .

Note that the labelling of the different cases corresponds to the labelling of the
same cases in Lemma 2.2.2. Observe that in the cases that K = 2 sometimes the
‘wide’ pulse solutions are stable ((b3),(c3)), while in the other cases ((d2),(e2))
the ‘narrow’ pulse solutions are stable.

3.4.1 The transmission function ¢; and the fast eigenvalues

In this section, we determine the zeroes of the fast transmission function ¢1 (), €).
For this purpose, we need to examine the linearized stability problem of the scalar
fast reduced system:;

Lu — A= uge + (1 —3(up)? — M\p)u=0, (3.4.2)

with up (€) the constructed homoclinic pulse solution, see Theorem 3.2.1. Observe
that this eigenvalue problem, and thus its eigenvalues, still depends on €.

In Lemma 3.4.3 below we prove that the spectrum of the above problem is to
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0 A

a+f X

Figure 3.3: Corollary 3.4.2 cases b2) and b3). The left figure shows —\~, the
dominant eigenvalue, as function of A, see (3.4.20). The right figure shows the
stability of the standing pulse as function of 7. The solid line corresponds to a
stable standing 1-pulse, the dashed-dotted line corresponds to an unstable stand-
ing 1-pulse. Note that at v = 7.1 the system undergoes a saddle-node bifurcation,
in which a stable and unstable standing pulse merge and disappear.

leading order determined by the spectra of the following problems
LEU— Masttt 1= uge + (1= 3(ui, (€ F )2 — Mast)u = 0. (3.4.3)

The point spectra coincide, are independent of &, and consist of the points (Agast )2
= —% and (Apst)1 = 0, and the essential spectrum consists of the real values of
Afast satisfying Agast < —2. This may be seen by rescaling £ via the independent
variable n* 1= F1V2({ F £,), so that equation (3.4.3) becomes

Uty + ( — (2Afast + 4)> u=20. (3.4.4)

cosh? n*
This is a Schrédinger or Sturm-Liouville equation, which has a well-known spec-
trum, see Section 1.3.2 or [12, 14].

Lemma 3.4.3. Ifmax{r,0} > 2, then the linearized stability problem (3.3.2) has
eigenvalues O(e) close to the two eigenvalues (Agast)1,2 = 0, —% of the linearized
stability problem associated to the fast reduced system (3.4.3). If max{r,0} < %,
then the linearized stability problem (3.3.2) has only eigenvalues that are O(e)
close to the eigenvalue (Agast)1 = 0.

The difference between the two cases comes from the location of the essen-
tial spectrum. If one of the two bifurcation parameters is too small, that is, less
than %, then the stable fast reduced eigenvalue (Afast)2 = —g lies ‘inside’ the es-
sential spectrum, see Lemma 3.3.1. Note that we do not consider the case where
max{, 0} is asymptotically close to % in which the eigenvalue near —% disappears
INto Tegs-
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Proof. Without loss of generality, we can assume that u(§) = O(1) strictly
in (3.3.2). Furthermore, we can assume that v(£),w(¢) = O(1) or smaller, be-
cause when |[v(§)]] > 1 or [[w(§)]] > 1, it follows from the equations for v(§)
and w(§) in (3.3.2) that the only solutions that are bounded as £ goes to +oo are
v(€),w(§) = 0. We can solve the first equation of (3.3.2), formally we obtain

u(§) = (£ =X (aw(§) + Bw(9)).-

If we now assume that |A — (Aast)12| = O(1), then [[(£ — A7 = O(1) and
therefore ||u(¢)| = e[|[(£L—X)71|||(av(€) + Bw(E))|| = O(g). However, we assumed
u(§) = O(1). Therefore, we must have |A — (Afast)1,2] = O(e). O

From this proposition, we conclude that also the possible zeroes of the trans-
mission function ¢;(\) are asymptotically close to 0 or —%. Specifically, we have

Lemma 3.4.4. The zeroes of the transmission function t1(\) are determined up
to O(e®) corrections by the eigenvalues of (3.4.3).

Since the details of are essentially the same as that of similar statements in
[12, 13], see especially Section 6 of [12], we only state the main arguments.

Proof. It follows from the definition (3.3.20) of t1(A) and the slow-fast struc-
ture of (3.3.2) that ¢;(A) can only be zero if the v, w-components of ¢; (§) are
O(g?) for all £ € R. (Recall that the v, w-components of E; are O(¢?) (3.3.6)).
Thus the zeroes of #; () are determined by the scalar equation (3.4.2) up to O(&?)
corrections. a
The zeroes of ¢1 () near —% correspond to stable eigenvalues. However, we cannot
yet conclude anything about (the signs of) the zeroes near 0. Therefore, we zoom
in around A = 0. That is, we rescale A by A = £2)\. Note that if we rescale A
with a power of ¢ less than 2, then it follows by the application of a solvability

condition that the rescaled A must be zero to leading order.

Lemma 3.4.5. Transmission function t1(\) has two zeroes A = 525\% near the
origin that coincide to leading order and are given by

i =+ 06 = 3V3 (alt = 4%+ J1- 4/7)) £ 0). (349

Proof. After the rescaling of ), the stability problem for the fast transmission
function reads

uee + (1 — 3ud)u = e2Xu,

see (3.4.2).
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We expand u(€) = ug(&)+&%u2(£)+0(e3), and up (§) = up,o(&)+e%up 2(£)+0(e3).
To leading order, we obtain in the fast fields

LEuE = (ud)ee + (1 - 3(u,ﬂ;0)2) wt =0, (3.4.6)

where uZ (€), respectively uio(f ), are the leading order terms of u(&), respectively
up(€), in the fast fields IF. It follows by the translation invariance of (3.1.1) that

the solutions of (3.4.6) are given by
uE(€) = FOFE(©), (3.4.7)
where C* € R denote two, as yet unknown, constants, and ¢*(¢) denote the
derivatives of “io(f) (3.2.13). In the fast fields Ifi the O(e?) terms read
Lruf = duf + 6”%,0“%,2“3: . (3.4.8)

Next, we substitute (3.4.7) into (3.4.8), and impose the solvability condition on
the resulting inhomogeneous equation, to derive that

a0t [ PdeFoct [ uk gk (0 de =0,
Iy o
Finally, we use (3.2.14) and the solvability condition of the derivative of the pulse
solution (3.2.18) to obtain to leading order
_6f1% "io“iz(wi)ZdE

flfi (p*)2de

NE=dy = =32 (a(l A%+ - A?/D)) . (3.4.9)

This completes the proof. O

3.4.2 The slow basis functions ¢, 3

In this section, we first return to the linearized stability problem (3.3.2). Based
on the above insights, we introduce A\ = £2), where A = O(1) with respect to
€. Also, it will be clear from the analysis that the v- and w-components of the
associated eigenvalues must be O(e). Hence, we scale these as v(§) = €0(&) and
w(§) = ew(€) (see also Remark 3.4.2). The linear stability problem now reads

uee + (1= 3ud)u = e2(Au+ ad + pu),

ee = —cu+e%0+etTAo, (3.4.10)
- 2 PRSP

Wee = —SrUu+ 520+ Gz 0 0.

The matrix My, for this problem differs from that in (3.3.4). Therefore, the
leading order terms of the eigenvalues A; and of the associated eigenvectors E; of
M, have changed. The squares of the eigenvalues are given by

Ag=2+0(), M;=c2+0("), A,=5+0(E), (3411
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and the associated eigenvectors by

1 _%52 _§52
+v?2 O(£?) O(£?)
€ 1 Ofe)
Ei¢= 2 , Fos= , Fs4= . (3.4.12
1,6 :F%\/é 2,5 :|:1 3,4 O(E) ( )
%Dis O(e) 1
Fiv2g O(e) +1

Despite the changes in the eigenvalues and eigenvectors, the analysis of the pre-
vious sections, which is a leading order analysis, remains valid. For example, in
the fast fields I}‘L the leading order behavior of the u-component remains given

by u(€) = FOFYE(€), see (3.4.7).

Now, we derive explicit expressions (see (3.4.15) and (3.4.16) below) for the slow
basis functions ¢, ; (j = 2,3) in the slow regimes I , 1%, and I}, where we also
recall Lemma 3.3.6. The main step in the analysis we present is to show that the

slow basis functions ¢, and ¢, 5 do not exhibit fast growth in the intermediate
regime 1 U 0y I]T, and hence in particular not in I2.

A priori, these basis functions could have fast growth in this intermediate regime.
In particular, there exist intermediate transmission functions s;; such that, in this
regime, the basis functions are in principle, to leading order, given by

6
ZSjiEieAi(EJr{*) for j e {2,3},

However, as we now show, the fast components (i = 1 and i = 6) are actually
absent. This demonstration is carried out in two steps. First, we study a closely
related problem with a modified u; and show that in the modified system the fast
growing ¢ = 1 component is not present. Then, we use this to show that neither
of the fast components (i = 1,6) are present in the original problem.

In particular, we modify uy(€) in M(£) (3.3.3) in such a fashion that the solutions
are identical to the original solutions for £ < &, — \[ and that the u-components
of the solutions do not jump back to u = —1 (to leading order). The fact that
p(€) — 1 as & — oo while up(§) — —1 does not have a leading order effect on the
eigenvalues A; and eigenvectors E; of Moo, ie., to leading order A, = Ay (3.4.11),
and E; = E; (3.4.12). The analysis of the precedlng section is still applicable to
the linear system governed by the modified matrix M, so that, by the equivalent
of Lemma 3.3.6, we obtain

6
Zé BN for  je{2,3),
=2
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with (5;(5) the slow basis functions of the modified system. Thus, the modified
system does not have a fast growing component (i = 1).

Since A1 = O(1) (and Ag 345 = O(e)), Egele(¢+E) is exponentially small for
¢e 1Y and ¢ = O(1). So, to leading order we have

65(6) = spBieM @4 30 s B for e (2,3},

67 (&) = S0 8Bt for j e {2,3}.
By construction, we also have that (52_3(5) = ¢ 03(§) for £ <& — ﬁ, so that we
deduce that sj; is exponentially small, and s;; = §;; for ¢ € {2,3,4,5} to leading
order. We conclude that the slow functions ¢ ,(§) and ¢ 3(£) do not exhibit fast
growth in the intermediate slow regime 2.

Thus, we may now express the leading order behavior of the v- and w-components
of the slow functions ¢ ,(§) and ¢ 3(§) (Lemma 3.3.6) — which we for simplicity
denote by ¢o and ¢3 — in the slow fields in terms of the transmission functions
5i;(A) and t;;(\). Based on the above conclusion regarding the absence of fast
growth in the slow regime, we have

Eyef2(6+6&:) inl;,
S99 F2eM28 4 593 E5eMs38 504 Fe€ 4 so5 Fse®5€ in Ig ,

92(8) = (Bl 6-€) |y Buelo(t) 4 g,y eha(E—t) (34.13)
+tos Bets(€8) inI},

and

Egefs(Etes) inl;,
S50 028 4 533 F3e™38 + g9, F eMé + gq5 Ese€  in Ig ,

93(8) =\ | By el 4 g Bl (6-€) 4 gy, Byehae—t) (3.4.14)
+tg5 et (678 inIf.

Note that ¢2(§) = ¢ 5(§) is determined uniquely (Lemma 3.3.6); and ¢3(§) has
been chosen such that it does not have a component that decays as e®2¢ for
¢ € I, see Figure 3.4. Finally, we substitute the eigenvalues A; (3.4.11), and
the components of the eigenvectors F; (3.4.12) into the ¢- and w-components of
¢2.3(§). To leading order, we get

€€(€+5*) inI;’
P56 = $20€°C + 5357 inl?,
e(§—¢&x) U= 5 (E—&x) —e(€=&) ipnJt+
8226 +toyEje D + tase i;l%_ ©(34.15)
P5(E) = S23€D€ 4 s94€” DE inl?,

ts EP S €6 4 e B (E-€) 4 pyyemHEE) in Tt
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03(¢) ¢ #5)/

400 ¢

Figure 3.4: Examples of the two solutions ¢z 3(£). We have chosen the parameters
in such a fashion that &, = 90. Moreover, € = 0.01 and D = 2. The jumps in the
derivatives, produced by the change of the u-component during the jumps through
the fast fields, are chosen as follows (Cy ,C5,Cy, C5) = (0.5,1,0.8,5). Note that
by this choice, we have toy = 4.02,t53 = —0.11,¢32 = 0.16, and t33 = 3.98.

and
0 I,
e = 83265 + s35e ¢ inl?,
tgpe(6=6+) 4 t34E}1~)67%(§7§*) +tase c€=&) ip I,
e s (3416)
Py = s33e D + s34€” DE inl?,

t3oBYeSE8) 4 tageD(E8) ftgue”5E-8) inTt.

These explicit expressions will be used in the next section to calculate the trans-
mission functions s;; and ;5.

Remark 3.4.1. Note that although EJ = O(g), the term with t54 in ¢5(¢) in
(3.4.15) may dominate the other decaying term (the one with t95) in I} since
Ay = =5 +0(e?) > As = —e + O(e?). Hence, this term has to be taken into
account. By the same ordering argument it follows that the term with to3E% is
always of higher order compared to the to5 term and thus cannot have a leading
order effect. Likewise, too EY = O(e) appears in ¢¥(£), while to5 EZ does not.
The same argument can be applied to ¢3(£) (3.4.16).

3.4.3 The slow-fast transmission functions t;;

In this section, we complete the proof of Theorem 3.4.1. In particular, we first
calculate the slow-fast transmission functions ¢;;(A), showing that they are mero-
morphic, and then compute the zeroes and poles of Dgow(A) (Corollary 3.3.7),

showing that the double eigenvalue A 5 (3.4.5) is exactly a pole of order two of
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Dslow(A). These results are given in Lemma 3.4.6 below, and then Theorem 3.4.1
follows directly from it.

Lemma 3.4.6. The slow-fast transmission functions t;; (5\) are to leading order
given by

too= s (A72R? —20A72R - af) ,

=y

tas= —pes (A24+A72P)R+9)
4.1
tse= —45 (A2+AYP)R+ ), (3.4.17)
tss = gz (DA™PR?—28A%PR—j5) ,
where
s Loy BT
R=R(\) = ol — A%) + £ (1 — A%/P) — 12X,
Moreover,
Datow(N) = tostss — tostss =
A-24-2/D A(A+3v2(aA?+ 5 A2/ D)) (3.4.19)

A 3VE(a(A2—1)+ B (A2/D 1))
2 D

Note that R(S\f) =0, so that all tij(})’s have (to leading order) a pole of order
2 at the double zero \ = 5\f of t1(A\) (Lemma 3.4.5). Hence, one would a priori
expect that the determinant Dslow(S\) has a pole of order 4 at A\y. Nevertheless, it

follows from a careful analysis that Dgjow(A) only has a pole of order 2. Of course
this is necessary since the product Dr.s;Dslow must be smooth (Corollary 3.3.7,

[1)-

Proof of Theorem 3.4.1. It follows from Lemma 3.4.6 that the zeroes of

Dsiow(A) are given to leading order by

M =0, A =-3V2 <aA2 + gAQ/D) : (3.4.20)
where At corresponds to A = 0, the eigenvalue associated to the translational

invariance. The sign of the dominant eigenvalue A~ is determined by the sign of
aA? + £ A2/D, O

The basic strategy for the proof of Lemma 3.4.6 consists of several steps. First, we
impose continuity of #(£) and w(¢) to leading order at the boundaries of the slow
fields, as one crosses the fast fields, since 9(§) and w(&) do not change to leading
order in If+ (3.3.2). In addition, we impose that the derivatives of these functions
have jump discontinuities at the edges of the slow fields, which are determined by
the accumulated change in these derivatives as the functions ¢, 3(§) pass through
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the fast field. This method of matching the jump discontinuities as measured in
the slow and fast fields lies at the heart of the NLEP procedure for singularly
perturbed eigenvalue problems [11-13]. Finally, we consider ¢2 3(£) in the fast
fields I]jf and obtain explicit expressions for the slow-fast transmission functions
t;; by imposing the solvability conditions.

Proof of Lemma 3.4.6. We start with the construction of ¢3(¢). Since (&)
remains constant (to leading order) over I, we have

¢12~)(*§* - 15) = ¢ (=& + ) + O(\/>) =
£ = g™ f) + sp5e” V) 4 OVe) = (3421
= 890 %8 4 s95e%r + O(Ve),

S

where we used (3.4.15). Next, we turn to the derivative. Individually, the deriva-
tives of ¢3(¢) at the left and right boundaries of I, are given by

=) = e+0(eVe),
) € (3226_85* — 825655*) + O(ev/e)
= £ (28226_65* — 1) + O(E\/g),

(¢5)e(—

& —
(65)e (=&« +

A

where we used (3.4.21). Thus, the change of the derivative of ¢3(&) over I is

A7 (#5)e = (03)e(—& + J2) — (98)e(—& — 2)

= 2 (522@ el _ 1) + O(e5). (3.4.22)

This change is due to the accumulated change of the derivative of ¢3(£) over the
fast field I,

AF(#5)e = /F Deedé = —¢ /7 uy dé + O(e\/e) = —2eCy + O(ey/z), (3.4.23)

¥ I

where we used (3.4.10) and (3.4.7) with constant C5 instead of C~, and (3.2.14).
Matching the slow and fast jumps, A7 (¢5)e and A7 (¢5)e, and recalling (3.4.21),
we obtain

s;m=(1-07) e +O(Ve), s25=Cre s +0(Ve).  (34.24)

Next, we impose leading order continuity of ¢3(¢) over the second fast field I ]T
This yields

#3(6 — L) = BEt ) TONE) =

3.4.25
(1—Cy)e* & + Cre 8 = ity +tys+ 0(\[). ( )
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The jump discontinuity in the derivative of the v-component over If+ is given by

AT (65)e (@8)e (& + 2) — (@8)e (6 — 2)
5 (tgg — t25) — £ ((1 — 02_) et — 02_6_255*) + 0(6\5)
2¢e (tgz — (1 — C;) 6265*) + O(E\/g),

where we used (3.4.24) and (3.4.25). The same jump is given in the fast field by

AT (¢3)e = /+ veedé = —¢ /ﬁ ug dé + O(ey/e) = 2eCy + O(ev/e), (3.4.26)

I s

where Cj is a second unknown constant. Matching A}r(qbg)g with AF(¢3)¢ and
using (3.4.25), we find

tao = Cf + (1 - C3) e¥% + O(Ve), tas = Cye 2 — CFf + O(e) . (3.4.27)

In a similar manner, by imposing leading order continuity of ¢¥ (€), ¢35(€), and
dY(€) at Ifi, as well as the jump discontinuities in their derivatives, we determine
the twelve other slow-fast transmission functions sz, sa4,t23, and tog via ¢¥ (€);
532,(‘335,1,‘327 and t35 via d)g(f), and 833,834,t33, and t34 via (;5?(5) To leading
order they read,

823 = —%056%5* ) S24 = %02767%5* )

ta= L (CF —Cye2bé) ta= L(Cye2b% —Cy),

s39 = —Cg e, s35 = Cye (3.4.28)
t3o = C;_ — 03_6266* , t3s = 03_6_255* — C;_, o
833 = % (D — C’;) eDéx , S34 = %Cge*%@ ,

tis= 5 (C5 +(D=Cy)e*p®), tu= 5 (Cye?Ps —CY).

Here, all the higher order corrections are of O(y/2), and C5 are the, so far un-
known, constants of the u-component (3.4.7) for ¢3(£). Substituting these quan-
tities into (3.4.15) and (3.4.16) we find ¢2 3(&), to leading order,

ea(f+§*) ln IS— ,
(1 — 02—) =618 4 O eme(EtEs) in 19,
$5(&) = (Cf + (1= Cy ) €26 ) e=(6=6)
b (Cy et — ) mete—e)
+4 (Cye 258 — CF) Eje~5(E-&) inr},
0 or (3.4.29)

s
—1Cy e+ 4 Loy e 5E+8)  in 10,
PL(Cye 256 — Of) e bleen

+(CF + (1—Cy ) e*¢) EPes¢=8) inT},

3 (€) =
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and
0 inl;,
_Cges(f-‘r&*) + 056_6(5"'5*) - [2 ?
P3(€) = (Cf — O3 e¥8) e=(67¢-)
+(Cye 28 — O ) e—e6=¢)
+% (056_2%5* — C;_) E}Ee‘%(f—é*) in]j‘ ,

: 3.4.30
e b (E+E0) i ( )
) E(D—C5) e+ 4 LOre 568D in 10,
PF(E) =14 (Cf — Oy e*&) Efes(6-6)
+5 (Cf + (D —Cy) e*58) en (678
+5 (Cye?p8 —CF ) empE78) in It

To determine the constants C’;fg we use the solvability condition (3.2.18). The
u-equation in the fast fields Iff (3.4.10) reads

uee + (1 — 3u2)u = e2(Au + ab + Bw) .

Observe that, by construction, the leading order term u(¢) and the first order
correction term ui (€) fulfill the solvability condition. However, the second order
correction term, O(g?), does not fulfill the solvability condition yet, and it is this
condition which will enable us to calculate the four unknowns 02%3.

In the fast fields Iff, the o, w-components of the basis functions ¢2 3(§) (3.4.29,
3.4.30) are constant and given to leading order by (see Remark 3.4.1)

BE) = Lo 0h(E) = (L-Cy)es +Cpe s,
ng(_g*) = 07 ¢’121~1(§*) = _%0562%5* + %027672%5* ’
$5(=&) = 0, 95(&) = —Cye +Cqe >,

¢§}(_£*) = 17 ¢§D(§*) - %(D—Cg)eQ%g*—F%C;e*Q%E*,

Therefore, at O(g?), the terms of the u-equation in the fast fields I]jf for ¢2(§)
reduce to

L7uy = g +a+ 6uy, gy, oUo
Lrug dud +a (1= C5)e* 4 Cy e28) (3.4.31)
+%C§ (=€ + e 2D8) + 6wy gy Hug -

For ¢% (&) in the fast fields Iff we obtain

LTuy = ug + B+ 6uy gy Hup
[:Jrug_ _ j\ua- +aCy (_6285* _|_6726£*) (3.4.32)
+5 (D = Cy )D& 4 Cy e7256) 4 Guyy guit pug -
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Next, recalling (3.4.7) and (3.2.14), we obtain from the solvability condition

0 = 3V2AC; +20+6C, [, uyguy ()%,
0 = =220 +2a((1 - Cy)e¥é + Oy e %)
+25Cy (=258 4 e7255) = 6C [y uf gui ,(v7)2dE,
0 = 3V2ACy +26+6Cs [iuy guy (07) e,
0 = —2V2)\Cf +2a0; (e 4 e725¢)

+25 (D = C3)e? 58 + Cye™?5) = 66 [ u gui 5 (47)?dg

Now, using the integral relations (3.2.18), and recalling (3.2.8), the above yields

o _ 72
Cy =2, Cf ==o4 —5G _ —oA4_R+S)
R 2 R "2 R
O = Jé; C+ B fﬁA_waSC; _ —ﬂ(A72/DR+S) (3433)
3 T R 3 = R = Iz ,

where S and R = R(\) are defined in (3.4.18). Substituting these four constants
into (3.4.27) and (3.4.28) yields the explicit expressions for the four slow-fast
transmission functions tog, tos, tse, and ¢33 (3.4.17). The leading order approxi-

mation (3.4.19) of the slow component Dgjow (A) of the Evans function D(A) (Corol-
lary 3.3.7) now follows by a tedious, but straightforward, calculation. O

It is also of interest to observe that away from aA? + %A% = 0, we can de-

termine the eigenfunctions W*(¢) associated to the small eigenvalues MEA
general nontrivial function ¢(€) is a superposition of ¢5(§) and ¢3(€), that is,
B(€) = pada(€) + psps(€). For the eigenfunction WU (€) associated to A+ = 0,
we have pp = 1 — A% and p3 = 5(1 — A*P). For the other eigenfunction,
T~ (&), we have ps = 1+ A? and p3 = +(1 + A%/P). Note that, when we define
CF = puaCF 4 p3C3, the first eigenfunction, U+ (¢), yields O~ = C* = 1, while
the second eigenfunction, ¥~ (¢), yields C~ = —CT = 1. The u-components of
these eigenfunctions are zero to leading order outside the fast fields I7, and inside
these fields they are given by

e[ 0© W (e
e ={ nry, ©={ 16 in’}.

Observe that UH*(¢) is an odd eigenfunction, while ¥—%(¢) is an even func-
tion. Moreover, also the v- and w-components are odd, respectively, even, see
Figure 3.5. This suggests that the bifurcation to a traveling pulse, a symmetry
breaking bifurcation, is related to the asymmetric eigenfunction ¥+ (), while a
Hopf bifurcation, which is a symmetry preserving bifurcation, should be related
to the symmetric eigenfunction ¥~ (§). This is confirmed in Section 3.5.2.
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o Ut (€) T (¢)

-200 -100 0

100 200 5
Figure 3.5: The odd eigenfunction ¥t (€) associated to At = 0, and the even
eigenfunction U~ () associated to A~.

Remark 3.4.2. The leading order terms in the integrals (3.4.23) and (3.4.26)
justify the asymptotic magnitude of the rescaling of v and w. That is, it is not
possible to find nontrivial bounded basis functions associated to small eigenvalues
for which the v- and w-components are larger than O(e), since in that scaling one
finds that the slow-fast transmission functions cannot vanish.

Remark 3.4.3. For D asymptotically large, i.e., in the case in which (3.1.1) ap-
proaches a two-component system (see Remark 3.1.3), the slow-fast transmission
functions ¢;;,4, j = 2,3 (3.4.17) reduce, to leading order, to
1 (a-2p2 -2 _
tgg = R% (AD RD 2OtAD OZSD) , t23 0,

—% ((ABQ + 1)RD + SD) , tag =1,

t32

where Rp = a(1 — A%) — 2v2X,Sp = a(4A% — Ap?), and Ap = /=2, Thus,
Dslow reduces to tog as expected for a two-component system [12, 13]. Moreover,
the zeroes of Dy are given by A =0and A\~ = —3v2(y — B3), and Dyjoy has a
pole of order 2 at 3v/2(a — v + B).

3.5 1l-pulse solutions for 7 = O(¢72%)

In the preceding stability analysis of standing 1-pulse solutions, the bifurcation
parameters 7 and 6 did not play a leading order role. However, we know from
the existence analysis of traveling pulse solutions that for large values of these
bifurcation parameters 7, 8 a traveling pulse solution can bifurcate from a standing
1-pulse solution, see Chapter 2 and Theorem 3.2.2. In this section, we therefore
analyze the stability of standing pulse solutions (Section 3.5.1), as well as the
stability of traveling pulse solutions (Sections 3.5.3, 3.5.4, and 3.5.5), for large
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bifurcation parameters 7 and 6. Moreover, in Section 3.5.2 we analyze the possible
bifurcations of a standing pulse solution. It turns out that, besides a bifurcation to
a traveling pulse solution, we may also encounter a Hopf bifurcation. In the latter
case, the standing pulse solution bifurcates into a so-called breathing solution, see
the right frame of Figure 3.7.

3.5.1 Stability of the standing 1-pulse solution for 7,0 =
O(e7?)

We set 7 = 27 and 6 = £20. By arguments similar to those for the case 7,60 =
O(1), we conclude that Lemma 3.4.3 is still valid. Moreover, we also conclude
that we once again need to consider small v(£),w(£), and A, i.e., as in Section 3.4
we rescale v(€) = ed(£), w(§) = ew(£), and A = 2. Therefore, the linearized
stability problem reads

uee + (1= 3u)u = 2(\u+ b+ f),
Dee = —eu+e?(AF+1)7, (3.5.1)
Dee = —Sut5:(M+1)d.

We determine M, and compute its eigenvalues A; and its eigenvectors E; (see
section 3.3.1). To leading order, we find

Ng=2, As=2(1+7\) =e’L3, A} =2-(1+00) = 5,13, (352)

with the corresponding eigenvectors

1 ,%52 7%52

+v2 O(e3) O(g3)

—£ 1 O(e)
Ei¢= 2 , FBys= , E34= . (3.5.3
FiV2 +1, O(e) ( )

— s O(e 1

FiV25 O(e +L3
Unlike the case 7,60 = O(1), the ordering of the small eigenvalues Ay 5 and Ag 4
depends on A, in fact A3 5 = A3 4 if A= —DD;;}(;. A priori, this may seem to be

problematic since the construction and the decomposition of the Evans function
D(A) is based on the assumption

%(Al) > %(Ag) > %(Ag) >0> §R(A4) > §R(A5) > %(Ag) . (354)

However, since the associated eigenvectors E5 5 and E3 4 remain independent as
A3 5 crosses through A3 4, it is easy to check that neither the construction nor the
decomposition of D(A) is affected by this (one can just interchange the roles of
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Ay and Az and of A4 and Aj).

In contrast to the case 7,60 = O(1), we cannot exactly compute the eigenval-
ues of the stability problem. However, our methods do yield an explicit relation
that determines the eigenvalues.

Theorem 3.5.1. Let 7,0 = O(¢72), and let (o, 3,7, D, ¢) be such that there exist
homoclinic 1-pulse solutions (Theorem 3.2.1). Then, the eigenvalues )\;t, j=12,
associated to the stability of the 1-pulse solution, are determined by

LV23 = —a( 1+A2) —(Lis—l—kAz/D)

(3.5.5)
i(EAQLg_’_DLL?’AQLg,/D) 7

where Ly s = Ly s(\) are defined in (3.5.2), and A is determined in Theorem 3.2.1.
The normalized fast u-components of the associated eigenfunctions are given by

+,u _ ¢_(§) inIf,
v (5)‘{ S0H(E) i},

with Y*(€) as defined in (3.2.13). Note that \Il;'(f) are odd functions, while ¥ (§)
are even functions.

In the special case 7 = 0 = 0, equation (3.5.5) has two zeroes Xli, and they
coincide with the eigenvalues A\* given by (3.4.20). This is consistent with the
previous section, since 7 = # = 0 to leading order corresponds to 7,6 < 2

The translation invariant eigenvalue A = 0 coincides with the solution j\f =0
of the + equation in (3.5.5). Moreover, at 7(0) = 74,(0) (3.2.26), the zero eigen-
value )\1" is not a simple solution of the + equatlon of (3.5.5). To observe this, we

differentiate the 4+ equation with respect to )\ and substitute A\ = 0 (note that
Ly3(0) =1)

IV2 = laf(1- 42+ A%log (4%)) + 150 (1— AB + AB 10g (%)) ,
which yields (3.2.26), i.e

) 22 B0 (1 AB 4 A log (AD
7(0) = At;v(a) = & szl(— A2 +A+2 log (Af)g )) ’

(3.5.6)

Thus, the 4+ equation of (3.5.5) has a double eigenvalue at zero at 7 = 74,. Hence,
as 7 passes through 7, a real eigenvalue crosses the imaginary axis. Moreover,
the bifurcation into a traveling pulse solution, obtained in the existence analysis
of the previous chapter, is confirmed by the stability analysis. In Sections 3.5.3
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and 3.5.4, we will investigate whether the bifurcating traveling pulse solutions are
stable, and whether this bifurcation is subcritical or supercritical.

First, we will prove Theorem 3.5.1, and in the next section, the evolution of
the eigenvalues S\;E as function of the parameters will be studied. Note that un-
like the case 7,6 = O(1), the number of small eigenvalues, that is, the number of
solutions to (3.5.5), can be more than two. It will be shown that eigenvalues may
‘pop out’ of the essential spectrum and possibly merge to form a pair of complex
conjugate eigenvalues which crosses the imaginary axis. So, the standing pulse
solution can also destabilize through a Hopf bifurcation.

Proof of Theorem 3.5.1. As we know from the previous section(s), a solution
@(&) to the eigenvalue problem (3.5.1) — written as a 6-dimensional dynamical sys-
tem — can be built from the basis {¢2(£), ¢3(€)} with ¢2.3(£) as given by (3.4.13)
and (3.4.14), see also Figure 3.4.

To facilitate the analysis and to obtain insight directly into the eigenfunctions,
we consider the general function ¢(§) = pada(§) + psps(§) instead of working
with the basis functions ¢» 3(£) themselves, as in Section 3.4.2, see also the final
paragraph of Section 3.4.3. By calculations similar to those in Section 3.4.3, we
find for the v- and w-components of ¢(§)

e la(E+E) inl;,
Lo — fi;) eFLaEHEn) 4 O pela(Etes) in1o,
ot _ C7 )\ 2eLa€. | peLa(6—¢€L)
~ + (,ug ) e“c? ) e
¢" (&) = (% b2 (3.5.7)

+ (%6—261/25* _ %+) e—ELz(f—f*)
2 2

I ( ct (- l%—d) 62%L35*> Elebla-¢.)

DLs
+ o (Cmem2h et — ) e hlale—€) inIr,
and
pze D Ls(EHes) inl;,
c- £ . c- _= . .
(ug _ DLS) eBLalten) 4 Co o Flalete) g0,

+ - £ L. £ [a(6—
) (ngjL (M3—5T3) eQDLJE*)eDLJ(f )
+pie (Cmem2Blat — () e BLale=E)
+ (% n <H2 _ %) 625L2§*> Edesla(6-¢)

I (%6—2@25* _ %) Efela(E—€) in I,

(3.5.8)

where Ly 3 are defined in (3.5.2), and C* € R are the as yet unknown fac-
tors in front of the leading order behavior of the u-components of ¢(&), that is,
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oU(€) = uF(€) + Oe) = $Ci1/)i(§) + O(E). Note that C* relate to 02:%3 in
Section 3.4.3 through C* = ugC + ugC Observe that we have not neglected
all of the O(e) terms in (3.5. 7) or (3.5.8) in the region I, since the ordering of
A3 and A3, may change as \ is varied (see Remark 3.4.1: all O(¢) terms with
E§,4 and EY’; may have a dominant effect as £ — c0).

The slow growth for & — oo of ¢(§) is determined by the slow-fast transmis-
sion functions ts 3(\),

t2(5\) = /~L2t22(5\) + u3t32(5\) C+ (qu _ 7) 2eLan

; ; ; / (3.5.9)
t3(A) := pataz(A) + pstsz(N) = % + (Ma - E—Lg) 625L3§* .

The slow-fast transmission functions ¢y 3 have a similar meaning as the trans-
mission function t1, see Lemma 3.3.5. The product of t53 with e*2:2¢ (3.5.2)
determines the growth rate of ¢(&) for £ — oo in the direction of the eigenvector
Es 3 (3.5.3). Therefore, the solution ¢(§) is an eigenfunction if to = t3 = 0, i.e., if

() (e)-(8) 550

for some (p2, p3) # (0,0), which implies that tast33 — tastsz = 0. This reconfirms
the factorization of the Evans function D(A) (Corollary 3.3.7). Here, we proceed
with a direct calculation of the eigenvalues, which is somewhat more straight-
forward than that of Section 3.4.3 and has the advantage that it simultaneously
gives information on the associated eigenfunctions. Equations (3.5.9) and (3.5.10)
imply that
p= O CF aerae. =L O asnae
Lo Ly ~ DLs DILs

This yields that the leading order behavior of ¥, w-components in the fast fields
Ifi is given by

0] c- _ct - . 0] _  Cc - . _ ot
$(~6) = G- Ghemlae | go(g) = O e2elat _ CT

D _ C- ct —2&Ls¢, D . C~ _—2£L3¢&, ct
¢w(*£*) = DL,  DL;¢ " 3¢ s ¢w(£*) = DL;¢ " b — DLs °

Next, we examine the first equation in system (3.5.1), and we expand uy(€) and
u(€) in the fast fields in the usual way. The leading order term and the O(e) term
satisfy the solvability condition by construction. However, at the O(g2) level, we
find

0= = u- c- _ ,Ct —2Lst. Cc- e~ 25 Lsé.
LTuy = Aug +aF; —ag e —|—ﬂDL3 BDLS D

'*‘6“1:0“}:2“67
£+u;' = /\u0 +oz —2eL28s _ ozL2 —|—ﬂDL e 25 L3& _ ﬁ

o
+6uh,0uh,2u0 :

(3.5.11)

DL3
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Applying the solvability condition and implementing the integral relations (3.2.18),
which are still valid since their derivation was independent of the magnitude of 7
and 6, we find

(Mo s ) (6)=(0) wom

Hi(\) = a(ﬁ_1+Ag) +£ (LLS—1+A2/D) ,
Ha()\) £ A2 4 - A2La/D

with

(3.5.13)

where A is defined as in Theorem 3.2.1. Note that both quantities Hj 2(\) ex-
plicitly depend on A through Ly 3. There are nontrivial solutions A of (3.5.12)
if

L /53 3 )\ - +

g\/ﬁ)\—i—Hl(A) =+Hy(\) and C~ =+Ct, (3.5.14)

which is equivalent to (3.5.5). The structure and parity of the u-components of
the eigenfunctions \I/j[(f) follow from the relations between C and C'~ (3.5.14).
O

3.5.2 Bifurcations for 7 = O(¢7?) and 6 = 1

A complete analysis of equations (3.5.5) is involved and cumbersome. Therefore,
we restrict the analysis to the case where only 7 is large and 0 is just O(1). Note
that this restriction has also been imposed in Chapter 2 and in [53, 70, 71]. So,
we put 7 = 27 and 6 = 0. Since L3 = 1, the equations for the eigenvalues (3.5.5)
become

LV2A
124

o (1 A2) — & (1 A2L2) = fH(A),

Lg
i 3.5.15
a(l—A%) — £ (14 A=) — 25420 = f- ( )

—~
>
N

To investigate these equations we introduce T' := %5\, such that the functions f*
become functions of T, and do not depend on 7, see (3.5.2). Increasing 7 now
influences the slope of the left hand side of (3.5.15), i.e., %\/55\ is now replaced by
%ﬂ% =: [(T;7). The essential spectrum is after this rescaling to leading order
given by the half plane £; := {T": R(T) < —1}, see Lemma 3.3.2. It immediately
follows that the sign of « has a significant impact on the possible occurrence of
bifurcations.

Corollary 3.5.2. Let 7 = 5 = O(c72) and 0 = O(1), and let (o, 3,7, D, €) be
such that there exist homoclinic 1-pulse solutions (Theorem 3.2.1). If a < 0, then
the 1-pulse solution does not bifurcate, its stability does not change as function of
T or 7 (and is thus determined by Theorem 3.4.1).
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' * / ' 4r
f*(*l)a 7'1// 3 Iﬁ
2 / Ty | 2[’ 7'2”’_
1// —"’ﬂ/,, ””,,
= - T, =" T
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Figure 3.6: In the left frame we plotted f(T) for (a,f,7,D,A) =
(—3,2,0.906,5,0.4), and in the right frame we plotted f~(T) for the same pa-
rameters. The dashed lines represent I(T;7) for 71 < 72. Note that f~(0) > 0
and f =limp_ f~(T) < 0, so that A\] (7) — 0 as 7 — occ.

Proof. This result is based on the observation that (f*)(7) < 0 and
(f5)"(T) > 0 if a < 0, which can be checked by straightforward calculus. This
implies that both f*(T) have a unique intersection with the line I(T;7); for
fT(T) this intersection takes place at A\{ (#) = 0, for f~(T') the sign of A (7) is
determined by the sign of f~(0) = —2 (aA2 + %AQ/D), the quantity that also
determines the stability of the 1-pulse solution if 7 = O(1) (Theorem 3.4.1). See
Figure 3.6 for two typical cases. O

Corollary 3.5.3. Let 7 = s% = 0(¢72) and § = O(1), and let (a, 3,7, D,¢) be
such that there exist homoclinic 1-pulse solutions (Theorem 3.2.1). If o > 0, two
new eigenvalues bifurcate out of the essential spectrum oess as T increases, the
first one, ;\2_(?), at T =71 < O(7?), i.e., at T < 1, the second one, 5\3'(%), at
T ="Ten = —%\/ﬁ (a (1 — A? +log AQ))il. If the 1-pulse solution is unstable for
7 = O(1), then it remains unstable for T > 1. If it is stable then 5\{2 merge at
T =T, to form a pair of complex conjugate eigenvalues and we distinguish between
two cases. We define f, by fx := a(l — A?) — 2%A2/D. Then

(i) If f2 <0, then the 1-pulse solution is destabilized by ] (7) and it bifurcates
into a traveling 1-pulse solution at # = 7y, = 2v/2 (a (1 — A% 4 A% log AQ))_1 >
Te,2-

(ii) If f > 0, then depending on the parameter values the 1-pulse solution either
is destabilized by 5\;(?) at T = Ty, and it bifurcates into a traveling 1-pulse solu-
tion, or it is destabilized by the complex pair 5\1_2 (7) at 7 = 7y and it undergoes
a Hopf bifurcation.

Moreover, if ;\1_72 cross the imaginary axis, they will merge again at 7 = 7. and
appear as a pair of real, but positive, eigenvalues. The bifurcation values 7. and
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Figure 3.7: In the left frame, a numerically obtained stable traveling pulse solu-
tion for (o, 8,v,D,T,0,¢) = (6,3,4,2,110,1,0.1) is depicted. The theoretically
predicted values for 7y, and 7y for these parameter values are to leading order
Ttp = 0.588 and 75 = 0.907. In the right frame, a stable breathing pulse solu-
tion exists for (a, 8,7, D,7,0,e) = (6,3,4,10,49.7,1,0.1) is plotted. Here, the
predicted bifurcation points are to leading order 7, = 0.369 and 7y = 0.243.
Therefore, the observed patterns are in line with the theory.

7, are determined by a tangency condition

J " 1 d ., - .
Vo= f"(M\e,) and V2= —f (A, with \eR.
3 ' 3 d\ '
The value of 7 is (implicitly) given by
1 . A
g\fw = f~(i\;7y) with X eR. (3.5.16)

The edge bifurcation 7. ; can be determined explicitly by studying D()) near the
tip of gegs for 7 K 6%, see [14].

In Figure 3.7 an example is given of a traveling pulse solution and of a breathing
pulse solution, obtained by numerical simulation of (3.1.1).

Proof. The proof is based on a careful analysis of the graphs of f*(7) and
their intersections with the line I(T; 7), parametrized by 7 — see Figures 3.8 and
3.9 for two typical cases. We state, without proof, several properties of f*(T') for



3.5. 1-pulse solutions for 7 = O(e72) 121
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Figure 3.8: The functions f*(T) and I(T;7) for (o, 3,7, D, A) = (3,2,1.87,5,0.4)
and various values of 7. There are two bifurcations: an edge bifurcation at 7 = 7,
and a bifurcation to a traveling pulse solution at 7 = 7¢,. The evolution of the

two eigenvalues 5\1+2 as functions of 7 is plotted in the lower right corner.

a>0:
( ) a(l = A% 4 log 4%) <0, f~(~1) = =00, F+(0) =0,
(aA2 BAYP) L (FEY(T) >0, (f5)"(T) <0,

(3.5.17)
hmTﬁOO f =fL=a(1-42%) >0,
limy oo [ ( ) = f5 =a(l - A%) —2842/D
We first consider f*(T). We observe that for 7 small, that is, 7 < —%ﬂﬁ =

Te.2, fT(T) intersects {(T;7) only in T'=0: A (#) = 0. However, at 7, 5 a second

eigenvalue 5\; = —;2 < 0(T = —1) is created from the essential spectrum by

an edge bifurcation. For increasing 7, this second eigenvalue A (7) increases. At

7 = Tip the two eigenvalues 5\1"2 (7) merge in zero, where 7y, can be deduced from
(3.5.6), see Figure 3.8.

Since f~(T') — —oo as T | —1, we conclude that f~(T) NI(T;7) consists of
two points if 7 is small enough, one determined by A, that corresponds with
A~ as given by (3.4.20), the other by A5 close to the tip of oess. Since A5 does
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not exist for 7 = O(1), we conclude that it must have appeared from oo at
Teq < O(e72). If f£7(0) > 0, i.e., if the 1-pulse solution is unstable for 7 = O(1)
(Theorem 3.4.1), we observe that AT (7) > 0, and A7 (#) < 0 for all 7, i.e., the pulse
solution remains unstable. If f~(0) < 0, i.e., if the 1-pulse solution is stable, the
negative eigenvalues 5\;2(%) merge at 7 = 7., here f(T') and I(T'; 7) are tangent,
see Figure 3.9. If f_ > 0, i.e., if we are in case (ii), there is a second tangency
at 7. > 7. for T > 0 and 5\1_2 reappear as positive real eigenvalues. Thus, the
complex pair ;\1_2 travels through the imaginary axis and %(A Al2) changes sign at
T € (¢, 7r), see Figure 3.9. If f < 0, case (i), )\1 5 Temain complex conjugates.
A somewhat more elaborate analysis shows that §R( ) < 0 for all 7, and that
)\1_2 — 2V2f <0as? — oo, ie. )‘1_72 approach oegs from two sides as 7 — oo.

It thus follows that the pulse is destabilized by AJ () in case (i). In case (ii), it

depends on the exact values of the parameters whether \J (7) or 5\;2 (7) is the
first to cross through the imaginary axis as 7 increases, see Figure 3.10. O

Although we do have explicit expressions for 73, and 7x, it is in general not
possible to obtain explicit analytic control of the relative magnitude of 74, and 7y
(in case (ii) of Corollary 3.5.3). Therefore, we plotted in Figure 3.10 the evolution
of 7, and 7y as function of a for several values of D (with 8 = 3,7 = 4 fixed).
We observe that by changing the parameters we have control over the order the
bifurcation points 7y, and 7. Moreover, the bifurcation points may coincide and
the three eigenvalues )\ 1.2 and )\ may cross the imaginary axis simultaneously in
the co-dimension 2 bifurcation pomt (Cup, i, Tep, H)-

Remark 3.5.1. Some analytical insight in the value of the co-dimension two
bifurcation point 7, g can be obtained by considering the limit D — oo. This
case may be seen as a two-component system limit of (3.1.1), see Remark 3.1.3.
As a consequence, A? in (3.2.6) approaches (7;—6) (since the constant term in the
U-equation of (3.1.1) is replaced by v — ), and the 1-pulse solution is stable if
a >y —f >0, see Remark 3.4.3. If we define X € (0,1) by (W;ﬁ), then 7y, is
given by %X), where F(X) = 2v2(1 - X + Xlog X) ™' It follows from (3.5.16)
that 74, i is now determined by the solution of

) : 1
—(X\/m+1)+7\/§iy+)<—1:07
1+ iCoF (X) 3

where YV = % It follows (by a numerical solver) that X = 0.885... and ¥ =

0.367..., which implies that, for D — 00, (Gup.r, Fip.s1) = ((%g, %) This

agrees very well with the values obtained in Figure 3.10.
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Figure 3.9: The functions f~(T) and I(T'; 7) for (o, 3,7, D, A) = (3,2,1.86,5,0.4).
At 7 =7, = 0.0686 two eigenvalues merge and form a complex pair of eigenvalues
with negative real part. At 7 = 75 = 0.532 this complex pair crosses through
the imaginary axis, and we observe a Hopf bifurcation. At 7 = 7. = 3.13 the
complex pair merge again to form two real positive eigenvalues. The evolution
of the real part of the eigenvalues 5\1_2 as functions of 7 is plotted in the lower
right corner (note that the axes are interchanged and that the 7-axis is plotted

logarithmically).
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Figure 3.10: The Hopf bifurcation (solid line) and the bifurcation to a travel-
ing pulse (dashed line) as functions of « for various values of D with 8 = 3,
and v = 4 fixed. Observe that for larger D the a-region where the Hopf bifur-
cation occurs, that is, 7y < 7y, grows. The lines intersect at a co-dimension
2 bifurcation. For D = 2 we have (ap p, Tip,u) = (7.32,0.40). For D = 10
we have (aup i, Tip,rr) = (2.75,1.79), and for D = oo (see Remark 3.5.1) we have
(cup,m, Tep.rr) = (1.13,122), i.e., a point outside the frame indicated by the dashed
vertical line. Note that, by changing the values of 8 and =, it is also possible that
for larger D the a-region where the Hopf bifurcation occurs shrinks.
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3.5.3 Stability of the traveling 1-pulse solution

In this section, we determine the stability of the traveling pulse solutions. Recall
from Theorem 3.2.2 that we explicitly need large 7 and/or # for the existence
of a traveling pulse solution. As in the previous sections, we put 7 = 27 and
6 = 26. In the traveling coordinate &, = £ — ect, the linearized stability problem
associated to the pulse solution (uy(§), vip(§), wip(§)), see Theorem 3.2.2, reads

Uge + (1 -3 (utp)z) u = —ecug + & (S\u +av + &D) ,
Ve = —e(u+cfig) +2%0 (FA+ 1) (3.5.18)
Wee - -5 (u—i—céu?g) + 5 (é&+1) :

where we once again scaled v(€) = e5(€), w(€) = ew(€), A = 2, and removed the
subscript m from &,,. Note that for the justification of the scaling of A we use
Lemma 3.2.3. Since the essential spectrum is still bounded away from the imag-
inary axis (Lemma 3.3.3), the nonlinear stability of a solution is still completely
determined by the eigenvalues of the stability problem (3.5.18) (Remark 3.3.1).

We write system (3.5.18) as a linear system in C°

de(€) = MP(& N e) p(€)  with
B(&) = (u(€),p(€), 9(£), (), (&), r(£)"

where p(§) = ug(€),q(§) = 10¢(€), and r = Lawg(€). Observe that the trace of
the matrix M is no longer zero. The eigenvalues of M2 := lim¢_, 1o M are
given by

(3.5.19)

A = +v2, A5 = el A3y = %@ia
where I'* and ©% are defined by
M*im (-p2VG,)  with Gyi= @244 (A1),
CEE (-c% + \/GTU> with G, = 02% 14 (;\é+ 1) . (3.5.20)

Note that ®(Az5) and R(Asz 4) can change order, but, as in Section 3.5.1, this has
no influence on the analysis since the eigenvectors Es 5 and E3 4 remain indepen-
dent,

1 _%52 _gEQ
+v2 O(£?) O(e?)
-5 1 O(e)
Eig= 2 By = E34= .(3.5.21
1,6 :F%\/é ) 2,5 Fi ) 3,4 0(6) ( )
— 552 O(e 1
Fo5V2 O(e ks
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Following the same procedure used in the previous sections, we can determine
the o, w-components of a slow function ¢(£), and, after imposing that the two
slow-fast transmission functions ¢ 3 should be zero, we obtain

poi esTT(e+€:) _ \2/%; eI (66 in I7,
2C~ e (€+€.) _ 2CT eI (6—¢.) in 10
. e e m S 9
67 () = VG,© vG.T (3.5.22)
tp 207 el 7 (€+6x) _ 2C7 eI (6—¢4)
Jr%EZ) (2%;6%@—(&5*) _ 2%16%@‘(576*)) in I,
% (zg;e%eﬂ&g*) _ \2/%6%@)*(5—5*)) in IS—7
5 (2enomcre) 205 potee)) iy,
Qﬁ%(f) D Giﬂ B v Gjr" - (3.5.23)
1 (20 e 5O (E+6) _ 2t g6 (575*))
D\ VG, VG
BT (\2/%65["(5-&-{*) _ \2/%651“’(5—5*)) in It

v v

In principle, we could now analyze the u-equation in the fast fields by expanding
d"(£), utp(€), and c in orders of ¢, and then impose the solvability condition. This
would lead to an implicit expression for \ similar to, but more complicated than,
(3.5.5) (in the limit ¢ = 0 it reduces to (3.5.5)). However, we refrain from doing
so here.

3.5.4 Small speed c: the weakly nonlinear analysis

Although we do not derive a stability result for a pulse solution with general
speed ¢, we are interested in the stability of a traveling pulse solution just after
the bifurcation. Therefore, we put ¢ = §, where 0 < ¢ < § < 1. Moreover, for
computational convenience we once again assume that only 7 is large, that is,
T =¢e"2 (%, + O(e,)), and that § = 0. We know from Lemma 2.4.1, which is in
essence a corollary of Theorem 3.2.2, that such traveling pulse solutions exist for
7 =Ty + 6272 + O(63) and

fa= 32078 [1 - A2+ A2log A2 — 1 A210g” A2

aAdlog? A2(log AZ—1) (3524)
A2+ 8 420 ’

+

where Aq is a solution of aA? + BA%/P =, i.e., Ay is the leading order approxi-
mation of a solution A of (3.2.6), such that A2 + %AS/D > 0. This implies that
the traveling pulse solution bifurcated from a stationary 1-pulse solution that is
stable for 7 = O(1). Since we are interested in the possible bifurcation of sta-
ble traveling pulse solutions, we also assume that this stationary 1-pulse solution
is stable up to 7 = 7, + O(g,0), i.e., @ > 0, and the 1-pulse solution is not
destabilized by a Hopf bifurcation (see Corollary 3.5.3).
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Lemma 3.5.4. Under the above assumptions, the dominant eigenvalue of the
bifurcating traveling pulse solution is given by

M = —82C(Ao, a) 7 + O(8° <), (3.5.25)

Ao : 4 1 1
where Ty is given in (3.5.24), and C(Ag,a) = 3 2A3 T Tadzi, o A2 0.

The second order correction term 7o can be positive, as well as negative.
Therefore, this lemma confirms the expectation that a subcritical bifurcation
(72 < 0) yields an unstable traveling pulse solution, while a supercritical bi-
furcation (72 > 0) yields a stable traveling pulse solution.

Proof. This proof is an elaborate exercise. We only present the main arguments.
By assumption, the stability of the bifurcating traveling pulse solution is deter-
mined by the sign of A\J. In order to determine this sign, we expand the two small
eigenvalues in powers of &, A = Ay + AT, + 02Af, + 83Af, + 04, + O(5°).
Similarly, we expand the other quantities in powers of §. From Chapter 2, we
recall that &, = &, o + 02& 2 + 0*&u s + O(6°), with Ay = e~ and

1 1 aAg72 log A3 (log A5 — 1)

5*,2
16 ¢ ozA% + %A(Q)/D

By using the solvability condition, one can show that the u-components in the
fast fields If, ui(€) and ug;,l(g), are of order ¢, and by Lemma 3.2.3 that u§,71(£)
is even. Moreover, by linearity of the differential operator £* it follows that

uf; = C* ((uj,, ;)e + KfvF) . K& eR, (3.5.26)
where the first index in the underscore of uli ;(&) states the order of e, while the
second index states the order of §. Looking to the leading order behavior of the u-
components in the fast fields, implementing the behavior of the ¥, w-components,

imposing the solvability conditions, and recalling that we assumed to be close to
the bifurcation, we find

Ao=0 and CFT=C~(1406C] +6°Cy +6°C5 +6'Cf) +0O(8°).
Analyzing the O(8) term and the O(62) term we obtain
CH=Cf=0 and 5{1:
The O(6%) term induces twice the following relation between C3 and 5\:2:

0 = —205(ad?+ %Ao%) + %a;\XQAg(%tp)Q log A%(log A2 —1).
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This gives a 1-parameter family of solutions, C3 as function of 5\?2 Thus, we
must examine the O(6%) term. We find, together with a relation between C;~ and
)\;f37 another relation between C3~ and )\ZQ,

0= \[( A ) Tip + 1[)\1 5 tp \f/\;g :2 + OF aAk#y, log A2
—3of j )2AGTE, log? A2 — a)\;rQAOTtp log® A2 + 204)\2 T A27,e8, 2 log A2
Combining these two last equalities, together with the expressions for 74y, 72, &40

and .2, we find, besides the translation invariance eigenvalue )\1 5 = 0 and
Ci =0, the second small eigenvalue

\+ _  _4 1 1 A
M = V2, v Taas, e A

which is in the original scaling equal to (3.5.25). The proof is completed by noting
that the denominator is always positive. O

3.5.5 (In)stability of traveling pulse solutions for asymptot-
ically large 7

The complexity of the expressions in the stability calculations reduces significantly
for asymptotically large values of 7. It can be shown that in this limit the stability
of the traveling pulse solutions is determined by the sign of j3.

Lemma 3.5.5. Let 7 be asymptotically large, that is, T = Tt withd <e < i <
1, and let 8 = 0, then the traveling pulse solutions are stable if and only if B > 0.

Note that this lemma is in agreement with Corollary 3.5.3, since § < 0 cor-
responds to case (ii) of that corollary. Thus, the traveling pulse solution may
undergo another bifurcation for increasing 7, most probably of Hopf type (which
would generate a traveling breather).

The results of the local analysis near 7 = 7, and the analysis for 7 large are
combined in Figure 3.11, where the position of the curves in the (7,]|c|)-plane is
based on (3.2.20) — note that the speed of the traveling pulse solution for asymp-
totically large 7 is given by 3V2(a—7) (2.3.15). The parameters are chosen such
that, in the right frame, the bifurcating traveling wave is stable at the supercrit-
ical bifurcation (Lemma 3.5.4) and stable for ¥ > 1 (Lemma 3.5.5). In the left
frame, the bifurcation is subcritical, the bifurcating traveling pulse is unstable
(Lemma 3.5.4); it must undergo a stabilizing saddle-node bifurcation at a certain
critical value 75, < 74, (see also Chapter 2), that is followed by a third, desta-
bilizing (Hopf?) bifurcation (Lemma 3.5.5). In principle, more bifurcations are
possible. Note that the existence of the bifurcation points at which the stability
of the pulses change are deduced from Lemmas 3.5.4 and 3.5.5, in combination
with the existence analysis of the previous chapter. Thus, the position of the
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Figure 3.11: Bifurcation curves of the stationary and traveling pulse solutions
for (a,v,D,0,¢) = (5,1,4,1,0.01); 8 = —3 in the left frame, so that the trav-
eling pulse bifurcates subcritically from the stationary pulse (Lemma 3.5.4) and
becomes unstable for large 7 (Lemma 3.5.5); 8 = 3 in the right frame: the trav-
eling pulse bifurcates supercritically (Lemma 3.5.4) and remains stable for large
7 (Lemma 3.5.5).

third bifurcation in the left frame of Figure 3.11 is only sketched; it has not been
obtained from a full stability analysis of the traveling pulse solution.

Proof of Lemma 3.5.5. Since the calculations are straightforward, we only
give a sketch of the proof. A detailed analysis of the u-component of the stabil-
ity problem (3.5.18) yields, besides (3.4.7), that uli)o =C* ((u;l,o)g + Kétwi)
(where we used the notation from the previous section, see (3.5.26)). By applying
the solvability condition to the second order correction term (with respect to €)
of the u-component and by using (3.2.28), we obtain

FgVECEA +al(£€) + B(+E7) = ZaCH (0 )e(4€7) = ZHCH wiy)e(+€7) =0,

Now, we compute the leading order behavior of 0(££*), W(£E"), (vep)e (££¥), and
(wip)e (£E£*) with respect to . It is not hard to see that the 0(££*) and (vp)e (££*)
are zero to leading order, and because § = 0, the leading order behavior of @(4£*)
and (wyp)e(£€*) is the same as in the case of standing pulse solutions. Hence,
it follows that AT = 0 and \; = —3\/§%A2/D (3.4.20), so that the sign of g
determines the stability of the traveling pulse solution for asymptotically large

7. =

3.6 Standing 2-pulse solutions

In this section, we investigate the stability of standing 2-pulse solutions as con-
structed in Chapter 2 and as reviewed here in Section 3.2.3. The main result
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Figure 3.12: The eigenfunctions ¥,;(&) associated to the symmetric standing 2-
pulse solution with a =3, 8 = —1, v =122, D = 2, and € = 0.01. Observe that
U, 2(€) are odd eigenfunctions, while W3 4(§) are even eigenfunctions.

reads

Theorem 3.6.1. Let (a, 3,7, D,e) be such that there exist K 2-pulse solutions
(Theorem 3.2.4). Assume that 7,0 = O(1), then the stability of the 2-pulse solu-

tion is governed by four small eigenvalues \; = Ezj\j that are given by

M= 0, A =3V2€E,

- 3.6.1
Mg = —%ﬂ(AJrD—gi\/(A—D)2+(B+C)2), (36.1)
where A, B,C, D, and £ are defined by
A= ad?+ 2A77P, Bi=adA Ay + 2 AP AP
Ci=adi Ay + 24P AP D= A2+ BAYP £:=B-C,

in which Ay are determined by (3.2.30).

As in the previous sections, we can also determine the associated eigenfunc-
tions ¥,(£), j = 1,...,4, explicitly. In fact, if C7 is the amplitude of the fast
u-component of W;(€) in the fast field I}, i € {2,4,6,8} (3.2.29), i.e., U¥({) =
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(=1)2TLC74;(€) with ;(€) as in (3.2.34), then we have

Ui(§) « Cy=Cp=C5=Cg,
Wa(€) 1 CB=—C3=-C2=C2,

. 3 B+C 3
Us(§) = O3 = Afpf\/(AfD)2+(B+C)2C4
_ B+C 3 _ _ (3 3.6.2
A—D—\/lgA—D)2+(B+C)QC6 Cs ( :
. 4 +C 4
Uyu(§) = Oy = A—D++/(A—D)2+(B+C)? Cs
_ BiC Cé=—-C3.

- A-D+/(A-D)21(B+C)2 O

The eigenfunctions ¥; o(€) are odd, while U3 4(§) are even. In Figure 3.12, we
plotted all four eigenfunctions for a certain parameter combination.

In Section 3.6.1, we sketch the proof of Theorem 3.6.1, Then, since the formu-
las (3.6.1) for A2 3 4 are complicated, we further investigate these small eigenvalues
in Section 3.6.2, showing that there are regions in parameter space in which the
2-pulse solutions are stable, and showing that for asymptotically large values of
D the 2-pulse solutions are unstable.

3.6.1 Proof of Theorem 3.6.1

The main difference between the construction and the stability analysis of a 1-
pulse solution and a 2-pulse solution is the number of fast and slow intervals. For
a 2-pulse solution, we have four fast and five slow intervals (3.2.29) instead of
two fast and three slow intervals as is the case for 1-pulse solutions. For the con-
struction of the Evans function, we therefore first assume that there is one large
intermediate regime that consists of I)% Uiy ch‘ Uy I? ulIru ij. Essentially,
the construction of the Evans functions goes exactly as in Section 3.3.4. Similar
arguments as in Section 3.4.2 show that the slow basis functions ¢(£) do not have
a fast growing component in each of the intermediate slow regimes, so that we
can define (and determine) the intermediate transmission functions s>**1()) in

ij
each of the slow regions I2F*1 (i = 2,3, j =2,3,4,5, and k = 1,2, 3).

The stability analysis is analogous to that of Section 3.4. For example, the essen-
tial spectrum is given in Lemma 3.3.1, we need the same rescalings for A\, v(¢), and
w(€), the eigenvalues of M?P are still given by (3.4.11), and its associated eigen-
vectors by (3.4.12). The only real difference is that we have to impose (many!)
more matching conditions. After a tedious calculation, we find that the o, -
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components of the slow basis function ¢(£) are given by

Coes € — 0yes(€FED) 1 Opes(6—€0) — Cges(6—€) in 11,
02675(£+£*1‘) — C4e€(£+€3) -+ 0665(5753) — 0865(5751) in Ig’ ,
Che (€8 — Cue=s(6+ED) 4 Cpes(6=€) — Cges€=60)  in I5
,~, —e(6+€l) _ —e(6+€2) —e(6-€3) _ e(6=€) in I7
¢2p(€) _ Che : Cye : + Cge : Cge in I/ ’(3.6.3)
Coe—cE+8) — 0 ee(E+E) 4 Oge—e€=€0)

—Cyem*CE) 1 L] (Coem BEHED — Cpem b EHED

L Cge— B €D _ cgef%@f&i)) in 19,
and

L (CQe%<f+£i) L Cye B 4 CpeBE—€)
_086%@751)) in 1L,
1 (Cge*%(5+5i) L e B 4 CuebE-€D)
_Cge%(s—si)) in 13,

) 1 (cge—%o&si) _ Cye BETE) | CpepE€D)

2p(8) = ' 3.6.4

?3(¢) fcge%@fs*)) w15 (3.6.4)

1 (CQef%msi)  Cre BEHED) 4 Cye B EE)
_086%(§—§i)) in 17,
1 (C’ge*%(5+£i) e HEE) 4 Oy BEED
_0867%(575’1)) in 19.

See Remark 3.4.1, and recall that iﬁi’Q are to leading order the centers of the
fast fields. Moreover, note that we again constructed the basis function ¢(§) in
such a fashion that ts 3 = 0 (3.5.9). Thus, we follow the approach of Section 3.5.1
(note the similarities between (3.6.3), (3.6.4) and (3.5.22), (3.5.23)), rather than
that of Section 3.4.3.

Substituting the values for the v, w-components into the u-equation in the fast
fields yields four ODEs for the u-component similar to (3.4.31), (3.4.32), and
(3.5.11). In combination with the solvability conditions (3.2.35), the second order
correction term of the u-component in the fast fields gives all the information
about the eigenvalues. Specifically, the eigenvalues 5\1,2’3,4 are the nontrivial so-
lutions of the matrix equation

Cy
C
Mo C;* =

Cs

(3.6.5)

o o oo



3.6. Standing 2-pulse solutions 133

where M, is a 4 x 4-matrix given by

My =
W2A+ A€ —C B -A
C ~LV2A-D+¢€ D -B
B -D W2A+D-€ —C ’
A -B C -LV2h-A+ €

and A, B,C,D, and £ are defined in Theorem 3.6.1. The condition that the de-
terminant of this matrix Ms vanishes yields the four eigenvalues

AM=0, A=3v2E, Asu= _gﬂ(A+D_5i JA-D2+ (B+C)2) .
This completes the proof. a

Note that by construction 5\4 > 5\3 However, the signs of the eigenvalues 5\2$4 are
not immediately clear from (3.6.1). Therefore, in order to obtain more explicit
statements about stability and instability of the 2-pulse solutions from formu-
las (3.6.1), we investigate these formulas in the next section.

3.6.2 The small eigenvalues

The main results of this section are that there exist open regions in parame-
ter space in which the 2-pulse solutions are stable (see Lemma 3.6.2), while in
the regime with D asymptotically large the 2-pulse solutions are unstable (see
Lemma 3.6.3).

Lemma 3.6.2. Let (o, 3,7,D,e,7,0) be as in Theorem 8.6.1, and suppose that
a>0and 0> > —h*(D)a, where h*(D) is the unique positive solution of

h
k(h,D) == —hD 1D 2571 (D—1)+1— 5 =0 (3.6.6)
Then, there exists an open interval of vy-values such that the standing 2-pulse

solution is stable.

In Figure 3.13, we plotted the three small eigenvalues 5\2’3,4 as functions of Ag
for four different combinations of o and 3, while the other parameters are kept
fixed. We observe that only in the first frame (upper left) do we find a stable
standing 2-pulse solution, and this is indeed the only frame for which the param-
eters o and § fulfill the conditions of Lemma 3.6.2.

Note that for D = 2 equation (3.6.6) can be solved explicitly, and the unique
solution reads h*(2) = 4(v/2 — 1). Moreover, for D large, x(h, D) is given to
leading order by 1— 22 and hence h*(D) — £ as D > 1. Moreover, in the other
limit, D — 1, the solution is given by h*(1) = 1.



134 Chapter 3. Stability

A 5 A
4
0.15 Wo.w 0.4 0.45 0.5
W 0.6
-0.2 .
L
/ ~ 0.4
-0.4 / NI
. \ 0.2}
-0.6 / * /\3 —_—
', \ e N -
/‘ N - o — A2
i \ 0.15 0.25 0.3 D+35_0,4-0.45 0.5
A A
- . BT X 1
A . s
4 L 4 0.5
1 .
i Ay
0.5 0.6 0.7 0.8 0.9
0.5
-0.5
— . Ay
0.5 0.6 - 6+7._ 0.8 0.9 1
— 0.5 N %
"4 A3 = 3 .15
2 _1 ‘\_\ -

Figure 3.13: The small cigenvalues Ay (dotted line), A3 (dashed-dotted
line), and A (solid line) as function of A, where D = 2 and (o,3) =
{(2,-1),(-2,1),(1,-2),(—1,2)}, respectively. Note that only for (o, 8) = (2, —1)
does there exist a regime in which the 2-pulse solutions are stable. This is also the
only parameter combination of the four for which the hypotheses of Lemma 3.6.2
are satisfied.
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Figure 3.14: In the left frame, we plotted the existence and stability regimes
for a given parameter combination fulfilling the assumptions of Lemma 3.6.2 as
functions of As and D ((a, 8) = (2,-1)), see (3.6.7). In the right frame, we
plotted ~ as a function of Ay for three different values of D = 2,5,10. The
solid line represents a stable 2-pulse solution, while the dotted line represents
an unstable 2-pulse solution. We observe a saddle-node bifurcation of 2-pulse
solutions, that is, for decreasing v a stable and an unstable standing 2-pulse
solution merge and disappear.

The proof of the above lemma is partly based on solving equations (3.2.30). We
observe that the first equation of (3.2.30) is independent of «. Therefore, for
given As, the first equation yields A;, and the second equation yields a uniquely
determined . However, there is a restriction in the choice of A,, since it has to
lie between A; and 1. From the previous chapter we know that this restriction
yields (for general D)

D

(—O‘gz)_wl <A2<min{(—g>_2D_l,1}. (3.6.7)

In the left frame of Figure 3.14, we plotted (3.6.7) as function of D with «,
fixed such that the conditions of Lemma 3.6.2 are fulfilled. We also included the
curve where the stability of a 2-pulse solution changes. We indeed observe that
the stability regime for D asymptotically large shrinks to zero, see Lemma 3.6.3.
In the right frame, we plotted v as function of As for several values of D.

Proof of Lemma 3.6.2. The proof is obtained by choosing 7 in a special region
such that A, B,C, and D can be determined explicitly by an asymptotic procedure.
We introduce B = —g > 0 (by assumption), and we choose 7 in such a fashion
that As is close to its lower boundary, i.e., Ay = D_%B%% +6 = A, +6,
with 0 < ¢ € § < 1, see (3.6.7). Solving the first equation of (3.2.30) yields that
A; = AL — 5+ O(6?). Now, we can also determine A, B,C, and D in terms of the
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small parameter §

1— D) (Ay)° + 225152 4 0(5%),
1 - D) (45)* +0(5%),
- (1 - %) —9 ((D2 _B)DPA T
(1- D) (45)° + 225152 4+ O(5*).

)5+0(52),

QY RIN 2RI Qn

Hence, we find that the four eigenvalues 5\12’3,4 are

0,% = —3v2a (1 ~ B (D 1)(4} )2) +O),
{3fa k(3, )) O@5) for k(3,D) > 0,

A3 =
—6v225100% + O(6%) for k(6, D) < 0
6\[DD104(52 +0(6%) for (3, D) > 0,
Ay = -
~3v2a (m( : )) +O(8) for k(3,D) <0

with (3, D) as defined in (3.6.6). We note that equation (3.6.6) indeed has
a unique positive solution, since x(h, D) is, as a function of h, monotonically
decreasing, x(0,D) = 1, and k(oco,D) < —oo. Moreover, since x(D? D) =
2(1 — D) < 0, we deduce from the monotonicity that D? > h*(D), so that § <

h*(D) < D? by assumption. Hence, we have that (1 - £ 5+ (D —1)(4 )2) > 0,

which implies that )\2 < 0 for @ > 0. Moreover, it follows that Ay < 0 for
B < h*(D). Since A3 < A4, we have shown that a 2-pulse solution is stable if
0 < 3 < —h*(D)a for 7 such that A, is close to AL. O

Observe that we did not yet obtain a result on the instability of the 2-pulse
solutions if the parameters do not satisfy the conditions of Lemma 3.6.2. Such
results can be obtained, but we refrain from going into the details here. How-
ever, we will prove that 2-pulse solutions are always unstable for large D (see
Figure 3.14).

Lemma 3.6.3. Let % be asymptotically small, then the 2-pulse solution is un-

stable for values of As € <O, M) that are strictly O(1) with respect to %.
Proof. From Chapter 2, we know that for = asymptotlcally small, A, =
(1 - —2A2>D to leading order. In the case that sgn(8) = —1, we now show
that the second small eigenvalue Ay (3.6.1) is positive. In fact,
B—C = aAi(Ay—A7Y)+347PA)" — a;"P)
= ﬁ (1 - —aA2> log Ay + O(D73) > 0.
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Therefore, Ay > 0, and the 2-pulse solution is thus unstable.

In the case that sgn(a) = —1, we show that the fourth small eigenvalue, M,
in (3.6.1) is positive. It is enough to show that A— B+ C+ D < 0.

A—B+C+D = a((ds—A1)?+ A4+ A1 A7)
2
5 (4P - AP s AP ay® el az )
= aA34+0(D 1) <0.

Thus, Ay > 0, and the 2-pulse solution is also unstable in this case. a
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Chapter 4

Interactions

4.1 Introduction

Patterns are ubiquitous in science and engineering. They form when key physical
quantities —for example the concentrations of chemical species— exhibit nontriv-
ial spatial and/or temporal dependence. Stripes, hexagons, spots, fronts, pulses,
spirals, targets, sand ripples, and roll cells, are all examples of patterns, to name
a few.

Patterns may be classified as being near-equilibrium or far-from-equilibrium. In
the former case, the amplitudes of the key physical quantities are close to their
equilibrium values everywhere in the domain. Such patterns arise, for example,
when stable homogeneous (or equilibrium) states are destabilized by diffusion, as
in the classical Turing bifurcation. By contrast, in far-from-equilibrium patterns,
the key physical quantities exhibit large excursions away from equilibrium. Often,
such patterns have a localized character, ¢.e., they are close to equilibrium on large
parts of the domain and far from equilibrium on relatively small or narrow sub-
domains. Examples include fronts, which connect two different equilibria, pulses
that may be the concatenations of two fronts, spots, and other more-complicated
spatially-localized structures.

In the last decade, the three-component reaction-diffusion equation introduced
in [60] has become a paradigm model to investigate the rich variety of front,
pulse, and spot dynamics. As shown numerically and experimentally in [5, 32,
50, 51, 53, 54, 60, 65, 71], these localized structures can undergo repulsion, anni-
hilation, attraction, breathing, collision, scattering, self-replication, and sponta-
neous generation. This three-component model consists of a well-studied bistable
equation for the activator component, and linear equations for the two inhibitor
components, with bidirectional linear coupling. Hence, it may be interpreted as a
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FitzHugh-Nagumo type equation augmented with a second inhibitor component.
It has become a paradigm problem, among other reasons, because it is simultane-
ously complex enough to support the rich dynamics of these localized structures
and simple enough to permit extensive analysis, as has been shown in one space
dimension in the previous chapters.

A scaled version of this paradigm model in 1-D is, see also Chapter 2,

U, = Uege + U-0u3 —e(aV + W +7),
™V, = ZVee + U-V, (4.1.1)
oW, = %ng + U-W,

where 0 < e < 1,D > 1,7,0 > 0,, 0,7 € R and O(1) with respect to e, and
(&,t) € R x RT. Here, U represents the activator concentration, and V and W
represent the concentrations of the inhibitors. This partial differential equation
(PDE) has homogeneous steady states O(e) close to (U, V,W) = (£1,+1,+1)
and to (0,0,0), with the former being stable and the latter unstable. Fronts are
solutions that are close to the stable homogeneous steady state near (—1,—1,—1)
on a certain interval and then jump to the other stable homogeneous state near
(1,1,1). Backs are the opposites of fronts, and they are related to fronts via the
symmetry (U, V,W,v) — (=U, =V, =W, —v) of (4.1.1), so that one may simply
refer to both as fronts. Finally, pulses, which are the concatenation of a front
and a back, are biasymptotic to either the homogeneous state near (—1,—1,—1)
or to that near (1,1,1). By symmetry, any result about the former pulse solution
also holds for the latter type, and vice versa. Hence, one may focus on the former
type, without loss of generality.

The third component W was introduced in [60] to stabilize traveling spot solu-
tions in 2-D. In the previous chapters, the relation between the three-component
model and its two-component limit has been investigated in detail (in one spatial
dimension). We have shown that the third component significantly increases the
richness of the dynamics generated by the model. For instance, stationary 2-pulse
(4-front) solutions cannot exist in the two-component limit, see Section 2.6. In the
current chapter, we will also establish that uniformly traveling 3-front solutions
can only exist in the three-component model, see Lemma 4.4.8.

The existence and stability of traveling 1-pulse solutions and standing 1-pulse
and 2-pulse solutions was proved in the previous chapters. We used and extended
classical methods from geometric singular perturbation theory and from Evans
function theory. Moreover, we note that it was critical for the application of these
methods that the localized structures were either constant in time or fixed in a
co-moving frame.

The current chapter may be viewed as the next natural step in the analysis of the
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three-component model (4.1.1). We study dynamically-evolving solutions consist-
ing of N fronts. It is not clear how to use the classical techniques to rigorously
establish the existence of these solutions or their stability, since there is not a
single, global co-moving frame in which all N fronts are constant. Indeed, any
two adjacent fronts may move in opposite directions and/or with different speeds,
see Figures 4.1 and 4.2.

Our objectives in this chapter are to derive and to analyze the system of N coupled
ordinary differential equations (ODEs) that governs the velocities of the fronts in
an N-front solution in the parameter regime 7,6 = O(1) — see Remark 4.1.1. The
derivation is readily carried out formally using matched asymptotic expansions.
However, a rigorous justification of the validity of these ODEs —i.e., of the va-
lidity of reducing the three PDEs in (4.1.1) to a system of N ODEs for the front
velocities— requires significant new analysis. This justification is the primary
result of this chapter. It will be achieved modifying the renormalization group
(RG) method to consider the stability in a bounded variation (BV)-type norm.
The second main result is an analysis of the reduced ODEs. In particular, we
classify the different possible front dynamics for these N-front solutions, as well
as how interacting fronts may pair up into (interacting) pulses.

As a preparatory result, we will show that 1-front solutions travel with veloc-
ity T'(t) = 3\V/2e7, where £ = T'(t) denotes the position of the fronts at time ¢.
Moreover, we show that they are stable (see Lemma 4.2.1). The first substantial
case involves 2-front solutions. We will show that the front velocities are given by

. 3 . . .
Py = 5V2e (v = ae=(T ) — gem 5T ) Ty = 1y,

to leading order. Analysis of these ODEs reveals that a 2-front solution asymp-
totes to a standing 1-pulse solution if and only if this 1-pulse solution is stable
and there are no unstable 1-pulse solutions between it and the initial fronts. Oth-
erwise, the fronts may asymptote to oo or annihilate.

The dynamics exhibited by 3-front and 4-front solutions is more varied. We
show, among other things, that 3-front solutions and 4-front solutions for which
one (or more) of the outer fronts travels to +co can be stable. Also, the 4-front
solutions can asymptote to a ground state, a stable 1-pulse solution, or a stable
2-pulse solution.

For general N > 1, we will show that the velocities of the fronts are given to
leading order by (4.2.1). Analyzing these ODEs in the generic case when 7 # 0,
we show that uniformly traveling solutions are possible when the number of fronts
is odd, but not when the number of fronts is even. Similarly, in the generic case,
we find that stationary N-front solutions can exist when NN is even, but not when
N is odd. See Lemma 4.4.2.
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Figure 4.1: These frames show the evolution of respectively the U,V,W-
component for a certain approximate 2-front initial condition with system pa-
rameters (a, 8,7, D, 7,0,¢) = (6,-5,-2,5,1,1,0.01). The fronts of the 2-front
solution repel each other and diverge to +co. Note that the V', W-components
interact strongly, while the U-component interacts weakly.

In proving the existence and stability of the dynamically-evolving N-front solu-
tions, we focus exclusively on the case N = 2, in order to keep the analysis of the
RG method as transparent as possible. Nevertheless, the ideas and arguments in
the proof also suffice to rigorously justify the ODE reduction for N-front solutions
for general N. There are N eigenvalues near zero, and the spectral splitting holds
uniformly for the N-front solutions as follows from the analysis in Chapter 3. See
also [47] for a detailed study of the stability of N-pulse solutions using the RG
method.

The validity of the ODE system (4.2.1) will be established using an RG method.
Indeed, the method will simultaneously give the existence and stability of the N-
front solutions, as long as no two adjacent fronts get too close. One begins with
the manifold of approximate N-front solutions obtained from a formal deriva-
tion. Initial data ®n(&,t = 0) = (Un(&,0), Wn(£,0), Wn(€,0)) for the PDE (4.1.1)
that lies close to a point on this manifold may be decomposed into the sum of
an approximating ‘skeleton’ N-front solution on the manifold and a remainder
which lies in the directions transverse to the manifold and whose norm is of the
size of the distance to the manifold. Based on leading order matched asymptotic
expansions, one expects that ®x(£,¢) will remain close to the skeleton solution
as it evolves on that manifold, i.e., that the remainder remains small. However,
proving that this is indeed the case requires a stability analysis about the time-
dependent solution on the manifold. With the RG method, we show that there

exists a sequence of times {t} }22,, with ¢§ = 0, at which one may freeze the skele-
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Figure 4.2: In this frame, we show the evolution of the U-component for a certain
approximate 4-front initial condition with system parameters (o, 8,7, D, T,0,¢) =
(4,-3,-0.5,10,1,1,0.01). The four fronts asymptote to a stable stationary 2-
pulse solution. Note that the back and the front of a pulse do not necessarily
move with the same speed and/or in the same direction.

ton solution on the manifold and linearize about this frozen solution in order to
approximate the linearization about ®x(&,t) on the interval [t}, 7, ;]. Then, at
the end of each time interval, one renormalizes the skeleton solution by taking an
appropriate point on the manifold, and repeats the above procedure. Projection
of the solutions onto the eigenspace associated with the N small O(e) eigenvalues
of the linearized operator leads to the ODEs for the positions of the fronts, and
projection onto the complementary eigenspace leads to the bounds on the resol-
vent and semi-group, and hence also to the bounds on the remainder.

There are several competing factors, akin to normal hyperbolicity, which deter-
mine whether or not the RG method approach succeeds. On the one hand, the
lengths of the intervals, ¢, ; — ¢, must be sufficiently long so that the contraction
estimates obtained from the semi-group estimates are sufficient. On the other
hand, the lengths of these intervals must be sufficiently short so that the secular
errors which accumulate in making the frozen linearization approximation do not
become too big.

Front and pulse interactions have been studied using RG methods in [16, 31,
47, 55]. The underlying strategy in applying the method here is similar to that
used in these other studies. The main challenge we face applying the RG method
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to the three-component model (4.1.1) is that we cannot use variants of an H'!-
norm, such as used in [16]. These norms are singular when comparing functions
with small differences in their asymptotic states at spatial infinity. To overcome
this, we define the y-norm, see (4.3.1), which can be seen as a variant of the usual
BV norm.

We observe that the interactions between the fronts and pulses that we study
is classified as semi-strong, see [15, 16, 38, 47, 62]. Semi-strong interaction of
two adjacent fronts means that the interaction is driven essentially by the com-
ponent(s) that are not near equilibrium in the intervals between the fronts. In
the case of (4.1.1), the front interactions are driven by V and W, see Figure 4.1.
Hence, the semi-strong interaction of fronts and pulses in (4.1.1) stems from the
separation of length scales in the PDEs, i.e., from their singularly perturbed
nature. The interaction in the semi-strong regimes is stronger, and hence the
observed front interactions are richer, than that in the weak interaction regime,
[19, 20, 55, 59]. In the weak regime, the pulses are assumed to be ‘sufficiently
far apart’, so that the pulses can be considered as ‘particles’ to leading order.
Semi-strong interacting localized structures change shape and the interaction may
even cause ‘bifurcations’. On the other hand, semi-strong interactions are weaker
than strong interactions, which occur, for example, when fronts collide or when
a pulse self-replicates. For the three-component model (4.1.1), numerical simu-
lations suggest that when two fronts enter the strong interaction regime, where
Tiy1(t) —Ti(t) < 7! for some i, the fronts collide and disappear, see Figures 4.7
and 4.10. It is a future challenge to analyze strong interactions and to apply the
RG method to strongly interacting fronts.

This chapter is organized as follows. In Section 4.2, we present the formal deriva-
tion of the ODE (4.2.1). The RG method that rigorously justifies the derivation
of this ODE is presented in Section 4.3. Then, a detailed analysis of the ODEs
for the cases N = 1,2, 3,4 is presented in Section 4.4. Moreover, we present some
results for general odd or even N.

Remark 4.1.1. The fact that the parameters 7 and 6 are O(1) is a key assump-
tion in this chapter. For these values of 7 and 6, the terms involving c¢ are to
leading order absent in the slow fields, see Chapter 2 and 3. This is crucial, since
¢ = ¢(t) is not even well-defined in the slow fields. It is a fundamental challenge
to adapt the methods used in this chapter for problems where the speeds of the
fronts do have a leading order influence in the slow fields. Here, this occurs if 7,6
are O(e7?) large, see also the previous chapters. In this parameter regime, trav-
eling 1-pulse solutions and breathing 1-pulse solutions exist and bifurcate from
stationary 1-pulse solutions. The proof of Section 4.3 breaks down in this regime,
since the essential spectrum asymptotes to the origin in the limit ¢ — 0.
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4.2 Formal derivation of N-front dynamics

In this section, we formally derive an N-component ODE describing the dynam-
ics of the N different fronts of an N-front solution. A priori, the fronts of an
N-front solution all travel with different speeds. Therefore, it is not possible
to introduce one co-moving frame which travels along with every front. We for-
mally overcome this problem by introducing N co-moving frames, such that every
frame travels along with one of the fronts. This way we obtain N different in-
dependent ‘fast’” ODEs. To leading order, we then solve each of these ODEs by
singular perturbation techniques and obtain N jump conditions (4.2.4). Since the
speeds of the fronts have no leading order influence on any of the intermediate
slow fields, we can formally ‘glue’ the N different fast solutions together in the
slow fields. Formally, we then obtain an N-component ODE (4.2.1) describing
the evolution of the N fronts. The key underlying assumption in this construc-
tion is that the speeds of the various fronts appear at higher order in the slow
fields, see Remark 4.1.1. The perturbation analysis can be summarized as follows:

Assume that all parameters of (4.1.1) are O(1) with respect to € and let & be
small enough. Moreover, assume that the speeds of the fronts of an N -front solu-
tion ®N(€,1t) to (4.1.1) are all O(e). Then, to leading order, the i-th front T'; of
this N-front solution formally evolves as

Ti(t) = (=1)*13v2e [y +a (—eTT) 4 4 (—1)i~LesTimaT0)
+(=1)lesTi=Tit) +(—1)N_168(Fi_FN)) +0 (—e%(rl_ri)
oo ()i tep i) o (—qytep (MimTirn) 4
+ (-1)N-lep M=) for i=1...N.

(4.2.1)

Here, T'; is the £-coordinate of the i-th time the U-component crosses zero and I
1s the time-derivative of T'.

Note that I'; < T'; if ¢ < j, and therefore all the exponentials in (4.2.1) have
a negative exponent. Moreover, since we use the fast scaling, the distance be-
tween two fronts is of O(e~!). Thus, the interactions between the fronts are not
exponentially small, as in the case of weak interaction. Also observe that the
influence of the i-th front on the j-th front is independent of the number of fronts
in between.

This formal result is derived as follows. Since the i-th front of an N-front so-
lution is located at I';, and it moves with speed ec;, we have that

I‘Z-(t):I‘i(O)—i-s/tci(s)ds = Ti(t) =ec(t). (4.2.2)
0

Since the various speeds ec; of the fronts have no leading order influence on the
slow equations, the PDE (4.1.1) to leading order reduces to the following ODE
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system:
U = P,
pe = —u+ud+elav+ fw+vy—cp),
Ve = &4,
4.2.3
€ = e(v-uw+0E), (4:2:3)
we = pr,
re = Sw—u)+0().

In the N fast fields, the regions around the fronts, the solution is governed by the
first two ODEs with different speeds ec; and with different fixed v, w-components,
that is, (v,w) = (v;,w;). In the fast fields, the U-component to leading order
jumps from a locally invariant manifold MZ to the other MZF, where M =
{u==+1- Je(aw + Bw +7) + O(?),p = O(e?)}. Therefore, the solution has to
lie in the intersection of their unstable and stable manifold, i.e., it has to lie in
WH(ME) N W*(MZT). The distance between those two manifolds, which has to
be zero to leading order, is measured by a Melnikov integral, see Chapter 2 and
[57]. This integral yields N conditions

e(av; + Pw; + 7)/

—00

o oo

po(€)dg + (-1'cs [ (€2t =O(evB), i=1....,N.
—00

with po(&) the derivative of the leading order integrable flow, that is, po(§) is
the p-solution of the (u,p)-system of (4.2.3) with ¢ = 0. In particular, po(§) =
% QSechQ(%\/ﬁf). Integrating gives N jump conditions

111
av; + fw; +v = (—1)”‘15\@@ for i=1,...,N. (4.2.4)

In the N +1 slow fields, the regions in between the fronts, the solution is governed
by the last four ODEs of (4.2.3) with u fixed at either +1 or —1. To leading order,
these ODEs can be solved explicitly

v(€) = Aje®t + Bje =+ (—1)7,

w) = Cebt+De sy (c1p, j=1,.. N1 32D

Note that v(£) and w(£) would not change in leading order if |¢| < =1 during
the passage of a slow manifold. Since they clearly should change, we assume that
AT; =Ty — Ty = O(e71), see Remark 4.3.1.

To determine the constants A;, B, C}, D;,v; and w; as function of the front lo-
cations I';, we implement the boundary conditions and match the slow solutions
(4.2.5) and their derivatives, in the fast regions. This yields

Ui — _66(1—‘1—1—‘7‘,) _|_ L. _|_ (_1)i—1€s(Fi_1—Fi)
+ _1 ie€(Fi7Fi+1) _’_..'_’__ _1 N*leff(l—‘i*FN)’
1) , =1) (4.2.6)
w; = —ed Tl 4 4 (—1)i7 e Timi=Ti)

+(=1)lebTi=Tir) 4 4 (—=1)N—1ep TizTn)
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Combining (4.2.6) with the jump conditions (4.2.4) and using (4.2.2) gives (4.2.1).

Lemma 4.2.1. Assume that all conditions of the formal construction are met.
Moreover, assume that N = 1, that is, we look at 1-front solutions. Then these
1-front solutions travel with speed

3

I(t) =ec= 5\6&7. (4.2.7)

Moreover, these 1-front solutions are stable.

Proof. Equation (4.2.7) is a direct consequence of (4.2.1) with N = 1. How-
ever, since we only have to introduce one co-moving frame, this result can also
be made rigorous by the method used in Chapter 2. Likewise, the stability of
these 1-front solutions directly follows from the pulse-stability analysis in Chap-
ter 3: the 1-front solutions can only have one small eigenvalue, the translational
eigenvalue at A = 0. a

4.3 A renormalization group method

We reformulate the results of the previous section in a rigorous manner, see The-
orem 4.3.2 in Section 4.3.2, and use the RG method developed in [16, 55] to
rigorously prove this theorem. In order to focus on the essence of the method,
and avoid technical details, we only consider the case N = 2 of (4.2.1) in full
detail. The proof of the general case runs along the same lines modulo certain
technicalities, such as the uniform spectral compatibility, see (4.3.7). In order to
formulate the theorem, we first need to introduce a suitable norm.

4.3.1 The y-norm
We define the y-norm by

JU VW) = WU+ IV e+ Wl with [ o= [l + 962, (4:3.)

where x(€) is a positive function with mass 1, that is, y = ffooo x(&)d¢ =1, and it
is exponentially decaying with an O(1) parameter with respect to € (for example,
x(&) = %e“g‘). It is straightforward to check that the y-norm is indeed a norm;
and, in essence, it is a weighted W' '-norm. We also define the normed space X

X :={U,V,W) [ (U, VW)l < oo} (4.3.2)

The reason for using this particular norm, instead of a more usual one such as the
scaled variant of the H!'-norm used in [16], is that this x-norm is well behaved
with respect to differences in asymptotic behavior at spatial infinity. The need
for this is explained as follows. An N-front solution to (4.1.1) only asymptotes to
leading order to (—1,—1,—1) at £ = —o0, see Chapter 2. However, the skeleton
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solution which we use to approximate an N-front solution (see (4.3.6)), asymptotes
exactly to (—1,—1,—1) at —oo. Therefore, although the error is only of O(g)-size
at spatial infinity, the H'-norm of this error is unbounded. Since the tails of the
N-front solution and the skeleton solution are exponentially flat, the seminorm
|0¢.||z1 (all constants have norm zero) does not yield an unbounded error. To
make this seminorm ||J¢.||z1 into a norm, we add the component ||x.|/z:, which,
by the third assumption on y, also does not penalize errors at infinity. The first
two properties we impose on the weight y, positivity and mass one, make sure
that the y-norm uniformly dominates the L°°-norm.

Lemma 4.3.1. Let u,v be integrable functions such that ||ul|y, ||[v]|, < co. Then,
the x-norm has the following three properties:

fullL < lully, (4.3.3)
1Gxully < 2(Glrlully, (4.3.4)
luvlly < 2llullllvlly - (4.3.5)

where G in (4.3.4) is an L'-function (in this chapter typically a Green’s function),
and * the usual convolution.

Proof. The first property, (4.3.3), is established via the following inequalities:
u(z) —u(y) = [ ueds = |u()| < [7 Jugldé + |u(y)].

Multiplying by x(y), integrating over all y in (—oo,00), and recalling that x is
positive and has mass one, we find that

u(@)] < ueller + [2, x@u)ldy = Jlullz~ < [lully -

The proofs of the second and third properties, (4.3.4) and (4.3.5), heavily rely on
the first property. To prove the second property (4.3.4), we use Holder’s inequality,
the fact that (G * u)e = G * ug [36], the inequality |G * ul|zr < |G| p1]|ul/zr for
1 < p < o0 [36], and finally the above result (4.3.3),

|G ul| IX(G*u)lzr + (G * u)e] 22
XN lIG * ulloe + (|G * ug]| 2
|Gl llullLs + Gl [luel|£r
2[| Gl llully -

INIAINA

To prove the third property (4.3.5) observe that

Juvlly < fluxvllor + [luvell L + [loxull e + [Jouel| s
< lullze ffollx + lloll e llull
< 2lullllvfly -

This completes the proof. O
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4.3.2 The main result

In order to give an accurate formulation of the main result of this chapter, i.e.,
that the dynamics of an N-front solution of (4.1.1) is indeed determined by the
formally derived equations (4.2.1), we first need to introduce some more notation.
We define the stationary skeleton N-front solution ®r (&) by

®1(8) Uo(&;T)
Pr(€) = @208 | = Gv=*Uo(&T) ; (4.3.6)
®3(¢) Gw * Up(§;T)

in which Up(&,T) is the leading order approximation of the U-component of a
stationary N-front solution of (4.1.1),

AN 1
Uo(g,r) =-1 + Z(—l)z_l tanh <2\/§(§ - Fz)) . (437)

Here, I'; determines the location of the i-th front, more precisely, Uy(€) has its
i-th sign change at £ = I';. By definition, we have that I'; < I';;1, and since the
interaction of the fronts is semi-strong, we may assume that Al', =", — ['; =
O(e71), see Remark 4.3.1. The functions Gy,w(§) are the Green’s functions
associated to the stationary V and W-equations of (4.1.1) with U(§,t) = Up(€).
For example, Gy * Uy is the (exact!) solution of

1
0= E—QVgg +Uy—V. (4.3.8)
Straightforward computations yield that

1 E
Gy = ,igefslil, and Gy = —— —e DIl (4.3.9)

£
D

DN | =

which are both L!-functions with norm 1.

The graph of the functions ®r (&) forms an N-dimensional manifold My o. Note
that My o has a boundary My ¢ consisting of N —1 co-dimension 1 hyperplanes
at which I'; =T;4; (i =1,..., N —1). The evolution within My ¢ is (to leading
order) determined by (4.2.1). The dynamical skeleton N-front solution ®p)(§)
is defined to be an N-front solution (4.3.6) whose fronts I';(t) evolve according to
the ODE (4.2.1).

This ODE has been obtained under the assumptions that I'; < I';4; and Al; =
O(¢7!) (Remark 4.3.1). However, these properties are not necessarily conserved
by the flow generated by (4.2.1): two components I';(¢) and I';1(t) of a solution
of (4.2.1) may in principle cross and thus change order. See Section 4.4, in which
the dynamics generated by (4.2.1) is studied. In other words, the evolution of
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(4.2.1) may drive a solution towards the boundary OMy . Our methods — and
in fact all methods considered in the literature — break down in the strong in-
teraction regime, i.e., for solutions of the PDE (4.1.1) that have two fronts T';(t)
and T';11(¢) that become too close. In fact, we will see in the simulations pre-
sented in Section 4.4 that these fronts will in general annihilate each other in
the PDE, while their approximating counterparts will survive the collision and
move through each other in the ODE simulations — something that is impossible
in the PDE. Therefore, we define t,, = ¢,,(I'(0)) of a solution I'(t) of (4.2.1) as
the maximal time for which min; AT;(t) > e~'/2 for all time 0 < t < t,,. Thus,
[(t,,) is O(e~/2) close to My and t,, = O(e~?) since AT;(0) = O(s~!) by
definition and T;(t) = O(e) for all 4. Note that our methods in principle allow us
to extend our results into regions in which AT';(t) = O(e~7) for any o € (0,1), see
Remark 4.3.1. In that sense the choice for the critical distance, o = %, is some-
what arbitrary. However, it does provide us with a unique definition of ¢,,(I'(0)),
and none of the other possible choices for o appear to give more insight than the
present one. Note also that the fronts do not necessarily collide. In fact, I'(t)
remains bounded away from OMxy o for many choices of I'(0). In other words,
tm (I'(0)) = oo for large sets of initial conditions — see Section 4.4.

We can now formulate the main result.

Theorem 4.3.2. Let € > 0 be sufficiently small and assume that all parameters
of (4.1.1) are O(1) with respect to e. Let ®n(&,t) = (Un(&,1), VN(&, 1), Wn(&, 1))
be a solution of (4.1.1) which is O(e) close to the N-front manifold My att =0,
i.e., there is a T'(0) such that AT;(0) = O(¢~1) and

[@x (-, 0) = Doyl < Ce,

for some C > 0. Then, ®x(&,t) remains O(e) close to My for 0 <t < t,, and
its evolution is governed by (4.2.1), the leading order dynamics of the fronts of
Pr)(€). In particular, ®N(§,t) can be decomposed into

Ox(&t) = Pre(§)+Z(E,1) (4.3.10)
with
1Z( )|y < Ce forall 0 <t < ty,. (4.3.11)

This theorem establishes the validity of the N-front dynamics formally ob-
tained in Section 4.2.

By using an improved skeleton solution ®r(£) and the same RG procedure as
in this section, it is possible to improve on this result. For instance, we can prove
the existence of an attracting manifold My ; with the property that a solution
®n (€, t) with initial conditions @y (&, 0) starting only O(y/€) close to My 1, will
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eventually be O(£?) close to it. This manifold My ; is an O(e) correction to the
manifold My o. To determine the improved skeleton solution ®(¢) we need the
results of this section (with the normal skeleton solution ®r(§) (4.3.6)). There-
fore, this section can be seen as a first step in an iteration procedure to obtain an
attracting N-dimensional set My . with boundary 0 My . in the solution space
associated to (4.1.1). Away from OMy . the dynamics on My . is to leading or-
der governed by (4.2.1). Note that this analysis is somewhat subtle, for instance
since the speed of the fronts influences the corrections to the shape of the front
solutions in the higher order approximations (and vice versa). Nevertheless, this
iteration procedure can be performed by embedding the geometrical approach of
[15, 16] into the higher order RG method analysis — see [16], where the speed of
the interacting pulses determines the amplitude of the pulses at leading order. We
refrain from going into the details here. It should be observed that an iterated
refinement of the theorem does not yet necessarily establish whether or not My .
is actually a manifold. See also [2, 72].

We emphasize that the dynamics of the skeleton solution ®r(€) is only to lead-
ing order determined by (4.2.1). Because of accumulation of error, the predicted
front position could diverge by an O(1) for nonstationary solutions ®n(&,t) after
O(e71) time. However, at all points on the manifold the front dynamics are given
to leading order by (4.2.1), particularly for the configuration of steady states and
traveling waves.

The remainder of this section is devoted to the proof of Theorem 4.3.2, using
the RG method, as developed in [16, 55]. As was already stated, we only consider
the case N = 2 in full detail. For clarity, we note that (4.2.1) reduces to

I = % 2e (’y —aecM2—T) _ ge—5(2-T1)
: c ’ 4.3.12
fo = = 33 (3 ace®t) _gepwarn) (431D
in this case.
Substituting the decomposition (4.3.10) into the PDE (4.1.1), we find
OPr
Zi+ p D= R(®r) + LrZ + N(2). (4.3.13)

The residual R(®r) is defined as the error made by the skeleton solution (4.3.6)
and is determined by plugging (4.3.6) into the right hand side of (4.1.1). Since,
by construction, ®4 3(&) solve the second and third components of the right hand
side of (4.1.1) exactly for given ®1(§) = Up(&,T') (4.3.8), the second and third
components of the residual are zero. However, the first component R; # O:

R(®r) =
(Uo)ee +Uo — (Up)? — e (a(Gy * Up) + B(Gw * Up) +7)
0
0

(4.3.14)



152 Chapter 4. Interactions

The linear operator reads

9 +1— 307 —ca —ef3
Lr = = = (52352 - 1) 0 , (4.3.15)
; o h(Ea-)

Finally, the nonlinear term is given by
N(Z)=(-80:22 - 23, 0, 0)". (4.3.16)

The proof of the theorem now consists of several steps, which are all essential to
the RG method used [16, 31, 47, 55].

e Step 1: First, we bound the nonlinear growth term N(Z) (4.3.16), see
Lemma 4.3.4, and the residual R(®prg)) (4.3.14), see Lemma 4.3.5, that
occur in the PDE (4.3.13). See Section 4.3.3.

e Step 2: In Section 4.3.4, we analyze the linear operator Ly in Lemmas 4.3.6
—4.3.9. We determine that Lr has two small eigenvalues and that the rest
of its spectrum is well into the left-half complex plane. Moreover, we obtain
a bound on the x-norm of functions which do not have a contribution in
the direction of the eigenvectors W belonging to the small eigenvectors A4
associated to L.

e Step 3: Next, we start the RG method. We freeze a basepoint I'? := (T'9,T'9),
that is, we fix the front location, and we rewrite (4.3.13) once more, see
Section 4.3.5. Then, we project onto the eigenspace of the small eigenvalues
A+, to obtain the motion of the fronts I'; 5 (4.3.45), see Section 4.3.6. In
Section 4.3.7, we project onto the eigenspace Xto, the space perpendicular to
the eigenspace of the small eigenvalues Ay. The analysis of these projected
equations gives a bound on the size of the remainder Z(&,¢) in some time
interval [0,¢*], see Lemma 4.3.11.

e Step 4: At time t = t*, we renormalize by choosing a new basepoint I'! :=
(I'1,T1), and we show that the y-norm of the remainder Z(&,t) has the
same asymptotic magnitude as before renormalization, see Lemma 4.3.15.
Moreover, we show that the new basepoint I'" is near the location of the
fronts from the previous step at time ¢*, T'(¢*). A repetition of Step 3 and the
above observation then bounds the remainder Z(&,t) for all time (4.3.11).
See Section 4.3.8.

e Step 5: With this estimate on the remainder Z(€,t), we further investigate
the evolution of the two fronts I'y 5 (4.3.45), see Section 4.3.9. This validates
(4.3.12) and completes the proof.
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Remark 4.3.1. The results established in this chapter are valid under assump-
tion that the fronts I';1; and I'; do not interact strongly. To leading order, this
translates into AT'; = O(e~1), the assumption that has been imposed throughout
this chapter. However, the interaction between two neighboring fronts remains
semi-strong as long as AI';, = O(¢79), for some o > 0. All results remain valid
under this somewhat weaker assumption. The proofs for the more general results
may become slightly more technical, though, since it may be necessary to incorpo-
rate (straightforward) higher order calculations. Therefore, we refrain from going
into the details here.

Since the notation O(¢~7), ¢ > 0, plays a crucial role in this chapter, we re-
call its definition. A quantity Q(e) is of O(e~7) for some o > 0, if there exists a
C > 0, independent of ¢, and an g9 > 0, such that e7|Q(e)| > C for all 0 < € < €.

4.3.3 Nonlinearity and residual

In the section, we bound the norms of the nonlinear term N and the residual R,
but before we do so we compute bounds on @1, the first component of & (4.3.6),
in several norms.

Lemma 4.3.3. ||®]|, = O(1).

Proof. To compute the L'-norm of (®1)¢, observe that
1 , (1 , (1
(1) = 5\/i sech i\/é(g —T1) ) — sech 5\/i(g —Ty) ) ).
Since [I'y — 'y > Ce™? for some o > 0, we obtain that

[(®1)ellzr = H\/ﬁsech2 <;\@§> + exp. small = O(1).

L1

By the assumptions on x(§), we observe that also ||[x®1]r = O(1). O
Now, we establish the following bound on the x-norm of N(Z):

Lemma 4.3.4. |[N(Z)|l, < C{||Z:] + ||Zl||§’<}, where C is an O(1)-constant.

Proof. This follows immediately from (4.3.16), (4.3.5), and Lemma 4.3.3. O
Next, we bound the residual R.
Lemma 4.3.5. |R||z~ = O(¢), and | R||, = O(e).

Proof. We only need to prove the second bound on R, since the first bound
then follows from (4.3.3). Moreover, since Ry 3 = 0, we only need to consider the



154 Chapter 4. Interactions

x-norm of Ry. A short calculation shows that

(Uo)ee +Uo — (Uo)® = § (21 — 1) sech?(§v/2(¢ — )
sechQ(%\/i(g — Fg)) ,
which is exponentially small. Therefore, the leading order behavior of R; is given
by
Rl(q)r) = —¢ (Oé(GV * Uo) + 5(GW * UU) + ’7) . (4317)

Now, by (4.3.4), the fact that ||Gy,w|z: = 1, and Lemma 4.3.3, we obtain the
following bound for the leading order terms in Rj:
ella(Gv * Uo) + B(Gw = Uo) + 7«
e Clall|Gv Iz 1Uollx + 218|Gw L [[Uolly + [7])
e 2(lel + [BD1Tollx + [7]) = O(e) -

1Bl

IN A

4.3.4 Resolvent

In this section, we analyze the linear operator Ly (4.3.15), with I fixed. We start
by computing its spectrum o(Lr). The spectrum o(Lr) can be split in essential
spectrum oess(Lr) and point spectrum o, (Lr). The following lemma gives, to
leading order, the location of both parts:

Lemma 4.3.6. The essential spectrum cess(Lr) of the linear operator is contained
in the left half plane and bounded away from zero in an O(1)-fashion. More
precisely, to leading order,

R(0ews(Lr)) < max {_i _%, _2} , (4.3.18)
where the inequality is understood pointwise. The point spectrum op(Lr) of the
operator has, besides two negative O(1)-eigenvalues in the vicinity of —% (which
may be contained in the essential spectrum), two small eigenvalues Ay. The eigen-
value A_ is to leading order given by A\_ = —3v/2e%(aA? + %A%), where A solves
A2+ BAD =~. The eigenvalue Ay = O(et), with p > 2. The associated ‘small’
eigenvectors Wy are

Y1 F o R
Uy = 0 +e| Ry |, (4.3.19)
0 Rs
with
oU; 1 1
V12(§T12) = Ol = ~Vasech?( SV2(€—T12) ), (4.3.20)
T o| 2 2
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and where a straightforward computation yields that |R;||L~ = O(1),||R1||L1,
IR1llz2 = O(1), and [Ras|lrr, [[R23]72 = Oe™H).

Proof. The operator Lr is, to leading order, the same as the linear opera-
tor associated to a stationary 2-front solution as studied in Section 3.4. Hence,
its spectrum and its eigenfunctions are to leading order the same. Therefore,
only the statements about the error terms R;(£) do not follow immediately from
the previous chapter. Nevertheless, these estimates follow also directly from the
structure of the linear operator L1 and its eigenfunctions W.

Clearly, all the R;’s must be bounded and integrable (since W is an eigenfunc-
tion). The structure of Ry is determined by L;, the operator at the (1,1) entry
of Lp. Thus R; must decay exponentially with a O(1) rate, which implies that
IRl = O(1).

Since R 3 are determined by Lo 3, the second and third diagonal entries of Lr,
respectively, they will decay slowly with an exponential rate of O(g). Therefore,
both ||Ra3]|r1 and |[Ra3]2, are O(e™1), while ||Ra 3]z = O(1). 0

Note that 11 2(§) are strongly localized functions around ¢ = TI'; 2. Moreover,
[41,2]/1 = 2, see Lemma 4.3.3, and [|¢ 2]|2. = 2v/2. Also observe that in the
previous chapter, © = oo, which corresponds to the translation invariant eigen-
value AT = 0.

Lemma 4.3.7. The adjoint operator th of Lr has the same two small eigenval-
ues A+ as Lr. Moreover, the small adjoint eigenvectors \I/It associated to these
small eigenvalues A+ are to leading order the same as the small eigenvectors W
(4.8.19). Although the correction terms to the small adjoint eigenvectors, R;-r,
may differ from (4.3.19), their norms are of the same order.

Proof. The adjoint operator of Lr is given by L} = L%, so that th has the
same spectrum as Lr. The associated eigenfunctions can be computed by the
variation of constants formula, combined with the observation that the eigenval-
ues Ay are small. a

With these small (adjoint) eigenvectors at hand we split the normed space X
(4.3.2) into the eigenspace Xlg and its spectral complement X, where the eigen-
space XIQ is spanned by the two small eigenvectors ¥y (4.3.19). To project on
these two spaces, we introduce the spectral projection 7, which, in terms of the
small (adjoint) eigenfunctions W, W, is given by

(@,0) _— @’\Iﬁf)
(\II_’\IJT_) (\Ij+a\IJT|-)

mrd = v, (4.3.21)
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where (,) denotes the standard L?-inner product. Note that we have, by Lem-
mas 4.3.6 and 4.3.7,

1 Fipa R 1 Fiho R}
(\yi,qz;) = 0 el ”o |, 0 +e| RS

(Y1 Fh2, 1 F o)+ (1/11 F 1/J27RD +e(Rui, 1 F 42)
230 (R Rj)
= (Y1 F 2,01 F1b2) + O(e).

The complementary projection is defined by 7ipr = I — np. The spaces Xr and
X& are thus determined by

Xr={®ec X |ar®=0} and XF={PecX |ar®=0}. (43.22)

Since Lr is an analytic operator we can generate its semigroup by the Laplace
transform of the resolvent. We define the contour C

Ct)y:= {t—i|te(—o0,—v)}U{-v+Li]|te(-vv)}

U{—t+i | te (v,00)}, (4.3.23)

with v := %min{T_l, 61, %} The contour C splits the complex plane into two
pieces, one containing the small eigenvalues Ay, while the other piece contains
the rest of the spectrum of Lr and is bounded away from the origin in an O(1)-
fashion. Moreover, the spectrum o(Lr) is an O(1) distance away from contour C
(Lemma 4.3.6 and Chapter 3). See Figure 4.3. Thus, we generate the semigroup
S associated to Lr restricted to the space X (4.3.22) by the contour integral

1
SHF = — / M\ — Lp) " FdX, (4.3.24)
2mt Jo
where we assume that F' € Xp.
Lemma 4.3.8. Assume that F € Xy, then ® = S(t)F satisfies
1@l < Ce | F ]y, (4.3.25)

To prove this semigroup estimate, we first need to prove an intermediate lemma
on the resolvent:

Lemma 4.3.9. There exists a constant C' > 0 such that for all A\ an O(1) distance
from o(Lr), and for oll F € Xv (4.3.22), the solutions G to the inhomogeneous
problem (Lr — \)G = F satisfy |G|y < C||F||y-

Proof. First, we observe by (4.3.4) and (4.3.9) that the solution g; to the
inhomogeneous problem (L; — \)g; = f;, where L; is the operator in the i-th
element of the diagonal of (4.3.15), obeys

130l < Cll fillx (4.3.26)
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Figure 4.3: The contour C splits the complex plane into two pieces, one containing
the small eigenvalues AL, while the other piece contains the rest of the spectrum
of L. Moreover, the spectrum o(Lr) is an O(1) distance away from contour C.
See Section 3.3.2 for more details on the structure of oegs.

as long as A is at an O(1) distance from the spectrum o(L;) of L;. Note that this
is automatically satisfied for A which are O(1) distance away from o(Lr).

NEXt, we write G' = (gl, 92, g3)t and F = (fla f27 f3)t' Thenv
(Lo =N (L (La— N (2
2= (L= N (= 2) @=Ls-NT(H-5) .
By the above result (4.3.26), we know
l92.3llx < C (I f23llx + lgallx) - (4.3.27)
Next, we define
h(€) = fi+ea(le =N fo+eB(Ls —N) " fs.

So that g; is implicitly determined by

g1= (L1 —XN)" <h - ?(Lz —N7tg - %(% - >\)191> .

Hence, solving for g;

g1 = (1 + 570‘@1 —AN) Ly =N+ %(L1 — )" HLs — /\)‘1)_ (L1 —\)"'h.
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From (4.3.26) we obtain
1Ly = N7 (L2 = N =y = 0(1).

From the Neumann expansion of the inverse we have

—1
’ (I + ?(L1 SN Ly =N+ %(L1 YLy — /\)1> —0(1)
X—X
Thus, we find, again by (4.3.26)
lg1lly < CI(Ly =N hll < C(f1lly +ellfallx +ell f3lly) - (4.3.28)

The proof of the lemma follows from the combination of (4.3.27) and (4.3.28). O

Proof of Lemma 4.3.8. The contour C divides the complex plane into two
pieces, and the spectrum o(Lr)\ A+ is completely contained in one of these pieces.
Moreover, the spectrum is an O(1) distance away from the contour C. Since by
assumption F' € Xr, the result follows from Lemma 4.3.9. O

Remark 4.3.2. Because of the specific x-norm we use, it is possible that we
get extra point spectrum at the tip of the essential spectrum (compared to the
previous chapter). However, the essential spectrum is in the left half plane and
an O(1) distance away from the imaginary axis (4.3.18). Therefore, this ‘new’
point spectrum does not generate instabilities, and we can neglect it.

4.3.5 Initializing the renormalization group method

We use the RG method developed in [55], and adapted to singularly perturbed
problems in [16, 31, 47]. We assume that the initial condition ®2(£,0) = (U2(&, 0),
V2(€,0), Wa(€,0)) is close to the skeleton solution ®r-(£),

12511 == [|®2(:, 0) — Pr-

<9, (4.3.29)

for some I'*, see (4.3.6), and some & > 0. Then, the following lemma holds:

Lemma 4.3.10. Let 0 < ¢ < § < 1 be sufficiently small and let Do(&,t) and
Or« (&) satisfy (4.3.29).

a) There exists a unique smooth operator H : X — R? such that the function
Oro(€) with T :=T* + H(ZE) satisfies ZJ(€) = ®2(£,0) — Pro(€) € Xro.
Moreover, || Z0||, = O(9).

b) If Z5(&) € Xp, for a ®n(§) of the form (4.5.6), then there exists a C > 0
such that

T — T < C||1Zg]||T* = T| < Co|T* —T. (4.3.30)
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Figure 4.4: Schematic plot of the geometry of a curve of the 2-front solutions with
initial condition @5 in the (I", ®)-plane. It gives a geometrical interpretation of the
spaces X and Xto, and the perturbations Z;j and 7§ analyzed in Lemma 4.3.10.
Moreover, it also illustrates the manifold My o. The first part of the lemma states
that Z§ € Xto is small as long as Z; is small. According to the second part, if
Z* belongs to a Xp, then the distance between I'" and I'* is of the asymptotic
magnitude of the distance between I'* and T times the asymptotic magnitude of
Zg.

The first part of the lemma states that if the initial condition ®5 is close to
a function ®p- of the form (4.3.6), then there exists a basepoint I'* = (T',T9)
such that ®5 — ®o is also small, and it is perpendicular to the space spanned by
the small eigenvalues associated to Lro. Moreover, the mapping (®,'*) — T'°
given by I'? := I'* + H(Z) is smooth. The second part of the lemma concerns
situations in which one wants to shift from one basepoint to another: if the initial
perturbation is already perpendicular to the small eigenvalue space associated
to a Lg, then the distance |I'® — I'*| between the new basepoint I and I'* is
small compared to the distance |T* — T'| between the old basepoint T’ and I'*, see
Figure 4.4.

Proof. Consider a I'? such that ®5(&,0) = ®r«(€) + Z5(€) = Pro(€) + ZJ(€).
The condition ZJ(£) € Xro is equivalent to

mro(Zy) = o (Z5 + ®p« — ®ro) =0. (4.3.31)
By (4.3.19) and Lemma 4.3.7, this is equivalent up to O(¢g) to

AT, Z5) = ([Z5 + ®p- — roli, vu (1Y) =
AT, Z5) == ([Z§ + Pr- — Proly, ¥2(I9))

|
o

(4.3.32)

|
=
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where 1)1 2 are defined by (4.3.20) with I’y » = F?’% respectively. Note that, since
the adjoint eigenvectors are zero to leading order in the second and third com-

ponents (4.3.19), we do not need to consider the second and third components of
(4.3.31).

Observe that A;(I'*,0) = 0. The gradient of the map A = (A1, Ag) with respect
to 'O at (T'*,0) is given by

2 0
VoA ompe ge_gr = I1¥1lZe +0(e), 4.3.33
roAlro=r ,Zg=0) ( 0 _H¢2”%2 (€) ( )
where we have used that %[@1‘0}1 = F); to leading order, see (4.3.20). Thus,

the map T is uniformly invertible near (I'*,0) Hence, for § sufficiently small, the
implicit function theorem guarantees the existence of a unique smooth function
H(Z3) such that ®po with T := T'* + H(Z) satisfies (4.3.32), i.e., Z§ € Xro, as
introduced in the lemma.

To prove the second part of a), we observe that the implicit function theorem
also guarantees that H(Z3) is uniformly O(1)-Lipschitz and that H(0) = 0. This
yields

1251 125 + @r- — ®rolly < [[Z5]lx + [|®r- = Profly <4+ CT* — T

< S+ CIH(ZY)| <6+ CIH(ZE) —H(0)| < C6.

For part b), we observe that if Z§ € X then ([Z§]1,%:(T;)) = O(e). Since § > e,
substitution of this into (4.3.32) yields to leading order

[(toro = @r-l, wi@) | = [(1Z3h,wi(0D))]
M |(123)s, (wilFs) = 6arD))| -
Next, we use the mean value theorem and (4.3.20) to obtain

|[([®ro — @]y, (D)) | = [ (07™), i (T))||T° — T (4.3.35)

where T € (T'9,T'}). From part a) we know that |TY — T'f| = O(6), so that to
leading order in ¢

(4.3.34)

IN

@i (07™1), ()] = |1l |2 = O(1).- (4.3.36)

Combining (4.3.35) with (4.3.36), we find that the left hand side of (4.3.34) is
proportional to [I'® — I'*|. To bound the right hand side of (4.3.34), we use
property (4.3.3)

[(1Ze1, (i) = ws))| < NZahillas lis(Es) = (Tl

125 llxlls (L) = (@) 1 -

VARVA
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In order to control this L'-norm, we distinguish between two cases. First, assume
that |I' — T°| > 4, then

oo

1s(F2) = o011 < 2 / puldé =4 < |F—T9).

If T — T°) < 4, then we once more use the mean value theorem
[94(T3) = $aT)lles < |0 =T [ [ (T]())ldg = CIP =T

Thus, the right hand side of (4.3.34) is bounded by C||Z||y|T" — I'°|. Using the
triangle inequality on [T — I'°|, we obtain the desired result. a

Before we can initialize the first iteration step of the RG method, we need an
a priori bound on its time step. Let ¢; be the upperbound on the time step such
that the remainder Z stays smaller than /e, that is,

t; = irtlf{t [ NZC 8]y > Ve) . (4.3.37)

This time step bound is well defined, and it is positive, by continuity of the
remainder and by the assumption that the remainder is O(g) small at ¢t = 0,
see Theorem 4.3.2 and Lemma 4.3.10 a) with § = €. So, by construction the
remainder Z(&,t) stays O(y/e) small for all 0 < ¢t < ¢;. A very rough estimate
shows that ¢/ is at least (’)(5_%). The second time step bound, ¢, is

tr =

w -

1
W |log el , (4.3.38)

where we recall the definition of v from the line under (4.3.23). This second
bound arises naturally from the forthcoming analysis, see Lemma 4.3.11. The
actual time step bound, t*, is now defined as the minimum of the above two time
step bounds

t* ;== min {¢],t’} . (4.3.39)

We will show that ¢}, < ¢}, so that t* =t},, see Lemma 4.3.11.

With this definition of the time step bound, we begin the first iteration of the RG
method. We freeze the basepoint I' = (I';,I's) = (T9,T9) = I'Y with I'{ < T'J and
IT9 —TY| < O(e71), and we decompose the actual solution ®, into

D5 (&) = Pry (€) + Z°(&, ), such that Z°(£,t) € Xpo for all ¢ < t*, (4.3.40)

which can be done by Lemma 4.3.10 a). This decomposition transforms the
nonlinear PDE (4.3.13) into
Z)+ 9T = R+ LroZ° + ALZ® + N(29),
Z°(¢,0) = 73,

(4.3.41)

where AL := Lpr— Lyo, the secular term which measures the growth of the remain-
der Z° while I slides away from I'’, and Z = Z§ — ®p+ — ®o (see Lemma 4.3.10).
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4.3.6 Projecting onto the small eigenspace XFC;

In the next section, we project equation (4.3.41) onto the space Xro to derive
estimates on the remainder Z%(¢,t). Here, we project onto the eigenspace Xl(::),
the space spanned by the small eigenvectors of the operator Lro, to derive a rough
version of the equation of the motion of the two fronts I'y 5. Since Z°(¢,t) € Xto
for all ¢ < t* (4.3.40) and since the projection 7o commutes with the operator
Lo, we have that mpoLpoZY = Lrompo Z° = 0. We obtain the projected equation

P
o <88FF F) =mpo (R+ALZ° + N(Z7)) .
By definition of wro (4.3.21), this is equivalent to
P
( Sl ) ) (R+ ALZ® + N(2°), \IIL) : (4.3.42)

Observe by (4.3.6), (4.3.7), and (4.3.20) that

0<I>1 0P,
Ty ol .
a@r - 0Dy 0Dy L'y
- 81"1 8F2 FQ
9P; 0P

oTy,  oT2 (4.3.43)
— Iy + ¢2F2

—(Gv * 1/11)F1 + (Gy * 1/12)F2

—(Gw * Y1) + (Gw % 12Ty

On the other hand
(11,12) = exp. small, (1&“7?,1) =0(1), and
(Graw « 90 REa) < 1w * il [REaller = OO = O(1),

(4.3.44)

where R;?) are defined in the proof of Lemma 4.3.7. Therefore, (4.3.42) reduces
to leading order to

Nl lnlze \ 1y \ [ (BALZO+ N (20, W)

( —lnllzz a7 ) ( Iy ) (R+ALZ0 +N(ZO),\IJT,)
Note that the second and third components of R+ ALZ + N(Z) are identically

zero. Therefore, inverting the matrix of the left hand side, we obtain

I W(Rl—F[ALZO]l + [N(Z9)]1,v1)(1 + O(¢e)),

I, = Tz, (B1+ [ALZ)1 + [N(Z9)]1,42) (14 O(e)).

(4.3.45)

In Section 4.3.9, we will further investigate these two ODEs and we will validate
(4.3.12). However, to do so, we first need a better bound on the remainder Z°(¢, t).
This bound is obtained by projecting (4.3.41) onto Xro.
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4.3.7 Projecting onto Xro
Projection of (4.3.41) onto Xro yields

ZY = R+ Lo Z° + #ro (ALZ® + N(Z2°))

29(¢,0) = 73, (4.3.46)

with R = 7o (R — %f). The variation of constants formula applied to (4.3.46)
yields

t
Z0(¢,t) = S(t)Z) + / S(t—s)(R+ 7o (ALZ° + N(2°)))ds,  (4.3.47)

0
where S is the semigroup generated by Lro, see (4.3.24). The main result of this

section reads

Lemma 4.3.11. There exists a constant C > 0, independent of €, such that the
remainder Z°(&,t) stays O(e) small during one time step t* = 7, = ;-|loge].
More precisely,

1Z°¢, )|y < C (e Z0|lx +¢) <eC for te[0,t7]. (4.3.48)

Before we can prove this lemma, we need some intermediate results, Lemmas
4.3.12-4.3.14. As a preliminary step we define two useful quantities

To(t) = sup e Z°C,9)y - (4.3.49)
0<s<t

Ti(t) = sup |T(s)—TY. (4.3.50)
0<s<t

The first quantity measures the growth of the remainder Z° in the weighted x-
norm, and the latter measures the maximal distance a 2-front solution ®r has
travelled from its basepoint I'’. Observe that, by the assumptions on the time
step t*, To(t) = O(}/*). The fact that we have an a priori upperbound on Tj
is one of the reasons for imposing the special bounds (4.3.37) and (4.3.38). To
bound Ti(t) in terms of Tp(t), we need estimates on the nonlinear term N(ZY)
and the secular term ALZ°.

Lemma 4.3.12. There exists a constant C > 0 such that |[N(Z°)|, < C||Z°|2,
and ||[ALZ®||, < CT =T Z°||, fort <t*.

Proof. The nonlinear term N (Z°) has already been analyzed in Lemma 4.3.4.
However, we now have an extra assumption on the magnitude of the remainder
(4.3.37) and (4.3.39). Therefore, the bound on N(Z%) can be sharpened

IN(ZO), < c(]|[20]1\|i+||[20]1]|i) < CO|Z°2 fort<t*.(4.3.51)
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The bound on the secular term ALZY follows from
JALZ%, = |3 (93(T) — ®3() 2]
= 3 (BHT) — B3()) (2% [l: + 3 (B(T) — BI(T))
(1Z°0)elr + 13 (83(1) — D}(T9)), (2% |1
C {1193(r) = @3]~ |29, + || (93(T) (4.3.52)
— (), [ZO]1||L1}

< {0 =020 + I (@3() = B30, 122 2%, }
< O -1 2%y,
where we used (4.3.3) and the Lipschitz continuity of ®% and (®%);. a

Using (4.3.45), we can estimate T (¢)
Lemma 4.3.13. Ty (t) < C(et + Tp(t)?) for t € [0,t*].

Note that this implies that T3 () is at most O(/€).

Proof.

S t
7)) = s | [ Tusl< / IT,|ds

0<s<t

< {/Z (I(Ru, )| + [([ALZ0)1, )| + |(IN(Z °>]1,wi>)ds}

IA

c {/0 [illee (1Rl + IALZ%]x + [IN(Z%)]lx) dS}
< C{et+TTy+ 13},

where, besides (4.3.51) and (4.3.52), we used the fact that ¢; » € L', (4.3.3), and
Lemma 4.3.5. By assumption, Tp(t) is at most O(¢'/4), this completes the proof.
O.

For a sharper bound on Tj, we need estimates on the terms of the integrand
of (4.3.47).

Lemma 4.3.14. The terms of the integrand of (4.3.47) can be estimated by
IS(t = 8)7ro(ALZO)ly, < Ce " =9Tq||2°y
1S(t = 8)7ro (N(Z))]l, < Ce =923, (4.3.53)
St — s)R|y eCe V(=% ' fort € [0,t*].

IN
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Proof. The first two inequalities of (4.3.53) immediately follow from Lemma
4.3.12 combined with the semigroup estimate (4.3.25) and the observation that
projections are bounded in the y-norm. To prove the last bound, we need to show
that the asymptotic magnitude of R is O(¢). To do so, we observe that (4.3.45)
combined with (4.3.3) gives

P12 <O ([Rilly + IALZOly + IN(Z°)]ly) -

By Lemmas 4.3.5, 4.3.12 and 4.3.13, all three of the above norms are O(¢) for
t € [0,t*]. Therefore, I'1 3 < eC. Now, the second and third component of

R — aé%f‘ can be estimated using the above observation together with (4.3.43)
and (4.3.44)

|- (e )
X

H—(GV,W «)l1 + (Grw wZ)FQHX

eC||Gv,w * (1 + ¥2)|lx
eC'.

INIA

It is now obvious that the y-norms of the components Rzg are O(e). The first

component of R will also be O(e). To see this, observe that, up to exponentially
small terms,

ro(= G0 — Ghale = Iy [ 5000 — f | + Ta [uh — {lvg] |, (4.359)

where 9 = 1;(&TY), while ¢! = ;(&T;(¢)). Since the functions 1;(€) are

Lipschitz continuous and in L', we can bound the y-norm of (4.3.54) by

_ 0P, 09 ..
_— _ —_— <
o ( or, I or, FQ) . < OE\E,

where we again used that Fl)g < eC and lemma 4.3.13. The yx-norm of 7o Ry
is not larger than the x-norm of R;, and from Lemma 4.3.5 we recall that
|R1]lx = O(e). Therefore, ||R|, = O(e) for t € [0,t*]. O

With the above three lemmas, we can now prove Lemma 4.3.11.

Proof of Lemma 4.3.11. Taking the x-norm of Z%(¢,t') (4.3.47) at t =t/ €
[0,t*], we find
120G, ¢)llx < C{ N2y + fy e (e + Ta()]| 20 )l
+ 12°C, s)II2) ds} .

Multiplying the above inequality by et and taking the supremum over ¢’ € (0, t),
we find

To(t) < C’{TO() +e [Tersds + Ty(O)To(t) [1 ds + (T (t))QfOte*"Sds} —
To(t) < C{Tp(0) +eet + Ti(t)To(t)t + (To(t))*} .
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Next, we eliminate 77 (t) from the above inequality by using Lemma 4.3.13,
To(t) (L—eCt?) < C{Tp(0) +ee” +t(To(t)® + (To(t)*} . (4.3.55)

Since the time step t* < min{(Tp(t))~*,e~/2}, we can incorporate the cubic
term into the quadratic term, and we can conservatively underestimate the left
hand side by T"T(t) Thus, we obtain a simple quadratic inequality

To(t) < C{To(0) +ee” + (To(t))*} . (4.3.56)
Plainly, if (4.3.56) is satisfied, then so is (4.3.55). To study the inequality (4.3.56),
we look at the related quadratic equation in Ty(t),
1

(To(t))2 - aTo(t) + To(O) + Eeyt =0.
Since Ty(0) 4 ee¥t < O(3/%) <« 1, both roots of the quadratic, r; 2, are real and
positive. To leading order, they have the form
b
2C°
Thus, the values of Ty(t) satisfying (4.3.56) lie in the domain 0 < Tp(t) < r; and
To(t) > re. Moreover, since Tp(0) < r1 and Tp(t) is continuous, we know that

ry = 2C (TO(O) + Ee”t) and 79 =

Ty(t) < r1 = 2C (Tp(0) + e€**) (4.3.57)

for all t < ¢*. Using the definition of Tp(t) (4.3.49) we have completed the proof.
O

4.3.8 Iteration

In Sections 4.3.5-4.3.7, we performed one step of the RG procedure. We found
that in the time interval [0,¢*] the remainder Z°(¢,t) with respect to the decom-
position (4.3.40) stays O(e) small. The next step of the RG procedure is to choose
at time ¢ = t* a different basepoint, I'! := (T'{,T%), and to decompose the 2-front
solution ®, with respect to this new basepoint, as follows:

Dy (&,t) = Pre (£) + Z1(&,t), where Z'(€,t) € X for all ¢ € [t*2t*],(4.3.58)

see Figure 4.4 (with, in notation of this section, I — I'%,T* — I(t*),T% —
'z — 720,z; — Z°t*), and Z§ — Z}). The idea of the RG method is
now to restart the procedure of Sections 4.3.5-4.3.7 with the same PDE (4.3.41),
however, with the new basepoint I'! and the new initial condition Z}, and to
show that the remainder Z'(¢,t) stays O(e) small in the interval [t*,2t*]. Of
course, one first has to prove that this new basepoint I'! is not too far away from
the location of the front at the end of the first time step I'(¢*), more precisely,
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that the renormalization has no leading order influence on the dynamics of the
fronts, and that the new initial condition Z3(§) := Z1(£,t*) is of order O(e).
This first step will be proved in Lemma 4.3.15. Then, to show that Z*(£,t) stays
O(e) on the time interval [t*,2t*], we note that the analysis on [0,t*] presented
in Sections 4.3.5-4.3.7 depended only on the asymptotic magnitude of the initial
condition and on the length of the time interval. Hence, because these quantities
are of the same size for this second time interval, the analysis of those sections
may be repeated to directly yield that Z1(¢,t) stays O(e) small on [t*, 2t*].

Lemma 4.3.15. Let Z}(€) denote the initial condition of (4.5.41) on the second
interval [t*,2t*], (4.3.58). Then,

IP' —T(t")] = O(?|logel) and [ Z;]lx = O(e).

Proof. Since Z°(¢,t) € Xro for all ¢ < t* (4.3.40), (4.3.30) in Lemma 4.3.10
yields

Pt = T(#)] < CI0(E) =T Z°C, ) -

We use the definition (4.3.49) of T, and Lemma 4.3.13, together with Lemma 4.3.11,
to further estimate the right hand side of the above inequality

Tt =T(@)] < CI(t) = TOZ°C, )l

< C(elloge| +T3) 12°C, )1

< O (eltogel + (12811 +¥4)°) 112, ¢l
< C<€|log€|+(€+s3/4)2)5

< C&%|loge].

By continuity of ®»(£,t) in ¢t = t* and Lipschitz continuity of ®p)(§), we can
now estimate || Z3|

1Z3lx < 125 = Z°C,t9)llx + 12°C, ) x
< [ @2(8, ) = Prger)(€) — P2(§, ) + Pra(§)lx + 12°C, 1) lIx
< Ot =TE)+12°C, )]l
< C(e?|loge| +¢) <eC.
This proves the lemma. a

4.3.9 Completion of the proof of Theorem 4.3.2

In this section, we finish the proof of Theorem 4.3.2. In the previous section,
we established that the remainder Z(¢,t) also stays O(e) small in the second
time interval. Repeating the same arguments, we can show that by choosing a
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new basepoint I'? at 2¢t* the remainder Z2(£,t) also stays small in the interval
[2t*,3t*). By this iterative procedure, and since t* > 1, we can now conclude
that the remainder Z(&,t) stays O(e) small up till ¢™, that is, up to the moment
we approach the boundary OMsz . Here, the analysis of the previous sections
breaks down since the fronts approach the strong interaction regime, so that the
inner product (1, 12) is no longer exponentially small, i.e., the fast fronts are no
longer strongly localized. For instance, the derivation of (4.3.45) heavily relies on
this fact. This proves (4.3.11).

To prove (4.3.12), we further analyze the expressions for I'; 5 (4.3.45). Since
we know that the y-norm of the remainder Z(¢,t) is O(g) small for all time up
to t™, we conclude from (4.3.52) and (4.3.51) that

([ALZ]1,412) = O(?|logel),  (IN(Z)]1,91,2) = O(€%).

Now, the inner product involving R; is O(g). Therefore, the above terms are of
higher order, and we can neglect them in (4.3.45). After neglecting exponentially
small terms, the residual R; is given by, see (4.3.17),

Rl(q)r) = —€ (OL(GV * Uo) + ﬂ(GW * Uo) + ’y) .

The projections of Gy, * Uy can be explicitly computed using (4.3.7), (4.3.9),
and (4.3.20) — see also the Melnikov integrals of Chapter 2. To leading order, we
obtain

(R, th1,2) = =22 (7= ae =) - ge= BT

Finally, since |[¢;]|2, = %\/Q, the evolution of T'; 5 is to leading order indeed given
by (4.3.12). This completes the proof of Theorem 4.3.2. m]

4.4 The dynamics of N-front solutions

In this section, we analyze the dynamics of the fronts of N-front solutions. The
system of ODEs describing the evolution of these fronts was formally derived in
Section 4.2, and this derivation was made rigorous in the previous section, see
Theorem 4.3.2. In Section 4.4.2, we classify the dynamics of all possible 2-front
solutions, showing that the two fronts move toward a stable 1-pulse solution if
and only if the system parameters are such that the 1-pulse solution is stable (for
these parameters) and such that there is no unstable 1-pulse solution in between
the initial data and the attractor. In Sections 4.4.3 and 4.4.4, we prove similar
results for 3-front and 4-front solutions, respectively. For example, we determine
the stability of front-solutions for which one or more of the fronts travel to infin-
ity. To prove all the statements of these three sections, it is useful first to prove a
statement for general N-front solutions. That is, N-front solutions for N odd are
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not stationary, while N-front solutions for N even do not travel with a uniform
O(e) speed. This will be proved in the first section.

Note that Theorem 4.3.2 states that the derivation is valid up to time t,,, which
can be +o0o. After t,,, the fronts enter the strong interaction regime. Here, the
system of ODEs no longer describes the dynamics of the fronts. For example, two
components of the system of ODEs can cross, while this is not possible in the
PDE case. The following conjecture is backed up by the numerical simulations,
see Figures 4.7 and 4.10.

Conjecture 4.4.1. A pair of colliding fronts of the PDE (4.1.1) disappears for
O(1) parameters with respect to .

This yields that after collision between two of the fronts in the ODE de-
scription, these two fronts should be removed from the system. Therefore, the
N-dimensional system of ODEs reduces to an IN-2-dimensional system.

Remark 4.4.1. The trivial dynamics of a 1-front solution is completely captured
by Lemma 4.2.1.

4.4.1 N-front solutions with N even and N odd

In this section, we investigate the differences between odd and even N-front solu-
tions. By studying the total movement of the N fronts, we can prove the following
lemma:

Lemma 4.4.2. Let 0 < ¢ < 1 be sufficiently small, and assume that all other
parameters in (4.1.1) are O(1) with respect to €. Moreover, assume that v # 0.
Then, for N odd, there exist no stationary N-front solutions to (4.1.1), and for
N even there exist no uniformly traveling N-front solutions with O(e) velocity.

Proof. We begin with the case of N odd. The speed of the i-th front is given
by (4.2.1). Summing these front velocities over all N and noting the pairwise
cancellations of terms for adjacent fronts, we find that for N odd,

> L) 3\/557. (4.4.1)

T2

Thus, there must be a net movement of the fronts in the direction given by the
sign of 7. The assumption that v # 0 now proves the first part of the lemma.

For N even, the sum of N components is to leading order zero, see again (4.2.1).
This yields that, there can be no net movement of the IV fronts. Therefore, it is
not possible to have a uniformly traveling N-front solution with an O(e) speed.
O
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Corollary 4.4.3. For N odd, at least one of the fronts of an N-front solution
has to travel to +00, where the sign is determined by the sign of v. If N is even
and one of the fronts of an N-front solution travels to oo, then at least one of
the other fronts has to travel in the opposite direction, i.e., to Foo.

It is of interest to observe that the dynamics of an N-front solution for which
one of the fronts is far away from all of the others can be completely understood
from the dynamics of an (IN-1)-front solution and those of a single front, inde-
pendently. In this case, to leading order, the system of ODEs for the N-front
solution breaks up into the ODE (4.2.7) for a 1-front solution and a system of
ODEs (4.2.1) for an (N-1)-front solution. Since for N odd always at least one
of the fronts travels to +oo, this yields that, when looking at a fixed interval,
an N-front solution with N odd will eventually behave like an M-front solution,
with M < N even.

Remark 4.4.2. In the nongeneric case where v = 0 there do exist stationary odd
N-front solutions.

4.4.2 The 2-front solutions

The dynamics of the fronts of a 2-front solution can be deduced in a straightfor-
ward fashion from (4.3.12). Observe that the fronts travel with opposite velocities.
Therefore, we can rewrite the system of ODEs for the front dynamics as one ODE
for the dynamics of the distance, AI' :=T's —I'q,

AT = 3v2¢ (ae AT + Be DA — ) . (4.4.2)

The fixed points AI'.,i € N, of this ODE coincide with the solutions of the
existence condition for standing 1-pulse solutions as derived in Chapter 2. In
particular, there are either zero, one, or two solutions, depending on the signs of
«, 3, and on the size of a 4+ ( relative to 7y, see Lemma 2.2.2 in Chapter 2. The
stability of these particular standing 1-pulse solutions is determined by the sign of

the small eigenvalue \; := —3v/2¢2 (c)afEAFi + %ef%AFi), see Chapter 3. On

a case-by-case basis, we draw the following conclusions about solutions AT'(¢): If
(4.4.2) has no roots, then AT'(¢) tends to oo for all initial data ATL'(¢) if and only
if ¥ < 0, otherwise it tends to 0. If (4.4.2) has one root AT'L, then if it is stable
AT (t) tends to AT'L, whereas if it is unstable AT'(t) tends to 0 or to oo, depending
on the sign of AT'(0) — AT'L. Finally, if (4.4.2) has two roots, one stable AT'l and
the other unstable AT'?2, then we distinguish two cases: Firstly, if ATl > AI'2
then initial conditions larger than the unstable root, that is, AT'(0) > AT'2 tend
to AT'l, while smaller initial conditions tend to 0. Secondly, if ATl < AI'2 then
initial conditions smaller than the unstable root, that is, AT'(0) < AI'? tend to
AT'L, while larger initial conditions tend to co. This yields the following lemma:

Lemma 4.4.4. The fronts of a 2-front solution AT'(t) asymptote to a standing
1-pulse solution with width AT = ATL if and only if this 1-pulse solution is



4.4. The dynamics of N-front solutions 171

stable and there is no unstable standing 1-pulse solution determined by AT'? with
AT(0) < AT2 < AT or AT(0) > AT'2 > AT

Proof of Lemma 4.4.4. Equation (4.4.2) has at most two fixed points AT'L?
for a given parameter combination (Lemma 2.2.2). The stability of these fixed
points is determined by

OAT
AM=—=. 4.4.
1= 5AT (4.4.3)
Since (4.4.2) is a 1-dimensional, autonomous ODE, this proves the lemma. O

See also Figure 4.5, where we plotted AT as function of AT, as well as the solu-
tions of the ODE (4.4.2) and the PDE (4.1.1) for two different initial conditions.

Due to the symmetry of the PDE (4.1.1), we immediately obtain a result on ‘2-
back solutions’, that is, solutions that asymptote to (+1,+1,+1) at —oo. These
2-back solutions turn out to be relevant for understanding the dynamics of 3- and
4-front solutions, see the next two sections.

Lemma 4.4.5. The ODE
AT = 3v2e (ae 2T 4 Be™ P21 4 7). (4.4.4)

describes the evolution of the distance between the fronts of a 2-back solution
AT'(t). The fronts approach a standing 1-pulse solution (which asymptotes to
(+1,+1,+1)) with width AT = ATL if and only if this 1-pulse solution is stable
and there is no unstable standing 1-pulse solution (which asymptotes to (+1,+1,
+1)) determined by AT'? with AT'(0) < AT'2 < AT or AT(0) > AI'2 > AT'L.

Finally, it is worth noting that for AT > e~1, (4.4.2) reduces, to leading order,
to AT = —3v/2ev, and the dynamics is, just as in the case of 1-front solutions,
completely determined by the sign of 7. More specifically, the two fronts have a
weak tail-tail interaction (AT > e71), and they can be interpreted as two single
1-front solutions, see Lemma 4.2.1.

4.4.3 The 3-front solutions

The dynamics of the fronts in 3-front solutions is quite rich. We deduce condi-
tions under which 3-front solutions for which one of the outer fronts travels to
+o00 are stable, see Corollary 4.4.6 and 4.4.7. Moreover, we prove the existence
of uniformly traveling 3-front solutions, see Lemma 4.4.8. The presence of the
second inhibitor component W is necessary for the validity of this lemma, i.e.,
Lemma 4.4.8 does not hold for a two-component version of (4.1.1).
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Figure 4.5: In these frames the parameters are («,f,7v,D,7,0,e) =
(6,—5,—2,5,1,1,0.01). In the upper left frame, we plotted AT (4.4.2) as a func-
tion of AT. Observe that AT has two zeroes AI‘}J2. The first zero is AI‘i =~ 109,
and the associated eigenvalue is A1 (AT'L) < 0. The second zero is AI'? ~ 440,
and the associated eigenvalue is A\;(AI'?) > 0. Therefore, the 1-pulse solution
with width AT} is stable, while the 1-pulse solution with width AI'? is unsta-
ble. In the upper right frame, we plotted the evolution of the pulse distance AT’
according to the ODE (4.4.2) for two different initial conditions, one just below
the unstable stationary width AI'2, and one just above this value. In the lower
two frames, we plotted the evolution of the U-component of the PDE (4.1.1) for
(approximately) the same two initial conditions. These plots are obtained from
numerical simulations of (4.1.1). We observe that the dynamics of the two fronts
I'1,2 agrees to within the error of the asymptotic approximation with the dynamics
of the derived ODE (4.4.2). More specifically, in the lower left frame the distance
between the two fronts, AI', approaches 115, which is to leading order the same
as AT'L ~ 109 (since 115 = 1.09e 71 4+ O(1) for £ = 0.01). In the lower right frame
the two fronts diverge, as described by Lemma 4.4.4.
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The system of ODEs describing the leading order behavior of the dynamics of
these three fronts, up to collision, reads

N, = SV2e (v + o (—eg(rl_m) + es(rl_r3))
+ 3 (76%(111*1“2) + e%(FrFS))) ,

Iy = —% 2e (3/ +a (—eE(F:*FZ) + eE(FZ*FS)) (445)
+ 4 (_eﬁ(Fl—FQ) T eﬁ(Fz—Fs))) ,

Iy = 3V2e (v+« (—€€(F17F3) + eE(FTF?’))

+ 1 (_e%(H—FB) + e%(Fz—Fs))) .

By Lemma 4.4.2 and Corollary 4.4.3, we know that there are no stationary 3-front
solutions, and that at least one front has to travel to +oo.

To get additional insight in the dynamics of a 3-front solution, we first assume
that (at least) the third front travels to +00. Another case, in which I's does not
go to 400 and in which the leftmost pulse travels to —oo, will be discussed later
on. We introduce four new coordinates

2
B;=e¢ 75 for i=1,2,3 and ¢ = g\/é%t. (4.4.6)
The rescaling of time absorbs the terms in front of the parentheses of (4.4.5) into
the time-variable. The transformations of I'; are such that the fronts traveling
to 400 now travel to 0, while fronts which previously travel to —oo now travel
to +00. In the new coordinate system, the assumption I'1 < I's < T's reads
B; < By < By, and the system of ODEs (4.4.5) transforms into

B = -Bi(v+a(-S+2)+8(-2+5)),
By = B(v+a(-B+52)+0(- 2+§—;)), (4.4.7)
By = —33(74-0&( %—FB )+5( 3+%‘;)>-

This system of ODEs possesses the line(s) of fixed points (B, Ba, B3) = (B,
B, By,0), where B, solves

aBP + 6B, = . (4.4.8)

We note that this condition is the same as the existence condition of a standing
1-pulse solution of Chapter 2, as well as that of the fixed points of (4.4.2) after
the coordinate transformation. Hence, equation (4.4.8) has, depending on the
parameters, 0, 1 or 2 solutions. Recall that Bs = 0 corresponds with the third
front T's traveling to infinity. Therefore, this coordinate transformation (4.4.6)
enables us to study fixed points at infinity [46].
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Under the assumption that there exists at least one line of fixed points, that
is, that there exists at least one B, solving (4.4.8), we determine the stability
of one of these fixed points, which we call By = By(B1;By). The linearization
around B; yields

—(aDBP + 8B.) aDBP~1 + 3 —f
aDBP+ + 3B2 —(aDBP +38B.) 2
0 0 —y

This matrix has three eigenvalues: \; = 0, \; = —2(aDBP +3B,), and \3 = —~.
The third eigenvalue A3 implies that the fixed point By is stable only if v > 0,
which is consistent with the fact that v < 0 implies a net movement to —oco, see
(4.4.1). The sign of the second eigenvalue As is the same as the sign of the small
eigenvalue of a standing 1-pulse solution, see (4.4.3) and Chapter 3. Therefore,
this fixed point By is only stable if v > 0 and the corresponding standing 1-pulse
solution is stable. In this case, the line of fixed points is normally attracting.

The eigenvectors belonging to the eigenvalues read

1 1 Ky
€1 = B* , €2 = —B* ,€3 = KQ y
0 0 1

where Ko are some computable constants. We observe that the eigenspace
belonging to the neutral eigenvalue \; is, as expected, exactly the line of fixed
points belonging to B¢. Therefore, this eigenvalue can be seen as a translation
invariant eigenvalue, i.e., only the distance between I'; and I'y (or the ratio of
B; and Bs) is important and not the actual location. Therefore, A\; generates
no instabilities, and we have shown that a fixed point By is stable if and only if
v >0 and aDBP + 8B, > 0, where B, solves (4.4.8). Transforming back to the
original coordinates, we have proved the following corollary:

Corollary 4.4.6. Let B, solve (4.4.8). Then, the 3-front solution for which
the third front I's travels to 400 and the other two fronts I'y o asymptote to a

1-pulse solution with width —glog B, is attracting if and only if v > 0 and
aDBP + 3B, > 0.

See also frame I11 of Figures 4.6 and 4.7 for a plot of the system of ODEs in
the original coordinates and a plot of a numerical simulation of the PDE (4.1.1),
with system parameters satisfying the above corollary.

A similar analysis can be performed for the dynamics of fronts traveling to —oco.
However, we now have to use a slightly different coordinate transformation

2

T for i=1,2,3 and t':gﬁ%t. (4.4.9)

Ol»

Ci:e
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Figure 4.6: In these six frames, we plotted 6 different types of behavior of the
fronts of a 3-front solution with sgn(a) = sgn(8). The values of (o, 3,v) vary
from frame to frame, (D,¢) are fixed at (5,0.01). In the first and third frames
the 3-front solution evolves to a stable 1-pulse solution combined with a front
traveling to +o00. In the other four cases, two of the fronts collide, and the system
of ODEs (4.4.5) no longer describes the dynamics of the fronts of a 3-front solution
to the PDE (4.1.1) after the collision. Compare this figure also with Figure 4.7,
which shows the front locations in the corresponding PDE simulations.

In these new coordinates, the system of ODEs has the line(s) of fixed points
(C1,C4,C5) = (0,C.Cs5,C3), where C, solves

aCP + 8C, = —, (4.4.10)

which is the existence condition for a standing 1-pulse solution with (U, V, W) (%o00)
=(1,1,1) + O(e), as well as the condition to have fixed points of (4.4.4), see also
Chapter 2. A linear stability analysis comparable to that of previous paragraph
yields the following corollary:

Corollary 4.4.7. Let C, solve (4.4.10). Then, the 3-front solution for which
the first front I'y travels to —oo and the other two fronts I's 3 asymptote to a
1-pulse solution with width —2logC, is attracting if and only if v < 0 and

aDCP + BC, > 0. :

From lemma 4.4.2, we know that uniformly traveling 3-front solutions may
exist. It turns out from the next lemma that a necessary condition for this type
of solution to exist is that the parameters a and 3 have different signs. Thus, the
third component of the PDE (4.1.1) is strictly necessary for the system to support
traveling 3-front solutions; the two-component limit of the PDE, i.e., the system
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Frame 1: (cc, B, ¥)=(5, 2, -1) Frame 2: («, P. ¥)=(3, 2, -6) Frame 3: (c, B, ¥)=(3, 4, 2)
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Frame 4: (ct, B, ¥)=(3, 1, 5) Frame 5: («, B, ¥)=(-6,-4, 1) Frame 6: (c, B, v)=(-3, -4,-1)
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Figure 4.7: In these six frames, we show simulations of the PDE (4.1.1) for the
same parameter values and the same initial conditions as in Figure 4.6. Thus, the
values of («, 8,~) vary from frame to frame, while the other parameters (D, ¢, 7, 6)
are kept fixed at (5,0.01,1,1). The black regions indicates that the value of
U = —1, while white indicates U = 1. In all the six frames, one of the outer
fronts travel to +00, depending on the sign of v, see Corollary 4.4.3. In frames 1
and 3, the two other fronts form a stable 1-pulse solution. In frames 2,4, 5 and 6,
the other two fronts collide and disappear, see Conjecture 4.4.1. The dynamics
of the remaining fronts after these collisions is described by (4.2.7). Note that in
all six cases the actual spatial domain of the simulation was [—1000, 1000]. So,
we have zoomed in on the spatial domain where the interesting dynamics takes
place.
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of PDEs without the third component and with 8 = 0, see the previous chapters,
does not support uniformly traveling 3-front solutions.

Lemma 4.4.8. If the sign of a and B are the same, then there exist no 3-front
solutions traveling with uniform O(e) speed to 00. However, when the assump-
tion is dropped, there exist parameter combinations for which (4.1.1) supports
uniformly traveling 3-front solutions.

Proof. By (4.4.1) each of the fronts of a uniformly traveling 3-front solution
has to travel with speed %\/Qav. Plugging this into (4.4.5), we find

—2v=3 (a (,65(1‘171“2) + 66(F1*F3)) +p5 (76%@1*1‘2) + e%(lﬁfl‘s))) ,
—4y =3 (a (—esT17T2) esM2=Ta)) 4 g (—e5(=T2) 4 e 5(2=Ta))) (4.4.11)
—2v=3 (a (,65(1‘171“3) + 65(F2*F3)) +75 (76%@1*1‘3) 4 e%(rzfl‘s))) .

The third equation is a linear combination of the first two equations. Therefore,
we can neglect the third equation and solve the system of the first two equations.
Moreover, since only the distances between the fronts are important, there are
only two unknowns, I'y —I'; and I's — I's. So, a priori, system (4.4.11) is solvable.
Rewriting the first two equations, we find the equality

%a (es(Fl—F2)+e€(F2—F3)) 15(613(1‘1 I‘2)_|_6D(1‘2 I's)) _

aes(rl F3)+ﬂeD(Fl Fs) (4412)

By construction I'y < T'y < T'3, therefore the following two inequalities hold:

ecT1=Ts)  ee(l2=Ts) , ecT1=Ts) o ge(Ti=T2) (4.4.13)

This yields that equality (4.4.12) cannot be fulfilled if sgn(a) = sgn(5). There-
fore, there cannot be uniformly traveling 3-front solutions if a and 8 have the
same sign.

To show that there are parameter combinations for which (4.4.12) holds if sgn(«) #
sgn(3), we prescribe the parameters o # 0, D, € and the front positions I'1, ', I's,
and choose (3 as solution of (4.4.12), i.e

1( e(l'1—T'3) _’_ee(Fz*F:ﬁ)) — £(l1—T's)
ﬁ = -« 1 2 e

5(e p(T1-T2) 4 o 5T Fs)) e T1—-T3) ~

By (4.4.13) the numerator, as well as the denominator, are positive, and therefore
0 is well-defined, nonzero (and sgn(a) # sgn(()). The first equality of (4.4.11)
now determines a value of the last free parameter v for which (4.4.11) is solved
and a uniformly traveling 3-front solution thus exists. Note that this construction
works for all given initial parameter combinations («, D,e,T'1, T2, T'3). a
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Figure 4.8: In the left frame,
front solution.

we plotted a uniformly traveling 3-
The system parameters read

O[,B,’)’,D,T,Q,E)
(1,—0.430454, —0.00266715,2,1,1,0.1). Note that 3 and - are constructed by the
method described in the proof of Lemma 4.4.8 with (I'y,T'3,T'3) =

—~

—20,3,25). In

(
the right frame, we plotted a uniformly traveling 5-front solution. Here the system
parameters read (o, 8,7, D, 7,0,¢) = (1, —0.650548, —0.0230866, 2,1, 1,0.1).

See Figure 4.8 for a uniformly traveling 3-front solution. In the same figure a

uniformly traveling 5-front solution is shown, the existence of this type of solu-

tions can be proved by similar (but more involved) arguments. This gives rise to
the following conjecture:

Conjecture 4.4.9. For every N odd there exist uniformly traveling N -front so-
lutions. For every N even there exist stationary N -front solutions.

We refer to the previous chapters for the proof of this conjecture for N = 2,4.

4.4.4 The 4-front solutions

As N increases, the dynamics of the NV fronts naturally becomes more and more

complex. A 4-front solution may, for example, evolve toward one of three types
of stationary patterns, the ground state, a 1-pulse solution, or a 2-pulse solution,

see Figures 4.9 and 4.10. The system of ODEs describing the evolution of the
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four fronts, up to collision, is obtained from (4.2.1) with N = 4,

I = §\[5 (v+a(—e e(T1—T3) 4 pe(T1—Ts) _ es(l"l—l"4))
+ B (—eBT1T2) 4 oB(T1-Ta) _ o5 (T1-T0))) |

Iy = —f\fa ('y—|—a(_ e(P1-T2) 4 oe(T2-Ts) _ g(rrpn)
+ ep(T1=T2) 4 o5(T2=Ts) _ oFH5(T2-Ta)))

Iy = 3\?(5 (7 + & (—e=Tr=Ts) 4 ee(a=Ts) _ 5(23)_F4)) (4.4.14)
+ B (—eDMTs) 4 e5T2-Ts) _ o5 (Ta—T0))) |

I, = —*\/>€ (’y—l— o (— e(P1-Ta) 4 ee(M2-Ta) _ ¢ (1"3_1"4))

+ B (- e (T1-Ta) 4 o5 (T2—Ta) _ e%(stm)))_

Of course (4.4.14) has quite some structure, for instance Z?Zl Iy = 0. In fact,
the system has a 2-dimensional invariant manifold

Mo == {(I'1(t), T2(t),T'3(2), Ta(t)) Pa(t) = —T1(¢), T'3(t) = —T2(t) } . (4.4.15)

The manifold Mg can be interpreted as representing the dynamics of symmetric
2-pulse solutions within the larger family of 4-front interactions. Hence, if M,
is attracting then the fronts will organize into two pairs of pulses, i.e., the front
dynamics evolve into pulse dynamics.

Moreover, the fixed points of My can be determined by solving 1'_‘1_’2(1}) = 0.
These equations yield

0 — ,.y + a (765(1_‘171—‘2) + 66(F1+F2) _ €2€F1
+8 (—epT1=T2) e MtT2) _  25T1)
O — ,y _|_ a (_es(Fl—FQ) _ eS(F1+F2) + €2€F2

+8 (—eBT17T2) — eB5(T1+Tl2) | e25T2)

which coincides with the existence condition of stationary 2-pulse solutions con-
structed in Theorem 2.5.1 of Chapter 2. The analysis of the previous chapter
establishes the (in)stability of the fixed points of My, i.e., of the symmetric sta-
tionary 2-pulse solutions.

Lemma 4.4.10. If a« > 0 and 8 > 0, then the manifold Mg (4.4.15) is normally
attracting (linearly stable), while it is normally repelling if o« < 0 and 5 < 0.

Proof. We linearize about points on M. After a suitable rescaling of the
time, we obtain that the linear evolution of the perturbation v is given by the
matrix equation

1'}1 .A C -D & (%1
1.12 _ C B F -D V2
s | | -D F B C vy |’
’l.)4 £ -D C A V4
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where

A=—C+D—€,B=—C+D—F.C=adid;' Y BAP AT
—OéA1A2+,6A A S—aAQ—i—ﬂA —aAQ—i—ﬁAg,aundA—eEF

Note that this matrix is singular since adding all the rows yields (0,0,0,0), and
that it is symmetric across both diagonals. The eigenvalues and eigenvectors of
the matrix read

A =0, 31:[1 1 1 l]t,
Ay = *Q(C — D), ey = [1 -1 -1 l]t ’
Az = K3, es=1[1 Lz —Ls —1]t, (4.4.16)
A3 =Ky, es=1[1 Ly —Ly4 —l]t,

where K; and L; are known constants. The eigenvalue-eigenvector pair A\; and ey
correspond to uniform translations of the 4-front solution. Small perturbations in
the direction of e; cause the positions of the four fronts to shift by the same con-
stant small amount. Hence, the relative distances between pulses stay the same,
and such perturbations do not destabilize the 4-front solution, since linear stabil-
ity is only up to translates. Then, in order to study perturbations in the directions
of the other three eigenvectors, we may mod out the translation invariance and as-
sume, without loss of generality, that the components of these perturbations sum
to zero. The third and fourth eigenvalues, A3 4 have eigenvectors es 4 along the
direction of M. Therefore, these eigenvalues are not important for the stability
result. Thus, the second eigenvalue Ao, whose eigenvector e; is perpendicular to
M, yields the stability result. It is given by

Ao = —2(C — D) = 204, (As — A1) + 20AP (AQ% - A;%) .

Note that the eigenvalue Ay explicitly depends on time via A 2. By construction
'y < T3 <0, hence 0 < Ay < Ay < 1. This yields that Az(¢t) < 0 for all time ¢ if
a>0and 8 > 0, while Aa(¢) > 0 for all time ¢ if @ < 0 and 8 < 0. Thus, My is
normally attracting if «, 8 > 0 and normally repelling if «, 3 < 0 [9]. a

Recall from Corollary 4.4.3 that if one front escapes to +oo there is always an-
other front traveling to —oco. For a stability analysis of the fixed points at infinity,
we therefore have to combine the coordinate transformations (4.4.6) and (4.4.9)
of the last section. We introduce the new coordinates

£ I 3 2
Ci=ebVifori=1,2, Bj=e Dl fori=3,4and t = 5\/i%t. (4.4.17)
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In these new coordinates, the system of ODEs (4.4.14) reads

= G (7—&-&(—%—&—0{735—(]{335)
+8 (-G +C1Bs - CiBy) )

Cy = —Cy (7—&-&(—%—&—021733?—02’335)
+6(—E +CoBs — C3By) )

By = —Bg((7 +a (—CIDB?P + 2223?{3 = %) (18
+3 (—0133 + C2 B3 — %)) ;

By = Dy (7 +a (—O{’Bf +CPBP - %)

+5 (~C1Bi+ CaBy — 1) .

This system has the line(s) of fixed points (C1, Cy, B3, By) = (0, Ca, Ié—;‘, 0), where
K., solves

aKP + BK, = —, (4.4.19)

see (4.4.10). To determine the linear stability of one of these fixed points K; =
K;(Cy; K,), we linearize around this point. This yields the matrix

¥ 0 0 0
B —(aDKP +pBK.) —(aDKP'C3+pC3) BC3
K Ko K2 D

ﬁcg —(aD c2 +ﬁc§) —(aDK;” + BK) B
0 0 0 Y

The four eigenvalues of this matrix read A\; = 0, Ay = —2(aDKP + BK.), A3 = v,
and A\y = 7. The third and fourth eigenvalues are stable if v < 0. The eigen-
vector belonging to the neutral eigenvalue A; points in the direction of the line
of fixed points generated by Ky, so it yields no instabilities. The second eigen-
value is stable as long as aDKP + K, > 0, which is the same condition as
for 3-front solutions (Corollary 4.4.7) and 1-pulse solutions (to (U, V, W)(+o0) =
(=1,—1,-1) + O(e), see the previous chapters). This proves the following corol-
lary:

Corollary 4.4.11. A 4-front solution for which the outer two fronts I'y 4 travel to
+o0, respectively, and for which the other two fronts I's 3 asymptote to a 1-pulse
solution with width 7% log K., is stable if and only if v < 0 and aDKP + 3K, > 0,
where K, solves (4.4.19).

See also Figure 4.9 frames IV and V, and Figure 4.10 frame 8.
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There is another fixed point at infinity, namely the fixed point where both two
left fronts, I'y 2, travel to —oo, while the other two fronts, I's 4, travel to +oo.
To determine the stability of these fixed points we again need a transformation.
First of all, we define K7, (K4) as the distance between I'y and I'y, (I's and T'y).
This way, we get a system of ODEs with the variables I'; 4, K7 and K4. Next, we
use a transformation similar to (4.4.17)

£ £ £ 3 62
Cy=eb™ By=e DM [, =eDf14 and ' = 5\/5575,

to obtain a system of ODEs with the variables C, B4, L1 4. Analyzing the fixed
points of this system yields the following corollary:

Corollary 4.4.12. A 4-front solution for which the two left fronts I' o travel to
—oo with a fized width —g log L} and for which the two right fronts I's 4 travel to
+00 with a fived width —2 log L} is stable if and only if L} = L} and aD(L3})~P+
B(L3)™1 > 0, where L} solves (4.4.19).

See also Figure 4.9 frame 11, and Figure 4.10 frame 7.

Remark 4.4.3. System (4.4.14) actually possesses a l-parameter family of in-
variant manifolds by translation invariance of the underlying PDE.

Mic i= {(T2(£), Da(0), Ts(0), Ta(0)) [Ta(t) = ~T4(t) + K, Ts(t) = ~To(t) + K }

where K > 2I'5. Each of these manifolds is normally attracting if @ > 0 and
(£ > 0, while they are normally repelling if « < 0 and g < 0.
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Figure 4.9: In these frames, we plotted five different types behaviors of the fronts
of a 4-front solution according to the ODEs (4.4.14). After collision between two
of the fronts, see frame I and II, the ODE description of a 4-front solution is
no longer valid, and it should be replaced by the ODE description of a 2-front
solution (4.4.2). After collision there are therefore three scenarios possible, the
two remaining fronts merge, they form a stable 1-pulse solution, or they tend
to +o0o. See also frames 1,2 and 3 of Figure 4.10. In the third frame, two
1-pulse solutions simultaneously travel very slowly to +oo. In the fourth and
fifth frames, the solutions asymptote to a stable 1-pulse solution homoclinic to
(U,V,IW) =(1,1,1) + O(e), while the other two fronts travel to +oo. In the sixth
frame, we see a stable 2-pulse solution, see also Sections 2.5 and 3.6.
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Figure 4.10: In these frames, we plot the possible behaviors of a 4-front solution as seen
in numerical simulations of the PDE (4.1.1). The black color indicates that U = —1,
while white indicates U = 1. The first three frames, the upper row, correspond to
the first frame of Figure 4.9. Two of the outer fronts collide and disappear. The two
remaining fronts now behave in three possible ways, they collide and disappear (Frame
1), they form a stable 1-pulse solution (Frame 2), or they diverge (Frame 3), see also
Lemma 4.4.4 and Figure 4.5. The next three frames, the middle row, correspond to the
second frame of Figure 4.9. Here, the inner two fronts collide and disappear, and the
remaining two fronts disappear (Frame 4), stabilize (Frame 5), or diverge (Frame 6), see
again Lemma 4.4.4 and Figure 4.5. The last three frames, the lower row, correspond
to III, IV, and VI, respectively. None of the fronts collide, and we obtain two slowly
diverging 1-pulse solutions (Frame 7), the outer fronts diverging while the inner fronts
form a stable 1-pulse solution (Frame 8), or a stable 2-pulse solution (Frame 9). Note that
for all the nine simulations the actual spatial domain was £ € [—1000,1000], 7 =60 =1
and € = 0.01.
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Summary

Pattern formation is a very lively field of research within the nonlinear sciences,
where the traditional disciplines of mathematics, physics, chemistry, and biol-
ogy merge, interact, and exchange ideas. Reaction-diffusion equations serve as
relevant, often simplified models within several branches of these fields. There-
fore, reaction-diffusion equations can be considered as the key prototype models in
which one can begin to develop a fundamental understanding of complex patterns.
From a mathematical perspective, reaction-diffusion equations are arguably the
most simple nonlinear partial differential equations that exhibit complex patterns.

Localized structures form a special class of solutions to these reaction-diffusion
equations. These structures are solutions remaining close to a trivial background
state (inactive), except in one or more localized spatial regions where the solu-
tions are active. Think for example about a heart. It is not beating constantly
(active): a beat is followed by a period of inactivity before it beats again. Another
example is a stern wave of a boat in still water. At the bow of the boat two stern
waves (active) propagate through the water, while the rest of the water remains
still (inactive).

In recent years, significant progress has been made in our mathematical under-
standing of the simplest localized structures. These being fronts and pulses that
are stationary, so not moving in time, or that are uniformly traveling, so move
with a constant speed, through a one-dimensional domain. In general, the behav-
ior of localized structures is less well-ordered: those structures interact with each
other and thus also move with different velocities. At present, there is a well-
developed theory that describes the interaction of fronts and pulses in the weak
interaction regime. In this regime these fronts or pulses are ‘far away’ from each
other, meaning, all components of the structure interact only through their trivial
background states mentioned above. However, there is no mathematical theory
that explains the interaction of fronts and pulses in the strong interaction regime,
where all the components of the fronts and pulses are close to each other. In that
regime, interesting behavior such as collision, repulsion, annihilation, and self-
replication of fronts and pulses can be observed. In between the weak and strong
interaction regimes lies a third regime, the semi-strong interaction regime, where
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certain components of the fronts or pulses interact via the background state, while
the remaining components interact strongly with each other. Understanding this
regime is a fundamental next step in furthering our understanding of how simple
one-dimensional localized structures interact.

In this thesis, we study the semi-strong interaction of simple localized struc-
tures. We do this by studying a three-component reaction-diffusion equation.
A scaled version of this equation, which is of activator-inhibitor-inhibitor-type,
has been introduced in the mid-nineties to describe the phenomena observed by
gas-discharge experiments. From a mathematical point of view this equation is
particular interesting because of the rich dynamics it exhibits and its relative
simplicity. The equation is singularly perturbed, and therefore it has a slow-fast
nature. The fast component is a well-known and well-studied bistable equation,
which is only weakly coupled to two linear slow equations. In conclusion, this
equation has only one nonlinear term. Localized structures of singular perturbed
problems typically interact with each other in a semi-strong fashion.

Before we can thoroughly study the interaction between multi-fronts and multi-
pulses, we first need to prove that those structures exist. This is shown in the
second chapter. We formally construct stationary one-pulses and two-pulses (also
called two-fronts and four-fronts) using geometric singular perturbation theory.
This construction is made rigorous by a geometric argument, which heavily re-
lies on the intersection of hyper-surfaces in a six-dimensional space. This way,
we show how the width of a one-pulse depends on the system parameters. We
also prove that for the existence of stationary two-pulses it is necessary that the
reaction-diffusion equation has a third component, the second inhibitor. More-
over, we show that the equation possesses uniformly traveling one-pulses. After
that, we analyze several bifurcations, for example the subcritical bifurcation of a
stationary one-pulse to a uniform traveling pulse, but also the saddle-node bifur-
cation of stationary one-pulses. Finally, we show several numerical simulations.
On the one hand these simulations back up the theoretical results, on the other
hand they give examples of the complex dynamics the reaction-diffusion equation
possesses.

We would like to point out that the methods used in this chapter, as well as
the methods used in the next chapter, are all general applicable. Therefore they
can also be used to construct more exotic localized structures of more complex
reaction-diffusion equations. However, in most cases this construction will not
lead to such explicit results as we have seen for the reaction-diffusion equation
at hand here. This is one of the reasons that makes this equation amenable to a
rigorous mathematical analysis.

In the third chapter, we analyze the stability of the localized structures con-
structed in the previous chapter. However, since the present Ewvans function
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theory is restricted to two-component slow-fast systems, we need to extend it in
such a way that it is also applicable for general slow-fast systems. With this new
theory we then determine the stability of the earlier constructed localized struc-
tures. For instance, the stability of the stationary one-pulses is determined by
its width and a few of the system parameters. Finally, we analyze the stability
of the various types of bifurcations. This way we prove that there is a region in
parameter space where the stationary one-pulse as well as the uniformly travel-
ing one-pulse are stable. Thus, we have a region where we have coexistence of
stationary stable one-pulses and uniformly traveling stable one-pulses. Note that
in this chapter we have to analyze a linear nonautonomous ordinary differential
equation, whereas we had to analyze a nonlinear autonomous ordinary differential
equation in the previous chapter.

In the last chapter, we study the semi-strong interaction regime. Using a renor-
malization group method, we derive a system of ordinary differential equations
describing the motion of the various fronts of a multi-front. Note that details
of this reduction method strongly depend on the problem at hand. In the final
part of this chapter, we analyze the system of ordinary differential equations. For
instance, we show that stationary multi-fronts only exist if they have an even
number of fronts. Likewise, we prove that uniformly traveling multi-fronts do
not exist in the case the solutions have an even number of fronts. Finally, we
study the multi-front dynamics in more detail for solutions with not too many
fronts. For example, we identify several, possibly attracting manifolds. We then
construct a uniformly traveling three-front, and we determine the stability type
of fized points at infinity.
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Samenvatting:
Frontinteractie in een
driecomponenten systeem

Patroonvorming is een interdisciplinair onderzoeksgebied in de niet-lineaire we-
tenschappen, waar de traditionele wetenschappen zoals natuurkunde, wiskunde,
scheikunde en biologie samenkomen en ideeén uitwisselen. Patroonvorming wordt
vaak aan de hand van (over)gesimplificeerde reactie-diffusie vergelijkingen bestu-
deerd. Deze vergelijkingen kunnen dan ook als de bouwstenen van patroonvor-
ming worden gezien. Puur wiskundig bekeken zijn reactie-diffusie vergelijkingen
misschien wel de makkelijkste niet-lineaire partiéle differentiaalvergelijkingen die
complexe patronen vertonen.

Gelokaliseerde structuren vormen een speciale klasse van oplossingen van reactie-
diffusie vergelijkingen. Dit zijn oplossingen die inactief, ook wel in rust, zijn
behalve in een of meer gelokaliseerde intervallen waar de oplossingen actief zijn.
Denk bijvoorbeeld aan een hart. Dit klopt niet constant, het geeft een klop (actief)
en is dan een periode inactief voordat het weer klopt. Een ander voorbeeld is de
boeggolf die een boot maakt als hij door vlak water vaart. Achter de boot zien we
twee boeggolven (actief) zich door het water voortbewegen (in twee gelokaliseerde
intervallen), terwijl de rest van het water gewoon vlak is (inactief).

De afgelopen decennia is er veel progressie geboekt in het wiskundig begrijpen van
de simpelste gelokaliseerde structuren, welteverstaan de stationaire en de uniform-
lopende fronten en pulsen in één ruimtelijke dimensie. Dit zijn dus oplossingen
die niet variéren in de tijd (stationair) en oplossingen die zich met een constante
snelheid voortbewegen (uniform-lopend). Er is echter nog vrijwel niets bekend
over de interactie tussen dit soort simpele gelokaliseerde structuren, waarbij de
verschillende gelokaliseerde structuren zich dus met verschillende snelheden kun-
nen voortbewegen. Alleen wanneer de structuren ver uit elkaar liggen en alle
componenten van de structuur elkaar zodoende slechts zwak beinvloeden is er een
sluitende wiskundige theorie. De interessante gevallen waarbij de verschillende
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structuren dicht bij elkaar liggen en al de componenten elkaar zodoende sterk
beinvloeden, denk bijvoorbeeld aan de botsing tussen twee pulsen, zijn wiskundig
nog grotendeels niet begrepen. Er is echter nog een derde vorm van interactie,
de zogenaamde semi-sterke interactie, hierbij beinvloeden sommige componenten
van de structuren elkaar op een zwakke manier, terwijl de andere componenten
elkaar op een sterke manier beinvloeden. De semi-sterke interactie ligt dan ook
tussen zwakke en sterke interactie. Daarom kan het begrijpen van deze vorm van
interactie ook beschouwd worden als de volgende noodzakelijke stap richting een
wiskundige theorie over de interactie van simpele, eendimensionale, gelokaliseerde
structuren.

In dit proefschrift bestuderen wij de semi-sterke interactie van simpele geloka-
liseerde structuren. Dit doen wij aan de hand van een driecomponenten reactie-
diffusie vergelijking (vandaar de titel: Frontinteracties in een driecomponenten
systeem). Een variant van deze vergelijking is midden jaren negentig geintrodu-
ceerd om de fenomenen waargenomen bij gasontladingen te beschrijven, en zij is
van de vorm activator-inhibitor-inhibitor. Wiskundig gezien is deze vergelijking
vooral interessant vanwege haar rijke dynamica en relatieve eenvoud. De vergelij-
king is singulier gestoord, en wordt daarom ook wel een langzaam-snel vergelijking
genoemd. De snelle component is een bekende bistabiele vergelijking, en zij is
slechts zwak gekoppeld aan twee lineaire langzame vergelijkingen. Al met al heeft
de vergelijking maar één niet-lineaire term. Aangezien de vergelijking singulier
gestoord is beinvloeden gelokaliseerde multifronten en multipulsen elkaar meestal
op een semi-sterke manier.

Voordat de interactie tussen gelokaliseerde multifronten en multipulsen bestudeerd
kan worden moeten wij (natuurlijk) eerst bewijzen dat deze gelokaliseerde struc-
turen op zichzelf bestaan. Dit doen wij in het tweede hoofdstuk. Met behulp
van geometrische singuliere storingsrekening construeren wij formeel stationaire
eenpulsen en tweepulsen (ook wel tweefronten en vierfronten). Wij maken deze
constructie rigoreus met behulp van een geometrisch argument. Dit argument
berust grotendeels op het doorsnijden van hyperviakken in een zesdimensionale
ruimte. Zo leiden wij bijvoorbeeld af hoe de breedte van een puls athangt van de
parameters van de vergelijking. Ook bewijzen we dat voor het bestaan van statio-
naire tweepulsen het strikt noodzakelijk is dat de vergelijking een derde component
heeft. Daarnaast laten wij zien dat de vergelijking ook uniform-lopende eenpulsen
ondersteunt. Hierna analyseren wij verschillende soorten bifurcaties, bijvoorbeeld
de subkritische bifurcatie van de stationaire eenpuls naar de uniform-lopende een-
puls, maar ook de zadel-knoop bifurcatie van stationaire eenpulsen. We eindigen
dit hoofdstuk met een aantal numerieke simulaties, enerzijds om de bovenge-
noemde resultaten te staven, anderzijds om enkele voorbeelden te geven van de
complexe dynamica die de vergelijking bezit.

Merk op dat de in dit hoofdstuk gebruikte methodes, alsmede de gebruikte metho-
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des van het aankomende hoofdstuk, allemaal algemeen toepasbaar zijn. Zij kun-
nen daarom dus ook gebruikt worden om meer exotische gelokaliseerde structu-
ren van complexere reactie-diffusie vergelijkingen te construeren. Echter, in vele
gevallen zal deze constructie niet zulke expliciete resultaten opleveren als voor de
vergelijking die hier bestudeerd wordt. Dit maakt deze vergelijking dan ook zo
geschikt voor een grondige wiskundige analyse.

In het derde hoofdstuk onderzoeken wij vervolgens de stabiliteit van de zojuist
geconstrueerde stationaire en uniform-lopende pulsen. Aangezien de bestaande
Evans functie theorie voor langzaam-snel vergelijkingen zich beperkt tot tweecom-
ponenten vergelijkingen, breiden wij deze theorie eerst uit zodat zij ook geschikt is
voor algemenere langzaam-snel vergelijkingen. Met deze theorie leiden wij vervol-
gens voor elk soort geconstrueerde puls een stabiliteitsconditie af. De stabiliteit
van een stationaire eenpuls word bijvoorbeeld bepaald door de breedte van de
eenpuls en door enkele parameters van de vergelijking. Hierna bestuderen wij ook
nog de stabiliteit van de verscheidene bifurcaties en bewijzen bijvoorbeeld dat
er een interval in parameterruimte is waarin zowel de stationaire eenpuls als de
uniform-lopende eenpuls stabiel zijn. Er is dus een interval waarin er sprake is van
coézistentie van stabiele stationaire en stabiele uniform-lopende eenpulsen. Merk
op dat waar we in het vorige hoofdstuk nog een niet-lineaire autonome gewone
differentiaalvergelijking oplossen, we in dit hoofdstuk een lineaire niet-autonome
gewone differentiaalvergelijking bestuderen.

In het laatste hoofdstuk bestuderen wij de semi-sterke frontinteractie. Gebruik-
makend van een renormalisatie groep methode bewijzen wij dat de verandering van
de positie van een front dat in interactie is met andere fronten beschreven kan wor-
den aan de hand van een gewone differentiaalvergelijking. De frontdynamica van
een N-front kan op deze manier dus beschreven worden met een N-dimensionaal
systeem van gewone differentiaalvergelijkingen. Merk op dat de exacte details van
deze reductiemethode sterk afhangen van de vergelijking die je bestudeert. In het
laatste gedeelte van dit hoofdstuk analyseren we het afgeleide N-dimensionale
systeem van gewone differentiaalvergelijkingen. Zo laten we bijvoorbeeld zien dat
stationaire N-fronten alleen kunnen bestaan voor N even, terwijl uniform-lopende
N-fronten juist niet bestaan voor N even. Uiteindelijk bestuderen we in detail
de N-frontdynamica voor N niet te groot, dat is, voor N < 5. Wij identificeren
enkele eventueel aantrekkende invariante variéteiten, bekijken vaste punten op
oneindig en construeren een uniform-lopende driefront.
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