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Abstract In this article, we analyze the three-component reaction-diffusion system origi-
nally developed by Schenk etal. (PRL 78:3781-3784, 1997). The system consists of bistable
activator-inhibitor equations with an additional inhibitor that diffuses more rapidly than the
standard inhibitor (or recovery variable). It has been used by several authors as a proto-
type three-component system that generates rich pulse dynamics and interactions, and this
richness is the main motivation for the analysis we present. We demonstrate the existence
of stationary one-pulse and two-pulse solutions, and travelling one-pulse solutions, on the
real line, and we determine the parameter regimes in which they exist. Also, for one-pulse
solutions, we analyze various bifurcations, including the saddle-node bifurcation in which
they are created, as well as the bifurcation from a stationary to a travelling pulse, which we
show can be either subcritical or supercritical. For two-pulse solutions, we show that the third
component is essential, since the reduced bistable two-component system does not support
them. We also analyze the saddle-node bifurcation in which two-pulse solutions are created.
The analytical method used to construct all of these pulse solutions is geometric singular
perturbation theory, which allows us to show that these solutions lie in the transverse inter-
sections of invariant manifolds in the phase space of the associated six-dimensional travelling
wave system. Finally, as we illustrate with numerical simulations, these solutions form the

A. Doelman - P. van Heijster
Centrum voor Wiskunde en Informatica (CWT), P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

P. van Heijster
e-mail: heijster@cwi.nl

A. Doelman

Korteweg-de Vries Instituut, Universiteit van Amsterdam, Plantage Muidergracht 24,
1018 TV Amsterdam, The Netherlands

e-mail: doelman@cwi.nl

T. J. Kaper (<)

Department of Mathematics & Center for BioDynamics, Boston University, 111 Cummington Street,
Boston, MA 02215, USA

e-mail: tasso@math.bu.edu

@ Springer



74 J Dyn Diff Equat (2009) 21:73-115

backbone of the rich pulse dynamics this system exhibits, including pulse replication, pulse
annihilation, breathing pulses, and pulse scattering, among others.

Keywords Three-component reaction-diffusion systems - One-pulse solutions - Travelling
pulse solutions - Two-pulse solutions - Geometric singular perturbation theory -
Melnikov function

AMS (MOS) Subject Classifications Primary: 35K55 - 35B32 - 34C37 - Secondary:
35K40

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 repul-
sion, annihilation, attraction, breathing, collision, scattering, self-replication, and spontane-
ous generation. The richness of the observed dynamics typically increases with the complexity
and the size of the system. Localized structures, that do not exist in reaction-diffusion (RD)
systems 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
RD systems may become stable with such additions.

The aim of this article is to report on the mathematical analysis of a paradigm exam-
ple that exhibits this increased richness. In particular, we study the three-component model
introduced in [22] and studied further in [2,15,17,18,24,25]. In one space dimension, the
equations are

Ui =DyUxy + fU) —k3V — s W + k1
tV;, =Dy Vi, +U -V (1.1)
OW; = DyWy, +U — W.

where we used the notation of [15] and we note that (1.1) has the reversibility symmetry
x — —x. Here, the (U, V)-subsystem is a classical, bistable two-component RD system,
which exhibits dynamics similar to the classical FitzZHugh—Nagumo equations (although here
Dy # 0, whereas Dy = 0 in FHN), and the variable W denotes an added inhibitor compo-
nent. We will show that it is responsible for increasing the richness of the types of solutions
the model possesses.

In (1.1), U, V, and W are real-valued functions of x € R and t € RT, and the subscripts
indicate partial derivatives. The parameters T and 6 are positive constants, and the primary
interest is in using t as the bifurcation parameter. The diffusivities of the respective compo-
nents are denoted by Dy, Dy, and Dw, f(U) is a bistable cubic reaction function (often
taken to be f(U) =2U — U 3, k3 and k4 denote reaction rates, and «; denotes a constant
source term.

The fundamental discovery reported in [22] is that, in this three-component model, the
added component W can stabilize stationary and travelling single spot solutions and multi-
spot solutions in two space dimensions, which otherwise are inherently unstable in the classi-
cal two-component (U, V)-bistable model. This stabilization was shown to occur when Dy
is sufficiently large relative to Dy and Dy, because then the presence of W prevents spots
from extending in the directions perpendicular to their directions of motion. In this manner,
W suppresses the instability that spots undergo in two-component systems [22].
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The dynamics of pulses in the one-dimensional model (1.1) is also known to be richer than
in the corresponding one-dimensional version of the two-component model. Pulses collide,
scatter, annihilate, among others, as has been shown in [15,16], whereas the dynamics of
pulses in the restricted two-component system is much less rich. A special class of unsta-
ble two-pulse solutions, called scattors or separators, is identified for (1.1) in [15,16]. 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 second separator state, and then finally repel
or annihilate, see [15,16].

Our work is inspired by the results from [18,22] and [15, 16]. We carry out a complemen-
tary, rigorous analysis of the existence of certain pulse solutions for a scaled version of the
three-component model, see (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
are six-dimensional.

1.1 Statement of the Model Equations

In [2,15,17,18,22,24,25], the numerical values of the diffusivities of the three species dif-
fer by several orders of magnitude. For example, in [15], the values are Dy = 5 x 1079,
Dy =5x 1075, and Dy = 1072, Therefore, we are motivated to introduce a scaled spatial
variable

VDy

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

(1.2)

f:

) = %«/E(U, vV, W), (%,0)=2(8),
(K1, k3, k4) = : (7«5/(1,/(3,/(4) . (1.3)

In terms of these scaled quantities, the system (1.1) is

[]; =320;);+U—l73—;23\7—;24ﬁ/+/21
tV; =Viz +U -V (1.4)
OW; = D>Wiz +U — W,

with the nondimensional diffusivities €2 = Dy /(2Dy) < 1 and D? = Dy /Dy > 1.

As to the parameters in the reaction terms, the numerical values that are used in [15] are
(k1, K3, ka) = (=7, 1,8.5), and very similar values are used in [22]. While these are O(1)
with respect to ¢, it is helpful to first study the system with O(g) values of these parameters;
i.e., to introduce scaled parameters, as follows:

K| = —¢y, K3 = ea, Ky = gf, (1.5)
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where «, B, and y are O(1) quantities and where we have taken k| to be negative, since it is
negative in all of the above cited articles.

The rationale for this choice of scalings (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 inhibitor 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(£?) [6]. Second, it turns out that much of the rich pulse dynamics exhibited
by system (1.4) exists also when the parameters have O(¢) values, as we will show in this
article (see also [19]). Therefore, one might reasonably hope to understand the origins of the
dynamics observed in [15] by beginning with the present analysis. Third, in the numerical
simulations of [22,15], which were done on bounded domains, the W variable 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 (1.4) that is
of O(¢). Since k3 = 0.5and ¢ = %\/5 ~ (.22, the effect of V in this equation can indeed
be considered to be O(g). Moreover, by the scalings (1.3), “4W — &1 ~0.07 for W = —0.8
(and k1 4 asin [15]), which is clearly also O(e). Thus, it appears that the impact of the source
and coupling terms are indeed small.

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

U =¢eUy+U—-U>—e@V+BW+y)
Vi =V +U—-V (1.6)
OW; = D*Wy + U — W,

where we dropped the tildes. Furthermore, we require that 0 < ¢ € 1,0 < 7,0 < 1 /83,
D > l,and «, B, y € R, where the upper bound on t and 6 is derived in Sect. 3.1. Moreover,
we assume that the solutions (U (x, t), V (x, t), W(x, 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 & = x/¢:

U =Usg+U-U>—¢e@V+BW+y)
tV, =LV +U -V (1.7)
oW, = ZWee +U — W

We refer to this system as the fast system, and to system (1.6) as the slow system.

The system (1.6) or (1.7) is well-suited as a paradigm for the analysis of three-component
RD systems. On the one hand, it is sufficiently nonlinear and complex 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 computed analytically, including certain bifurcations. See also [23].
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.

1.2 Outline of the Main Results

We begin in Sect. 2 with examining the stationary, or standing, one-pulse solutions. 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 4+ 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 (1.6). The V-component of the one-pulse solutions consists of a smooth pulse that
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Fig. 1 Stable stationary one-pulse and two-pulse solutions of system (1.6) obtained via numerical simula-
tion. For the one-pulse the system parameters are («, 8, ¥, D, 7,0,¢) = (3,1,2,5,1,1,0.01), and for the
two-pulse we had («, B, v, D, t,0,¢) = (2,—1,-0.25,5, 1, 1,0.01)

is centered on the middle of the interval in which the U-component is in the active 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 Fig. 1. The standing one-pulse solutions are
formally constructed in Sect.2.2. Then, we make this construction rigorous in Theorem 2.1,
which states that the three-component model (1.6) possesses standing one-pulse solutions
whenever the system parameters satisfy (2.22). See Sect. 2.3 for the statement of this theorem
and Sect. 2.4 for its proof.

Next, we analyze the existence of travelling one-pulse solutions. This analysis, presented
in Sect. 3, follows the same two-step procedure: we first construct solutions formally (see
Sect. 3.1) and then we prove their existence rigorously (see Sects. 3.2 and 3.3). The main
result is Theorem 3.1, which states that there exist travelling pulse solutions whenever either
7 or § (or both) is O(1/¢?) and the system parameters satisfy (3.13).

Given these results about standing and travelling one-pulse solutions, it is of interest to
investigate the bifurcation of the former into the latter. We do so in Sect. 4. The leading
order results are given by (4.2) in Sect. 4.1, and then the rigorous, high-order asymptotics
for the main bifurcation parameter 7 as a function of the other parameters is summarized
in Lemma4.1, see Sect. 4.2. It turns out that this bifurcation can be supercritical, as well as
subcritical, depending on the parameters, see Corollaries4.2 and 4.3. This result contrasts
with the bifurcation result for the two-dimensional version of this model, obtained in [18],
where it was shown that this bifurcation is supercritical.

Having completed our analysis of the one-pulse solutions, we next turn our attention to
two-pulse solutions of (1.6). The main result is Theorem 5.1, which guarantees the existence
of two-pulse solutions whenever the system parameters satisfy (5.6). These two-pulse solu-
tions 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 Fig. 1. In this sense, the interaction between the
pulses is semi-strong, according to the terminology of [3]. We also note that (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 Sects. 5.2 and 5.3, respectively.

@ Springer



78 J Dyn Diff Equat (2009) 21:73-115

After completing the analysis of these pulse solutions, we examine in Sect. 6 the two-com-
ponent (U, V)-subsystem, obtained from (1.6) by setting W constant 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 two-pulse solutions,
we observe that the inclusion of the third component is essential, because the two-component
version of the model cannot possess two-pulse solutions. Simply put, there is not enough free-
dom in the two-component model to permit for the construction of these solutions, and our
analysis reveals why the third component—which naturally makes the phase space of the asso-
ciated ODE problem six-dimensional—creates sufficient space/freedom for their existence.

In Sect.7.1 we present the results of a series of numerical simulations of (1.6). These
simulations confirm the various analytical existence and bifurcation 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 scattering, as well as combinations of these. See Figs. 14—18. The single and
double pulses analyzed in this article are key building blocks to understand these rich pulse
interactions. Finally, in Sect. 7.2, we summarize our analysis and discuss some related items.

Remark 1.1 The two-pulse solutions constructed in [7,10] for the FHN system differ in
several respects from those constructed here. In FHN, these are essentially copies of the one-
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 1.2 Other examples of stabilization via the inclusion of an additional component
in a model are given for instance by the Gray—Scott and Gierer—-Meinhardt systems. In these,
one-pulse (homoclinic) solutions that are unstable with respect to the scalar RD equation for
the activator component are stabilized in certain parameter regimes by the coupling to the
equation for the inhibitory component. The diffusive flux of inhibitor into the pulse domains
helps to localize the activator concentration, hence stabilizing one-pulse solutions, and we
refer to [3,5] 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 [6] it is shown that
stable fronts of a bistable, scalar RD equation 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 Stationary One-Pulse Solutions
2.1 Basic Observations
First, we look at stationary pulses of system (1.7), i.e., we put (U;, V;, W;) = (0,0, 0). By

introducing p = ug,q = %vg and r = gwg, we transform system (1.7) into a six-dimen-
sional singular perturbed ordinary differential equation (ODE)

Uug = p

pe = —u+u +e(av + Bw +y)

Vg = &9

ge = o(v — 1) 2.1
wg = 57

re = 5w —u).
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Although £ is the spatial variable, it will play the role of ‘time’ in our analysis. The system
possesses two symmetries

§—> & p—>-p.qg—>—qr—>-—r
u— —u,p—>—p,v—>—v,g—>—q,w—>—w,r——r,y—>—y. (22)
Note that the first symmetry corresponds to the reversibility symmetry (x, §) — (—x, —&)

in (1.6) and (1.7), respectively. The fixed points of system (2.1) have p = ¢ = r = 0, and
u=v=wwithu? + u(—1 + e(e + B)) + ey = 0. Solving this last equation yields

+ 1 2 0 2
u8::|:1:|:§£(a+ﬂ:|:y)+(9(s ), uy, =¢ey +0O(E"). 2.3)

Hence, there are three fixed points,

PE = F, 0,uF,0,uF,0), PP = 0,4°0,4°,0). (2.4)

&

It can be checked [23] that P, respectively PSO, represent stable, respectively unstable, trivial
states of the PDE (1.6) and (1.7).
The fast reduced system (FRS) is obtained by letting ¢ | 0 in (2.1),

Us =
pi _ ’iu i 2.5)

as well as (vg, ge, we, re) = (0,0,0,0),1e., (v, g, w,r) = (Vs, Gx, Wy, Iy) With vy, gy, W,
r« € 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 Pcf) and thus to an unstable
trivial state of (1.6)—we will therefore not consider it.

We define the four-dimensional invariant manifolds M(jf by
/\/lg ={(u, p,v,q,r,w) eRé:u::I:I,p:0},

which are the unions of the saddle points over all possible vy, g, W, r« € R. Planar system
(2.5) is integrable with Hamiltonian

H(, p)= %(p2 +u?) - %(u“ +1), (2.6)

which is chosen such that H(u, p) = 0 on /\/l(jf The FRS possesses heteroclinic orbits
(uﬁ’i(é-‘), Pz’i(éj)) that connect the fixed points (u, p) = (£1,0) to (u, p) = (F¥1,0),

uy*(§) = Ftanh (%ﬁé), pyEE) = :F%ﬁsechz(%ﬁé). .7

SeeFig. 2. The manifolds ./\/l(j)E are normally hyperbolic, and they have five-dimensional stable
and unstable manifolds W4*:$ (M(j)t) that are the unions of the four-parameter (v, g, Wy, r4)-
families of one-dimensional stable and unstable manifolds of the saddle points (u, p) =
(£1,0) in (2.5).

Fenichel’s first persistence theorem [8,11,14] implies that for &€ small enough, system
(2.1) has locally invariant slow manifolds /\/lf which are O(¢) C!-close to M(j)t, ie., ./\/lgi
can be represented by

ME = {u=+1+eui(v,q,w,r;e), p=epi(v,q, w,r;e)}, (2.8)
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u

Fig. 2 The phase portrait of the fast reduced Hamiltonian system (2.5)

where the graphs | and p; can be computed by an expansion in €,
1
ME={u==+1- Eg(owJrﬁw+y)+(’)(82),p:o(az)}. (2.9)

The application of Fenichel’s second persistence theorem establishes that M;‘ have five-
dimensional stable and unstable manifolds, W*5-“ (Mgc), that are O () C!-close to their e = 0
counterparts W** (M(j)t). Observe that the critical points P have three-dimensional stable
and unstable manifolds W** (P;—r ) which are contained in W*** (MZ).

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,

veg = 322(11 + 1+ 0()), 2.10)

Wge = %(w—i—l—i—@(e)), '
and one that governs the flow on ./\/lj',

Ve :szz(v—l—i—(?(s)), @.11)

Wgg = %(w — 14+ 0(¢)).

Observe that (v, g, w, r) = (£1, 0, £1, 0) + O(¢) are saddle points on /\/lgi that correspond
to the fixed points P;* (2.4). Also note that the v- and w-equations are decoupled, so that
both ODEs can be considered separately. See also Remark 2.1. Hence, we have a (v, g)-
subsystem and a (w, r)-subsystem, both with two saddle points. These four saddle points
each have one-dimensional stable and unstable manifolds, lﬁ;fu’i, that are given to leading
order by

0F = (g =Fl+v}, 04F = {r=F1+w),

Ei,i ={qg =+1 -0}, efl;i = (r=+1—uw). (2.12)

In Fig. 3, we sketch some orbits on the manifolds Mf

2.2 The Construction of One-Pulse Solutions y; - [ (&) Homoclinic to P~

In this section, we consider symmetric standing one-pulse solutions y;,~ ; (&) that are homo-
clinic to P, . Here, we present the formal derivation. Then, in Sect. 2.3, we formulate a
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q T

5

v

u,+
lw

5~

71%
\I/

Fig. 3 The flow generated by the (v, ¢)-subsystem on M and that of the (w, r)-subsystem on M;r Note

that stable/unstable manifolds /i S% and 145F have the same slopes

theorem based on this analysis—Theorem 2.1, and we prove this theorem in Sect.2.4. This
proof also establishes the validity of the asymptotic analysis in this section. Note that orbits
homoclinic to the other fixed point P;t can be obtained from these orbits by application of
the symmetries (2.2).

Before we start with the construction of Yn. j (&), we introduce some notation. From Figs. 1
to 4, we notice that there are five different regions, three in which the leading order spatial
evolution is given by the SRS (2.10) and (2.11), and two regions that are governed by the
FRS (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}zj(O) = q,;j(O) =
r}:j (0) = 0—we will find that v}zj(O) and w}ZJ(O) are maxima, while u;, (0) is a (local)
minimum. Moreover, we introduce &, as the position of the ‘jump mid-point(s)’, more pre-
cisely &, is such that Yn. j (&) is half-way between the two slow manifolds at £ = &,, i.e.,

u;, = Oaté = ££, (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’ ij and the three ‘slow intervals’

IF, 10,

I;o=(-oo -t - L] 0= [-6+ 6 - L] =6+ L 00).

Note that the choice of the width for ij of 2/4/¢ is standard, but arbitrary. We can now give
a more precise definition of the five regions mentioned above (see Fig. 4).

The dynamics take place exponentially close to the slow manifold M_: & € I.
The dynamics take place in the fast field: § € /.

The dynamics take place exponentially close to M}: & € I SO.
The dynamics take place in the fast field: £ € 1 }J[

M e

The dynamics take place exponentially close to M Eelf.

By definition,

Vi = Wy s P s Vp oy s Wi jo T ) € W (PN WS (P,) C WH(M,) N WH(M,),
while the jump mid-points are defined by

Vhfj(ié*) = (0, FPx Vs, FGs, Wi, Fra)-
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wp

Fig. 4 A schematic sketch of a standing pulse solution y, - j (&) in the six-dimensional (u, p, v, g, w, r)—
phase space. In region 1, the pulse is exponentially close to M~ for a long ‘spatial time’ and approaches P,~

as & — —oo. It ‘takes off” from M at§ = —&; — L (by definition) and ‘jumps’ through the fast field

NG
— - . . — 1
(& e lf ) towards Mj—thls is region 2. In region 3, Vh,j@) touches down near Mj até = —& + 7
and remains exponentially close to /vtj until £ = &, — %, from where it jumps back towards M, which
defines region 4 (¢ € I}r). In the final region, 5, y;: j (&) is again exponentially close to M and approaches

Pg as § — oo. See also Fig. 1 in which y, j (&) exhibits the same structure

Furthermore, since Vi, j (¢) remains exponentially close to M for & € I?, Yn,j(€) is also
exponentially close to W* (P, ) N W* (M) and to W* (P;) N W¥ (M) for sufficiently long
time. Note that y, ; (§) ¢ W (M) N W* (M) or WS (M) N WH(M]), since it has to be
able to jump back again from M} 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 M (2.10) and on M (2.11), we
obtain relations between the coordinates (v., F¢«, Wy, Fr) of the jump mid-points and their
spatial positions +§, that uniquely determine the homoclinic orbit(s) y;,~ ;(6); see Remark
2.1. '

For ¢ # 0, the Hamiltonian H (u, p) (2.6) is not conserved

d
78 1®. p©) = uue + ppe - wug

=up+p(—u+u3+8(av+ﬂw+)/))—u3p (2.14)
=ep(av + pw +y).
Since (u}zj(f), p,;j (&)) must be O(¢) close to the heteroclinic solution (ug’_(é), pg’_(é))

(2.7) of the FRS (2.5) in the fast field / ;, the total change in H for an orbit yhf j (&) that
jumps from M to M is approximated by

Ap H(vs, Ges Wy, ) :/H,;dg

Iy

= /‘9172’_(5 + &) (avs + Bwy + y)dE + O(ev/e)

Iy
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= s(@vy + Bwi +y) / Py (E)dE + O(e/eE)

= 2e(avy + Bws + ) + O(e/5),

where we have used (2.7), (2.14), and assumed that &, = O(%). Note that A; H in principle
depends on (v, g4, Wy, '), the slow (v, g, 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,

Av= [vdé = [ eqdé =2q./e + O(e) = O(Ve),

Iy Iy
Argq = [ gedé = [ e(v —u)d§ = 2v,./e + O(e) = O(Ve),

s r (2.15)
Ajw= [weds = [ Hrds = 25+ O(e) = O(e), '

Iy Iy
Ajr= [rede = [ Hw—u)dé =2uw.35/5 + O() = O(/6).

Iy Iy

On the other hand, such an orbit Vi, j (£) cannot have a total change of more than O (¢?) over
a jump through the fast field 7, since

2
H(u, p)l g = 1((ﬂ - %s(av +Bw+y)+ 0(82)) + 0(82)2)

2

1 | 4
~2 ((il — 58(0“) +Bw+y)+ 0(82)) + 1)

1 1 1 1 1 NP
§¢58(av+ﬂw+y)—ZiES(aerﬁery)—Z+O(8)—O(e),
(2.16)

where we recall (2.8) and (2.9). Thus, we conclude that for an orbit Yn. j (&) that jumps from
M to M;‘ the following relation for the slow (v, gx, W, F«)-coordinates of the jump
mid-point must hold to leading order

avy + Bw, +y =0. 2.17)

Note that A;H (Vi, gx, Wy, 14) 1s in fact a Melnikov function that measures the distance
between W" (M) and W’ (Mj) as they intersect the {u = 0} hyperplane (see [3,6,20]).
Condition (2.17) determines the three-dimensional set of initial conditions in {# = 0} that
defines the four-dimensional intersection of the two five-dimensional manifolds W* (M)
and W% (M) (recall that the phase space is six-dimensional and that the p-coordinates of
these initial conditions are necessarily O(g) close to pg’_(O) =12 2.7)).

By the reversibility symmetry (2.2), we know that (2.17) also must hold for the (vy, —¢x,
wy., —Ty)-coordinates, which are the coordinates of the jump mid-points of the orbits that
jump from M to M near & = &,.

Next, we study the slow flows on M. The Eqs. 2.10 and 2.11 for these flows are linear
and decoupled, thus we may solve for v and w separately. Based on the above analysis, we
write down the following boundary conditions for the solutions in regions 1, 3, and 5:
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v = —1, vy (—& £ 1) = w (6 F %) = vn.+0W5),

)
qn(x£o0) = 0, g (& = jg; = —qn\&F ﬁ) = 4+ 0(/e), (2.18)
)

wi(£00) = —1, wy, (& + 1) = wy $*¢ﬁ)=w*+0(«/5),

nEoo) = 0, m(—6+ L) = —n (6.F %) = r+ 00,

see Figs. 1 and 4. Note that there are more (boundary) conditions than free parameters in the
general solutions of (2.10) and (2.11). As a consequence, we find that both v, and g, as well
as wy and ry, must be related,

6]*=U*+1, r*=w*+1, (219)

which in geometrical terms is equivalent to (v, gx) € €57, and (wx, ry) € €47 (2.12), see
also Fig. 3. Moreover, (2.18) yields additional relations between v, and &, and between w;
and &,,
_ 2 _ 2z ek,
vy = —A°, wey =—AD where A=c¢e . (2.20)
Observe that, since &, > 0, A € (0, 1), so that vy, w, € (—1, 0). For (v, g«, wy, ry) and &,
that satisfy (2.18), (2.19) and (2.20), we obtain the explicit (slow) solutions,

2¢% sinhe&, — 1in 1, 2¢ sinh £&, — in 1,
vp(€) = § —2¢ %5 cosheé 4+ 1in3, wy(§) = § —2¢~ % cosh 5&+1in3, (221)
2¢~* sinh g€, — 1 in 5, 2¢” 7€ sinh & —1in5

to leading order in €. Thus, together with the Melnikov condition (2.17), the boundary con-
ditions (2.18) imply three relations between vy, wy, and &,. These relations combine into the
following jump condition on A,

aA2 4 BAD =y + OW/3). (2.22)

A solution A € (0, 1) of this equation uniquely determines the jump mid-points (vs, FGx, Wi,
Fr,) in phase space of a homoclinic solution yhf j (&), as well as their spatial positions £,
(2.20).

Remark 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 (1.7), the variables V
and W seem to be only coupled through the equation for U. In the construction of Yn. f &),
this coupling induces the Melnikov condition (2.17) and gives a natural relationship between
the v,- and wy-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 (2.1), which implies that also the ‘time-of-flight’ 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 Vn. ; (&) are of course the same. Hence, from
among the entire one-parameter set of pairs (v, wy) that satisfy the Melnikov condition
(2.17), a unique pair, with v, = —(—wy)P (2.20), is selected by this ‘time-of-flight’ con-
straint. Together, the two constraints determine the values of v, and w, uniquely and thus
establish that the homoclinic orbits are isolated.
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2.3 Existence Theorem

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

Theorem 2.1 Let («, B, y, D, 1,0, &) be such that (2.22) has K solutions Aj € (0, 1) (K €
{0, 1, 2}), and let ¢ be small enough. If K = 0, there are no symmetric orbits homoclinic to
P in system (2.1). If K > 0, then there are K symmetric homoclinic orbits yhf ; &),j e
{1, K} to P that have a structure as sketched in Fig. 4, i.e., the orbits Vh_,j (&) consist of
five distinct parts, two fast parts in which it is O(g) close to a fast reduced heteroclinic
orbits (uy T (E F &), py (6 F &), Ve £ Wa ) (2.7) With (Vs G, We, 1) given by
(2.19) and (2.20), and three slow parts in which (u};j(é), p}zj(é)) = (£1,0) + O(¢) and

(v, ;). gy (&), wy (&), 1), ;(§)) are given by (2.21), up to O(\/¢)-corrections, with
§*=5j*,j=—l10gAj=O(l). (2.23)
€ e

The orbits Yn. j (&) correspond to stationary pulse solutions
WUE, D, VE D, WE, 1) = (up,j(§), vn,j (§), wn,j(§)),

of (1.7).
Moreover, if | D| > |B| and sgn(a) # sgn(p), then a saddle-node bifurcation of homo-
clinic orbits occurs, to leading order in ¢, as y crosses through

Yei(a, B, D) = (—Ol)_ﬁﬂ% (D_ﬁ - D_%) >0fora <0<,
1 D D 1 (2.24)
Veale B, D) = @ DT (=) 7T (D79 — DTPT) < 0for <0 < a.

The explicit expressions for the values y,1,» of the saddle-node bifurcations are based on a
straightforward leading order analysis: set the partial derivative of (2.22) with respect to A
equal to zero to obtain

@D\ 2T
Ac=Ai(a,8,D) = (—7) € (0, 1), (2.25)
and then insert this expression back into formula (2.22) to obtain y,1 2 (2.24).

In Fig. 5, the relations between A; and y as solutions of (2.22) have been plotted. The
two saddle-node cases at A, described by the theorem are also clearly visible. Two other

A, /
A

Ye1

a+f

Y2 L - - =

Fig. 5 A graphical representation of the jump condition (2.22) and the associated saddle-node bifurcations
as described by Theorem 2.1 fora < 0 < B (witho 4+ § > 0) and for B < 0 < « (also with e 4+ 8 > 0).
Note that Ag € (0, 1) for all parameter combinations
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bifurcations occur: one at y = A = 0, which corresponds to &, = oo (2.23), i.e., the plateau
at which the U-component of the one-pulse solution is near 1 becomes infinitely long; the
otherat y = o + B, A = 1, where the pulse becomes infinitely thin — see also Lemma 2.1
below.

2.4 The Proof of Theorem 2.1

The existence of the homoclinic orbit Yn. j (&) Cc WH(P;) N W*(P;) will be established by
studying W*(M) and W*(P;") as they pass along M. The reversibility symmetry (2.2)
plays a crucial role in the proof.

The manifold W*(P,”) is three-dimensional, so that all orbits y, (§) C W¥(P;") can be
represented by a two-parameter family, y, (§) = vp (&; vs, wy), where (v, wy) represents
the jump mid-point. Of course, we only consider the part of W¥(P.") that is spanned by
orbits y, (&) that are O(¢) close to a heteroclinic solution of the FRS (2.5) away from M
and M, 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 Fig. 2. More precisely, yp (§)
is exponentially close to M for asymptotically large, negative values of £, jumps away as
& increases, and crosses through the {# = 0} hyperplane at

Vp (=Eps) = ¥p (=P« (Ui, wy)) = (0, ps, Vs, Gs, W, Fy). (2.26)

Notethat y, (§; vy, ws) mustbe exponentially close to the slow unstable manifold Ws‘iOW(PE’)
C M, that is spanned by £~ and £%;~ (2.12), so that g, = v« + 1, 7, = wyx + 1 asin
(2.19). Moreover, we note that this family of orbits yp (§; v«, wy) with finite pairs (vi, wx)
has as its natural geometric completion the slow unstable manifold W (P,) C M. in the
limit that |v,| — oo and |w,| — oo such that their ratio remains fixed.

Within W (P,"), there is a priori a one-parameter family of orbits that is forward asymp-
totic to Mj’, because W* (P, ) N W* (MQ‘) is the intersection of a three- and a five-dimen-
sional manifold in a six-dimensional space, i.e., W*(P;7) N W* (Mj) is expected to be
two-dimensional. The Melnikov calculus [3,6,20] of the previous section implies that y,, (§;
Vi, wy) C WHU(PT) N WS(MF) if v, and w, are related by (2.17). By construction,
WH4(P7) N WS (M) is spanned by Vet &3 V) = Vp (&5 Vs, wi(vy)) with wy(vy) given
by (2.17).

The evolution of ¥, (&; vs) near /\/l;r is governed by the linear SRS (2.11). If vy, w, €
(=1, 0), then y,., (&) intersects the {g = O}-hyperplane (Fig. 3). We may assume that the
intersection ;. (§; v«) N{g = 0} takes place at & = 0. This assumption determines the jump
mid-point &per « (V) = &p «(Vs, Ws(vs)). Moreover, it follows that &ne «(vs) > 0 (2.26).
For & > —&pet «(vs) + O(1//¢), ie., if Vet (&3 V4) is exponentially close to /\/l;r the evo-
lution of the r-coordinate ry (§; v4) of ¥;,.,,(§; v«) can be computed explicitly. For general
Vs, I'et (05 v5) # 0, but there are special values of vy such that r, (0; v4) = 0. In fact,
Tpet (05 v5) = 0if and only if v, = —A%’ «» Where Ag , solves an algebraic equation that is
to leading order given by (2.22). Note that this is in essence how (2.22) has been obtained.
However, also note that the relation (2.22) has been deduced for the so far only formally
constructed homoclinic orbit yhf j (&) ¢ W“(P;7) N W3(P,), while Ag , corresponds to

the heteroclinic orbit ;. (§: vs) C W' (P ) N W* (./\/lj). This is explained by the fact that
&+, the position of the jump mid-point of Vhi,j (&),isof O(1/¢) (2.23). Thus Vhi,j (¢) mustbe
exponentially close to M for an asymptotically long ‘time’. Hence, it must be exponentially
close to W5 (M). We define the (rigorously constructed) critical heteroclinic orbit Yo.x &)

by Yok (¢) = Ve (§; vi) with v, determined by Ag, .. Moreover, we observe that Yo.x &)
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is such that ||yh_’j &) = 7. G is exponentially small for § < 0; and |A; — Ag «] is also
exponentially small, but nonzero. Note that y, , (§) cannot be symmetric, since it remains
exponentially close to M for & > 0; this necessarily implies that Po.(0) #0.

Now assume that K # 0, i.e., that there exits at least one solution A = A; € (0, 1) of
(2.22), and that (a, B, y, D) are such that W* (M) and W* (M) intersect transversely,
i.e., that y is not asymptotically close to y1,c2 (¢, B, D), the values at which the saddle-node
bifurcations occur (2.24). The above arguments imply that the heteroclinic orbit Yo.x &) C
W"(P7) N W?* (M;") with Ag« = A; to leading order, exists and, by construction, that
Yo, (0) € {g =r =0).

By definition, the orbit yof*(é) for & € (a,b) spans a curve I'y (a,b) C R®, and
there is a three-dimensional tube 76_* C W*(P;) around Fo_, L(a, b) (forany —0c0 < a <
b < oo) which consists of all orbits y~(&; vy, wy) C W*(P;) with (vy; wy) so close to
(— A, we(—AF ) that

sup ||)/7(E;U*,w*)—y0—,*($)|| <e Ve,

t<—1&.

where —&p . = —&her,«(V4), the position of the jump mid-point of 7’07,* (&). The existence
of 7, , follows from the continuous dependence on the initial conditions of solutions of
smooth ODE:s (as (2.1) clearly is); 767* defines an open neighborhood of Lo .(a, b) for any
—00 < a < b = oo in the relative topology of W*(P;"). Note that 7, contains both
orbits that jump away from M;r O(4/¢) close to yof*(—%éo,*)—these are the orbits close
to 8’]6; that only remain close to Mg' up to & = —%50,* + O(1/4/¢)—and orbits that are
exponentially close to M for arbitrarily long ‘time’—the orbits that are close enough to
Y0.(&). Note also that the ‘secondary” jump mid-points, i.e., the points at which the orbits
Y~ (&; vy, wy) take off again from M:‘, of all orbits in 767* must be exponentially close to
the curve Lo (— %éo,*, 00), that is itself exponentially close to /\/lj and is approximated, or
represented, by a part of a solution curve of (2.11)—compare to region 3 in Fig. 4 in which
the curve 'y (—&x, &) is approximated.

The tube 7, , is stretched by the fast dynamics near M into a three-dimensional mani-
fold that is no longer exponentially small in the direction of the fast unstable eigenvalue of
M —see Remark 2.2. In fact, 7., is exponentially close and parallel to W* (M). Since
wH (Mj) intersects W*¥ (M) transversely—which can be shown by the same Melnikov-
type arguments that established the intersection of W*(M_) and W* (/\/lj)—it follows that
Ty . N WHM) exists as a two-dimensional submanifold of 7. We label this manifold as
S(I .+ it consists of a one-parameter family of orbits y ™ (§; vy, wy) C WH(P;) N WH(M),
i.e., orbits in W*(P_") that are homoclinic to M . Since ’267* is exponentially close to Yo« &)
foré < — %EO,*, and since y,,_, (§) takes off from M at W . (P;"), it follows by the revers-

slow
ibility symmetry (2.2) that the orbits in S, touch down on M close to Wy (P, ), the

slow
&

The existence of the homoclinic orbit yh_,_ i (&) is established if it can be shown that there is
an orbit ¥~ (&; vy, wy) C So .« that indeed touches down exactly on W . (P."). This result
will follow from another application of the reversibility symmetry. The above construction of
the two-dimensional manifold S(; « C WH(PT)NWF (M), that is based on the heteroclinic

orbit y,, (§) C W' (P, ) N W* (M) and on the tube 7., has a symmetric counterpart in

slow stable manifold of P, in M that is spanned by £}, .
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the two-dimensional manifold SJ L« C WP )NWH" (M), that is based on the heteroclinic
orbit y&' L&) Cc WPy N W (M) and on the tube 76"'* Note that by construction all
orbits in SJ . touch down (or: take off in backward ‘time’) on W3 . (P,) C M, . Thus,
y,; j (&) exists if it can be shown that S(; . and S(’f , intersect.

To show this, we first note that

Sy NSy, =Ty, NTyH, € WP N WP,

since orbits in 7, that are also in 7{;; C WS(P7) C W¥(M,) must, by definition, lie
inside S, . Moreover,

dim (85, NSf,) =dim (7, N T55,) = 1.

Since both Saf ,. consist of solutions of (2.1), the dimension of 8(; LN Saf , cannot be zero, i.e.,
Sp. N S(;f , cannot be a point. It also cannot be two, which would imply that the two-dimen-
sional sets SO% , coincide. This is not the case, since ng . are, as subsets of %j,t*’ stretched
like 76“’—;, thus S, is parallel to W* (M) and S(;T . to W (M. Hence, we may conclude
that we have proved the existence of the (locally) uniquely determined homoclinic orbit
vi,j (&) C WH (P, ) N WP(P,), if we have shown that ’ZE); and ’ZE;; intersect.

This follows from the local stretching of the tubes 7, , and To+* near M7 . To see
this, we consider the curves F&*(—%fo,*, %50,*) and Fof*(—%éo,*, %50,*) that are associ-
ated to y;, (€) and ¥, (§) (note that y;, () jumps at +£o« by (2.2)). By construction,
FO_,*(_ %50,*, %50,*) and Faf* (— %SO,*, %50,*) are exponentially close to each other and expo-
nentially close to M. The tube 7., is stretched in the direction of the fast unstable eigen-
value of M near Fgf *(—%50,*, %50,*) and is exponentially close to W* (M), while 7[)+*
is stretched in the direction of the fast stable eigenvalue of Mj near I‘gf *(—%50,*, %50,*)
and is exponentially close to W*(M;). Moreover, both three-dimensional manifolds ’Toi*
extend to two sides — {u < 1} and {u > 1} — of /\/lj near FSE’*(—%EO’*, %50,*), since they

both contain orbits that are asymptotic to M. Thus, 7, and ’ZE)Z must have a nontrivial
intersection. This completes the proof for K > 0.
Observe that the left hand side of (2.22) has at most one extremum for A € (0, 1), namely

see (2.25). Therefore, K cannot be more than two.

Finally, we briefly consider the situation in which K = 0, i.e., in which there is no solution
A € (0, 1) of (2.22). In this case, the critical heteroclinic orbits yOT (&) 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 Mgt and Psi [8,9]. m]

Remark 2.2 In[12,13], the stretching and squeezing associated to the passage of an invari-
ant 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 M. 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.
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2.5 Explicit Analysis of the Number K of Stationary One-Pulse Solutions

Theorem 2.1 above establishes that K < 2. In this section, we carry out a straightforward
analysis of the jump condition (2.22) to derive explicit results for the number (K) of station-
ary one-pulse solutions in (1.6) for a given set of parameters. The following lemma is an
example; it is stated without proof.

Lemma 2.1 Let (o, 8,7y, D, 1,0, ¢) be such that |« D| > |B|. Then, for e > 0 small enough,
and y1,¢2 as given in (2.24), we have

(al) if sgn(a) = sgn(B), sgn(y) = sgn(a), and |y| < |a + B|, then K = 1.
(a2) if sgn(a) = sgn(p), sgn(y) = sgn(a), and |y| > |a + B, then K = 0.
(a3) if sgn(a) = sgn(B) and sgn(y) # sgn(w), then K = 0.

(bl) ifsgn(a) = —1=—sgn(B), « +p >0, and sgn(y) = —1, then K = 0.
(b2) ifsgn(a) = —1=—sgn(B),a+p>0,and0 <y <o+ B, then K = 1.
(b3) ifsgn(a) = —1=—sgn(B),a+B>0,anda+ <y <y, then K = 2.
(b4) ifsgn(a) = —1 = —sgn(B),a + B > 0,and y > y.1, then K = 0.

(cl) ifsgn(a) = —1=—sgn(B),a+pB <0,andy <o+ B, then K = 0.
(c2) ifsgn(e) = —1=—sgn(B),a+pB <0, anda+ B <y <0, then K = 1.
(c3) ifsgn(a) =—1=—sgn(B),a+pB <0,and0 <y < yc1, then K = 2.
(c4) ifsgn(a) = —1 = —sgn(B),a+ B <0,and y > y.1, then K = 0.

(dl) ifsgn(a) =1= —sgn(B),a+ B >0,andy < ye, then K = 0.

(d2) ifsgn(a) =1=—sgn(B),a+B>0,andyr <y <0, then K = 2.
(d3) ifsgn(@) =1=—sgn(B),a+p>0and0 <y <o+ B, then K = 1.
(d4) ifsgn(a) =1= —sgn(B),a+pB >0,andy > a + B, then K = 0.

(el) ifsgn(ae) =1=—sgn(B),a+p <0,andy < ye, then K = 0.

(€2) ifsgn(a) =1=—sgn(B),a+p <0,andyr <y <a+p, then K =2.
(e3) ifsgn(a) =1=—sgn(B),a+p <0, anda+p <y <0, then K = 1.
(e4) ifsgn(a) =1= —sgn(B),a+p <0, andy > 0, then K = 0.

See also Fig. 5, where we plotted (2.22) for certain parameter combinations. The left frame
represents the cases (b1)—(b4), the right frame (d1)—(d4).

3 Travelling Pulse Solutions
In this section, we establish the existence of localized one-pulse solutions to (1.6) that travel
with a fixed, well-determined, speed. As in the previous section, we will construct these

pulses as homoclinic orbits y,,- j (&) to the critical point P_.

3.1 The Formal Construction of Travelling One-Pulse Solutions, y,, ; (&)

We introduce the moving coordinates n = x — &2ct and, with a slight abuse of notation, set
& = n/e, so that (1.6) reduces to the six-dimensional dynamical system,

M%':p

pe = —u+ud+el@v+pw+y —cp)

Vg = &g

qe = (v —u) — g G.1)
wg = 57

& 83
re = p(w —u) — 57c0r,
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with an additional parameter ¢ for the speed of the travelling pulse. The structure of this equa-
tion justifies our choice for the magnitude of ¢ (= O(e?)). 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 (1.6). Note that, unlike (2.1), (3.1) depends
explicitly on the parameters v and 6. However, the critical points of (3.1) are identical to
those of (2.1) and, thus, given by (2.4).

The fast reduced system is identical to (2.5), as long as 7,0 < 8%, and is thus again
governed by the Hamiltonian H (u, p) (2.6). For any ¢ of O(1), system (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 W**(MF). Although M depend on c, the lead-
ing and first order approximations of Mf are still given by (2.8) and (2.9), so that it again
follows that H (u, p)| = = O(e?) (2.16).

However, there are two significant differences between (3.1) and (2.1). First, (3.1) does
not have the reversibility symmetry of (2.1) for ¢ # 0. As a consequence, we cannot expect
to find symmetric pulses and, more importantly, we cannot exploit the symmetry in the con-
struction of the pulse and in the associated validity proof. However, system (3.1) does inherit
the symmetry,

§— —&p—>—p,g— —q,r— —r and ¢ — —c, (3.2)

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

d
@H(u(é),p@)) =ep(av + Bw +y —cp), (3.3)

instead of (2.14), which implies that the Melnikov conditions will depend in an O(1) fashion
on c—which also further validates our scaling of the magnitude of the speed of the pulses.
As in Sect. 2.2, we define the position of the jump mid-points of Yir,j (&) to be F&,, i.e.,

Yir. i(é‘) crosses the hyperplane {# = 0} at £ = F&, (&, > 0). The coordinates of the jump
mid-points are defined by

Vir,; (F&) = (0, pF v, qF, wi r). (3.4)

Unlike the symmetric stationary case, the coordinates of the jump through the fast field from
M to M;", denoted by (p, , v, . q, . w; . r, ), will differ from those of the jump back from
M to M, denoted by (pif, vi, ¢, wi, ;). Moreover, the middle of the pulse, Vir.; ().
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 (1.6). Nevertheless,
with this definition we can use the same partition of the homoclinic orbit Yor, j (&) into five

regions—see Sect. 2.2—with I;F,s and 10 as in (2.13).

We again use the Melnikov function to measure the distance between W*(M_) and
W (MT). We find, assuming that &, = O(é),
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ATHOS a7 wp ) = [ Hed
iy

= [erh e e (o + pur 4y - )€ + ) de

iy

+0(e/¢)
=2¢ (ocv*_ +Bw, +y — %\ﬁc) + O(e/e),

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

ATv, ATp, ATw, ATg = O0(/e), (3.5)

(see 2.15). Since H (u, p)IM;F = O(s2), we find as the first Melnikov condition,

1
av] +pw +y = gﬁc. (3.6)

Since there is no reversibility symmetry, the second Melnikov condition for the jump from
M to My is slightly different,

1
av + pwl +y = —gﬁc, 3.7
which follows from

A}'H(v;",qj,w:,r:'):/Hgdé
Iy

= [enhte e (ol + pul vy - e+ ) de

.
Iy

+0(e/¢)
=2¢ (ocv: +pwf + v + %\ﬁc) + O(e/e),

(compare p2’+($ ) to p2’7 (§)—(2.7)). Note that the jump conditions are consistent with the
symmetry (3.2).

We can proceed (formally) as in the stationary case. We solve the (linear) slow subsystems
explicitly, imposing boundary conditions like those in (2.18) at the boundaries of the three
slow regions (1, 3, and 5) and also imposing the Melnikov conditions (3.6) and (3.7). Here,
we present this analysis for the critical case 7,0 = (’)(8%), since travelling pulses can only
exist for these values of t and 6. More precisely, if both 7,0 < e%’ then the flows on M;t
are symmetric to leading order and the only asymmetries in the construction of y,, (&) are
introduced by the ¢’s in the Melnikov conditions (3.6) and (3.7). From this, it follows that
c¢=0,1ie., thaty, j(f,:) =Y j (&), the stationary pulse—see Remark 3.1.

Thus, we introduce 7 and 2 by
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v

Fig. 6 The asymmetric slow flows for the (v, ¢)-subsystem on M (left) and the (w, r)-subsystem on M:
(right) for ¢ positive

The flows on M and M are, up to correction terms of O(g?), given by

[ veg = —ecfvg + ez(v +1), { Veg = —scrvg + 52(11 -1,
i and

Wgg = —&C szg + £ (w+ 1), Wgg = —&C szg + £ b2 (w 1),

see Fig. 6. The eigenvalues Aiw of the decoupled (v, ¢)- and (w, r)-subsystems are given
by

11 6 242
+ ELANRN bk (3.8)

1
+ _ _ ¥ 222 _ _
A _E(cr:I: ccT +4), )Lw_ZD D o2

v

which clearly establishes the asymmetric character of the flows on M (for Z, 6 # 0). The
stable and unstable manifolds of Pf restricted to Mj‘ are spanned by

F = (g =2F(Fl+ )}, 05F = r = DAL(FL +w)),
GF =g =A7(F1+ v}, 5E ={r = DAy (Fl +w)).

(compare with (2.12)).

Since the slow (v, ¢, w, r)-coordinates do not vary to leading order during a jump through
the fast field (3.5), we can ‘match’ the solutions in the slow regions 1, 3, and 5 by imposing
boundary conditions as in (2.18). As in the stationary case, there are more boundary condi-
tions than free parameters. Hence, there are relations between the coordinates of the jump
mid-points,

(3.9

vy, q.) el (wy,ry)els™, wh,ghets™, wihrhH et (3.10)
as may be seen from the system geometry (see Fig. 7). Furthermore,
vE = s (25 1) <1, wE = (H2HE 1) - 3.11)
with
20 22E
+ v + w
s =——F/—"—= <0, s, =——F—"—= <0. 3.12
v )‘«vi _ )»3: w Ai _ )\3}: ( )

(Note that (3. IAO) and (3.11) reduce to their stationary equivalents (2.19) and (2.20) if either
¢ =0o0r7 =60 = 0-see Remark 3.1.) We conclude that for any given pair (c, &), the (slow)

@ Springer



J Dyn Diff Equat (2009) 21:73-115 93

Fig.7 A schematic sketch of a travelling pulse y, - j (&) homoclinic to P~

coordinates (v, ¢, wF, rF) of the jump mid-points are uniquely determined by the above
conditions combined w1th the matching conditions (3.5). Moreover, we have the following

leading order approximations of the v- and w-components of y,,- ;&) in the slow regions (1,
3,5),

—2s, ¢**0 6 sinheaf g, — 1 in 1,
vy = Sv—esms—én + et v €+ 4 1in 3,
2sFe*vE sinhery £, — 1 in5,
—2s5; ¢ o sinherte, — 1 in1,
Wi = | 57 EED | gt ehuEHE) 4 1 in3,
25 e b sinh ed &y — 1 in5,

see Fig. 7. The Melnikov conditions (3.6) and (3.7) impose two relations between ¢ and &,,
W2 =a (sv_ (e—zsx;rg* - 1) - 1) + B (su_) (6_2“‘%* - 1) — 1) +y
—%ﬁc =« (sv+ (62“175* - 1) - 1) + B (s;j (ezs)‘lzé* - 1) - 1) + .

A pair of solutions (c, &) to (3.13) with ¢ # 0 corresponds formally to a homoclinic solution
Yir. j (&) of (3.1) and thus to a pulse solution of (1.6) that travels with speed g2c.

(3.13)

Remark3 1If7,0 < 5. ie.if 2,0 = 0 to leading order, then A¥ = +1, A% =+, and

sjE = s —1, so that (3.13) reduces to

1 1
—3V2e=ad’+ BAD —y = V2,
to leading order, with A as in (2.20). Hence, ¢ = 0 and J’,:,j(f) = yh_’j (&) (2.22).

3.2 Existence Theorem for Travelling Pulse Solutions

Theorem 3.1 Let (o, B, y, D, 1,0, €) be such that t = % 0 = 2, and assume that (3.13)
has K solution pairs (cj, (§+);) withcj # 0. Let & > 0 be small enough. If K = 0, then

there are no homoclinic orbits to P in (3.1) with ¢ # 0. If K > 0, there are K homoclinic
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orbits yt;/.(ri), jefl,..., K} to P, in(3.1) that have a structure as sketched in Fig. T and

that correspond to travelling one-pulse solutions of (1.6) which travel with speed ezcj #0,
where 6‘7 = c;‘. (&) =cj + O(e).

The proof of Theorem 3.1 is similar to that of Theorem 2.1 in Sect. 2.4. Nevertheless, there are
differences, especially since the proof of Theorem 2.1 strongly depended on the reversibility
symmetry in (2.1). The proof is given in Sect. 3.3.

Generically, K can be expected to be positive for open regions in the («, 8, y, D, 7, 6)-
parameter space. However, a priori, it is not clear whether parameter combinations exist for
which K can be non-zero. In fact, though (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, (3.13) can be approximated asymptotically in various limit settings.
As an example, we consider the case

1 A
f=g>>1,9=h8<<1,

i.e., we assume that 7 is large and 9 is small, but both still O(1) with respect to e. We
thus introduce an artificial second asymptotic parameter § that is independent of ¢ such that
0 < ¢ « § < 1. We further assume that all other parameters, including &, are O(1) with
respect to §. We search for solutions (c, &) of (3.13) such that

c>0, c=0(), X, =¢& =0(1),

with respect to §. Note that this implies that we look for homoclinic orbits that spend a long
‘time’ (O(ﬁ)) near .Mj‘ It follows by a straightforward computation from (3.11) that,

vy = =220 L1 L 0, vt = —1+00), wy =0©), w =0), (3.14)
so that (3.13) reduces to
1 1
gﬁc =av, +y + 0(), —gﬁc =—a+y+0E@).

Hence, there exists a homoclinic orbit Yiri (§) to P in (3.1) for o > y with

c=c = %fz(a — )+ 0@, ¢). (3.15)

Moreover, X 1, and thus (&,)1, can be determined through v and (3.14). By the symmetry
(3.2), we conclude that K =2 for7 > 1,0 < land o > y.

3.3 Proof of Theorem 3.1
The construction of
Virj (&) CWHP) N W (P) C WH(PT) N WP (M)

is again based on a special heteroclinic orbit y,, (§) C W"(P;) N WS (M), atube 7,7, C
W*(P;") around it, their counterparts in backwards ‘time’ y,}, (§) € W*(P,) N W* (M)
and 7.7, ¢ W¥(P;), so that Vir ;&) C T NTE,.
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(w™(v),r(v))

Fig. 8 Example of the construction of v™ (vy ), w™ (vy ), and r~ (vy )

For any ¢ > 0 (fixed), W"(P;") is represented by the two-parameter family of orbits
vp vy, wy) C WH(P,.7). We know by the Melnikov analysis that there is a one-param-
eter subfamily of orbits . (&5 vy) = vp (&1 v s wy (vy)) C WH(P) N WY (Mj), with
wy (vy ) determined by (3.6). The orbits y,. (§; v ) follow the slow flow on M;", and it can
be checked that those with v;” € (—1, S;7) again cross the {g = 0}-hyperplane. Here, S, is
determined by the observation that (v, , g, ) € I!>~ in the (v, g)-subsystem on M_ (3.10),
while (v}, g; ) must be to the left of 5" in the (v, g)-subsystem on M so that y,., (§; v})
may cross through {g = 0}; a similar condition must hold for (w; (v, ), r; ) in the (w, r)-
subflows on M — see Fig. 7. For each v, € (—1, S;) the intersection of Vet (65 v ) with
{g = 0} occurs by definition at & = &, (v,) € (=&, &), and these intersections define a
one-dimensional curve denoted by

Z7 ={(u (vy), p~ (), v (v;),0,w (vy),r (vy))
= Yhet Ghets Vi ) 1 Uy € (=1, 8}, (3.16)

see Fig. 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 M is given by

Zgow = {1+ euy 7, 0,w™,r7), pf (v, 0,w™,r7) v, 0w, r ) tuy € (=1, S},

see (2.8).

We perform the same construction in backwards (spatial) time and define the one-param-
eter family of orbits Vtht (E;v) e ws (PH)NWH (M;") by (3.7), the one-dimensional curve
Zt = {wt@h), pt ), vt @, 0, wr @), rT(})} c {g = 0}, and its projection
Z:[OW on M. The (w, r)-components of Z . define two curves, that typically intersect,
i.e., the condition (w™(vy), 7~ (v;)) = (W (W}), rT(v;)) determines for each given ¢ a
discrete number of critical values (v, (c), v: (). However, for general c, the one-dimen-
sional curves Z;, and Z} = do not intersect within the three-dimensional manifold M,
e, v (v, (0) # v*(v;f’ +(c)) in general. Nevertheless, the combined condition,

(0™ (03 (©)), w™ (v (), 7~ (5 (@) = W (W (), w @ (), rF (), (B.17)

in principle determines discrete critical values c; of ¢ for which Z . and Zlerow intersect
(transversely) in ./\/l;' It is a matter of straightforward calculations to show that (3.17) is
equivalent to (3.13).

The present construction is computationally more cumbersome than that of Sect. 3.1, but

its character is more geometrical and it can thus be more easily extended into a validity proof.
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To do so, we define (for any c) the special heteroclinic orbits y, ,(§; ¢) = %, (55 v, ) C
W (P7) N WM and yf (5:c) = yhct(“;‘ v, < WS(PT) N WH(MT). The tube
T, (c) C W"(P;") is spanned by those orbits y (5, v, , wy) C W*(P.) that are exponen-
tially close to v, (§; ¢) foré < é( &+ +&1e (Vs 1)) Likewise, the tube ’Z'+ (c) C WS(P_) is
spanned by those orbits y T, v, , wy) C W(P[) thatare exponentlally close to ¥, (&; ¢)
for & > 2(5* + Ehet(v*,*)). In forwards ‘time’, 7,7, (c) is stretched along W* (Mj), while
’Z;"'* (c) is stretched along W*¢ (/\/l;") in backwards ‘time’. By construction, the (stretched)
tubes intersect the five-dimensional hyperplane {g = 0} in two-dimensional manifolds,
ZZ(c) (by definition).

The theorem is proved if it can be established that there are non-zero values of ¢ for
which Z(c) N Z}(c) # {}, since each point in this intersection determines a point in
W (P )N WS(P;7)N{g =0}

To show this, we extend {g = 0} to a six-dimensional space, denoted by {{g = 0}, c}, by
adding c as an independent variable. This space contains the extended manifolds {Z(c), c}
and { Z;E(c) c} as three-dimensional subsets. Since y,_, (§; ¢) and y:' «(&: ) are exponentially
close to M as they intersect {g = 0}, and since the projections Z_, slow and Z;'[OW intersect by
construction near ¢ = c; determined by (3.13), it follows that {Z(c), ¢} and {ZT (c), c}are
exponentially close for ¢ near c;. As in the proof of Theorem 2.1, it now follows from the fact
that 7", (c) is stretched along W* (M) and 7.1, (c) along W* (M), that—in the six-dimen-
sional space {{¢ = 0}, c}—the three-dimensional manifolds {Z+(c), ¢} and {Z;(c), ¢} must
intersect transversely in discrete points that have c-coordinates c"f(s) which are to leading
order determined by (3.13) or (3.17). Hence, Z+(c) N zZr 7(0) = Vz:, EN{g=0}#0Pat

;‘(s)_cj + O(e). O

4 Bifurcation from Stationary to Travelling Pulse Solutions
4.1 Leading Order Analysis

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

c=3, A.1)

with 0 < ¢ € § <€ 1 (s0 c is no longer an unknown anymore). We expand the three
unknowns, T = T, o + O(3), 0 = 0* 0+ O00), & =& 0+ 651+ O(8?%). Notice that 7 T4.0
and 9* o determine the bifurcation values of T and 6 at which the bifurcation occurs, since
the speed of the bifurcating travelling pulse reduces to zero at T = 7, o and 6 = 6*,0. Since
the bifurcation is co-dimension one we expect to find a relation between 7, o and é*,o.

The eigenvalues (3.8) and (3.12) become

1 1 16
A= El = Sh0d + 007, A= 205+ 082,

w D 2D?

1
=—1i5f*,05+0(32), ).
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Tx,0

40 60 80 100

Fig.9 For (o, B, y,€) = (3, 1, 2,0.01), the bifurcation point f*’o(é*,o) is plotted for D = 2, 5, 10, 100. The
value of the jump mid-point &, ( is, respectively, 40.547, 47.018, 50.356, 54.393 and is computed through
(4.2). When D = oo, we have &, o = 54.931 and ‘E*,o(é*_o) = 74,0 = 1.0460. This is the dotted line in the
figure

We also expand the four equalities in (3.11), using Ag := e =550,

. 1 1
vE = —AZF 1,08 (5 - EA% + Ajlog Ao) +2e£,1 A8 + O,

é*,O
D

2 1.2 12 e 2 ,
—AQ 7 2225 (5 — 547 + 5 Ag log Ao) +25EAD S+ 0.

Next, we substitute the above expansions into the jump condition (3.13), and we recall that
¢ = 6, to obtain
2
y = OlA% +BA;  (twice),
A 6,
IV2 =t (3 — 345+ Aflog Ag) + B (

o=

2 2
14D 1 D
— 340 + Ay 10gA0)7 4.2)
2
0 = dek, (aAg + %Aé’) ,

where we equated coefficients on O(1) and O(§) terms, respectively, and added and sub-
tracted the two O(§) equations. Note that the equation for A is identical to that of the
stationary one-pulse orbit (2.22): near the bifurcation the width of the travelling pulse is to
leading order equal to that of the stationary pulse. Equation 4.2 determine the three unknowns
Ao (which gives &, o), Tx0 as function of é*,o, and &, 1 = 0. The solution 7, ¢ as function of
é*,o, is plotted in Fig. 9 for several values of D.

Remark 4.1 We briefly consider the case of D large, i.e., D = O(é). It immediately follows
from (4.2) that &, o = —%é log (ya;ﬂ) (Here, we also have to assume that y > 8,«a > O or
that y < B8, @ < 0). Moreover,

) - -1
T0(0) = gﬁ (Ot -y =B+ —pB)log (VOIJ)) + O).

This 7, o is analogous to the (72)4 o we find in the analysis for travelling pulses of the reduced
two-component system (6.1)—see Sect. 6.
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4.2 Subcriticality and Supercriticality of the Bifurcation

To determine the nature (supercritical versus subcritical) of the bifurcation, see Fig. 11, and
also for the stability analysis [23], 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 6 equal to one, such that in the above analysis the w-com-
ponent is symmetric and has no higher order corrections, i.e., f =0in (3.8), etc. Note that 6
has also been set to & = 1 in [17,24,25]. Moreover, most of the numerical results presented
in [2,15,18,22] are for & = 1. We also assume that ozA% + %AS/D > 0, which implies that
the stationary one-pulse limit is not near a saddle-node bifurcation and that it is stable [23].

Lemmad4.1 Let (o, B,y, D, 1,0, €) be such that t = (’)(8%), 0 =1,a > 0, (2.22) holds,

and ozA% + %AS/D > 0, where Ag = e 0 and 0 < s K 1. Forc = §, withe € 8 < 1, a

travelling pulse exists for T = 8%(‘?'*,0 + 82‘?*,2 + O(8%)), with
2 1

£0= =2
“0T 3V a1 — A2+ AZlog A2

>0
)

N 3 . 1
Ty2 = 3*2\/501(1'*,0)4[1 - A% + A% log A% - gA% 10g3 A(Q)

5D (4.3)

+aAg log® A}(log A3 — 1)]
24 B
OlAO + 5AO

Note that the sign of 7, » determines the nature of the bifurcation: a negative 7, » yields a sub-
critical bifurcation, while a positive 7, » yields a supercritical bifurcation. For given system
parameters, we can evaluate (4.3) to determine the sign of 7, ». Moreover, we observe that
it is possible for the same («, 8, D) for 7, » to take on positive, as well as negative, values,
depending on y (via Ap), as is illustrated in Fig. 10.

Proof The proof consists of an elaborate—but straightforward—asymptotic analysis of the
jump conditions (3.13). Plugging in v, w¥ with = 1 yields, to leading order in &,

3 1
a(S;t(e:I:%)uf,Fc?* -1 - '86—255* +y = ngﬁc'

1~ 1~
67-*:2 CT*,Z
1 1 AO
0.8 )
0.6
-4
0.4
0.2 -6
Ao
0.2 0.4 0.6 1 -8
-0.2
-10

Fig. 10 Left frame: («, B, D) = (3, 1, 5). Right frame: («, 8, D) = (3, —1, 5). Note that we did not plot f*yz

but a ‘scaled” version 7, »/C. To be more precise, C = %«/ﬁ(x(ﬂp)“, and the scaling therefore depends on

Ap. However, C > 0 for Ag € (0, 1). Thus, the scaling does not change the sign of 7, ». Moreover, note that
2

the vertical asymptote (for f < 0) is exactly where ozA(z) + %AO5 =0 (Ag = Ag, see (2.25)). The last free
parameter, y, actually determines the value of Aq via (4.7). Thus for («, B, D) = (3, 1, 5) it is possible to
have a negative, as well as a positive 7, 2
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After expanding the two unknown variables 7 and &,
T=t,0H8 8 146782 + 8783 + O6Y), & = £u0 + 851 + %62 + 87603+ O,

we obtain the leading order approximations of (3.8) and (3.12),

8 2

1 ~3 lA 3 4
RT*’O — 51'*,2 1) + 0(6 ) (44)

Ai—:l:l—lf s+ ilAz _ L 82 :I:lA - Ls 3+ o6t
v = 2 %,0 4.0 T, 1 + 4'5*,077*,] 27*,2 + 0,

st=—1+ %f*,os + %f*,laz F (
With these expressions we deduce
2N = 6726&"’-1—6728&*'0(:F€f0$*,0—28$*,1)5—1—6*25&**"[—%8(&,0)2&,0 F el 160
Fote08n1 267 % 08,061 + %azﬁ*,o)z@*,o)z + 267 (8,1)7 — 266,218
e 20 [—%Sf*,of*,lf*,o Fetrbao* %sz(f*,of<s*,o)2+szf*,of*,1 (:.0)°

1 R 1 R 3 N
:Fg83(f*,o)3(§*,o)3 —~ Zs(r*,o)zs*,l Feturbar + 582(&,0)25*,05*,1
+262 %, 1540661 — & (£4.0)2(£4.0) 261 £ 26784 04 1)” TF 263 T 064.0(54 1)
_f 3 3 S 24 2 _ 3 4
38 (‘E*,l) :FST*,OS*,Zizg f*,OS*,OS*,2+43 ‘E*,lg*i 285*,3 8°+0(87),
(4.5)

and

&€ £ 2 & £ 2 2
258 _ 2580 _ 258, 256, 2 2 _ 2
e "D = e D50 DSS*’]e D505 4 7D O[ng (&«1) DSS*,Q]S

+e~ 2o [—3?83(5*,1)3 + ﬁszs*,ls*,z - 585*,3] 8 +06Y. 4.6

(Recall that e&, ; = O(1).)
Combining (4.4), (4.5), and (4.6), we find to leading order (twice)

2
aAl+BAL =, 4.7

which agrees with the first equation in (4.2).
The O(8) corrections read

B
D
By adding and subtracting the above two equations, we obtain

2 1
=0, %0=-V2 :
Sut 0T 3V 01— A2 + A2log A2)

1, 2 1
£t ol = A+ Ablog AD) + 268, 1 (AT + = AD) = igfz.

which agrees with (4.2), since é*,o = 0. Note that the function 1 — A% + A% log A% is positive
for all Ag € (0, 1) — it decreases monotonically from one to zero as Ao increases from zero
to one. Since o > 0 it follows that 7, o > 0.
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At O(8%), we find
O—j:laf (A2 — 1) — aA? o2 7 126 02 2_2
= £7at(4p aAj 48(f*,0) &0 Fetibeo0 + 5€ (7,007 (6x,0) e840

| B b
—EGU(T*,O)ZE*,OA% + 2585*,214(? ’

(since &,,1 = 0). Subtracting the two equalities implies
ate1(1— A+ AllogA) =0 = ., =0.
Adding both terms yields

. 1 1aA3(30)% log A3(log A2 — 1)
LT e > 2/D :
16 ¢ aAj+ %AO

We note that log A(z) —1 < log A(z) < 0 and (MA% + %Aé/D > 0, therefore, sgn(&,2) =

sgn(a) = +1. Thus, the width of the pulse (2&,) is larger than the leading order width
(2&4.,0), 1.e., the width of the travelling pulse is larger than the width of the standing pulse.
The O(8%)-term is given by

., 5 1, 2 1 . 2 |
0=+« T6(f*,0) - Ef*,Z Ag—DF Eaf*,OAo - 13(1'*,0) &40

1
+§82(f*,0)2(€*,0)2 - 255*,2}

. 1, 15 .
TFaAd[et 280 — ZSZ(T*,O)S(&,O)Z + 383@*,0)3@*,0)3

et 08x2 — 267 T 05k 0642 T 2664 3]
B 2
+258§*’3A(§).
Adding both terms implies &, 3 = 0, subtracting yields,

1 . 1. 1 . 1 . 1 R
o (Rm,o)?' — ET*,z) (Af—1— Eaf*,oA(z)[ - ZS(T*,O)ZE*,O + ESZ(T*,O)z(%‘*,o)2

—255*,2] — aAj [ef*,zs*,o — %Sz(f*,of(%‘*,o)z + é83(f*,0)3(5*,0)3 + %, 0642
—282f*,05*,o$*,2] =0,

which can be rewritten as

0 = —aAlt, 08k log A + 4—1804143(@,0)3 log® A% — %a(f*,of(l — A%+ Allog AD)

1 ~ 2 2 2

@ Springer



J Dyn Diff Equat (2009) 21:73-115 101

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

a2A3(f*,0)4 log? A(z)(log A(z) -1

2 2D ’
aAj+ %Ao

- L. 3 1 28 47 3,2, 3

Te2 = g(r*,o) — 3—2«/§aA0(1:*,0) log” Aj + 372\5
(4.8)

which can be rewritten as in (4.3). O

For D large, we can analytically determine the sign of 7, > in (4.3), as we now show.

Corollary 4.2 Let («, B, y, D, 7,0, ¢) and Ag be as in Lemma 4.1 and assume that D = %
with 0 < ¢ K § < 1. Define Ag € (0, 1) as the (unique) solution of

2
1 — A3+ Allog A3 + §A5 log® A2 — AZlog? A2 =0, (4.9)

(Ag = 0.11063...). Then, T2 > 0 for parameter combinations such that 0 < Ay <
AL +0©8) and 25 < Ofor 1 > Ag > A§ + O(9).

Proof 1t follows from (4.3) that, to leading order in §,
Te2lp—o@-1) = %\[205(?*,0)4[1 — A%+ Allog A3
—%A% log3 A(z) + A% log2 A%(log A(% - 1):|
- iﬁa(f*,o)“[l — A3 + A3 log A + EAg log® A2
32 3
— A} log? A%] =: Cf;’z,

with C = $5v2a(2.0)* > 0and 7, , = 1 — A3 + AZlog A + 3 A%log? A3 — AZlog? A2.
Thus sgn(7«2) = sgn(z, ,). We notice that f*yz(O) = 1and f*,z(l) = 0. We now show that
f;’z(s), with s := A(z), has a negative minimum by differentiating,

d = )212+1 1
dst*’z_ ogs 3ogs ogs .

Thus, with z := logs (so that z € (—o0, 0)), we see that f; »(2) has a unique extremum if

22 42—1=0,ie,z=2" = -3 — 1 /33. This implies that A} = ¢=5G+V33) ¢ (0, 1),
so that

/ 31 5
#,(AM) =1 — ¢4 G+ (? + Z\/33) <0.
Hence, Aé” determines a negative minimum of f;z, which implies 7?;,2 must change sign
once for A = Ag € (0, Aé”), where Ag is determined by (4.9). O
An additional consequence of Lemma 4.1, that holds for more general values of D, is

Corollary 4.3 Let (o, B,y, D, t,0,¢) and Ag be as in Lemma 4.1. Furthermore, assume
that B <0, aD > —B, Ag > Ac > A§ (with A, A§ as in (2.25), (4.9), respectively), then
the bifurcation is subcritical, i.e., T,» < 0.
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Fig. 11 The solution curve of equation (3.13) in the (7, ¢) plane for the parameter values («, 8, y, D, 0, &) =
(5,-3,1,4,1,0.01). We have chosen the parameters in such a fashion that they satisfy the conditions in
Remark 4.2. In the left frame we observe a subcritical bifurcation at 7 = f*’o = 6.01363. Moreover, we
observe that as T goes to infinity the upperbranch, ¢4 (%), goes to the theoretically predicted, leading order
value, %ﬁ((x —y) = 6+/2, see (3.15). Finally, from this numerical continuation we observe that the two
branches merge at a saddle-node bifurcation at 7§j" = 0.84917 and c'¢jy" = 6.3027. In the right frame, the
region near T = T ( is magnified

Proof Observe that in this case

aAglog? Ad(log A — 1)

2 B A2/D
aAj+ 54

< A}log? Aj(log A3 — 1) < 0.

Therefore, 7. 2(Ag) < C%, 5(Ao), with 7, ,(Ag) as defined above, and C%, ,(Ao) is negative
for Ag > Ag. O

Remark 4.2 If, in addition to the conditions in Corollary 4.3, it is also assumed that« > y,
then it follows from our analysis in Sect. 3.2 that there is a travelling pulse with speed
c= %ﬁ(a —y)+0O(, ) > 0for T > 1(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 travelling pulses at T = Tgy < T4 at which two travelling pulses bifurcate
with speeds ¢+ (7) > 0 and c+(fsy) = csy > 0; the pulse associated to c_(7) merges
with the stationary pulse at T = 7, ¢, while the other pulse exists for all T > Tgy, so that
cr(T) = %ﬁ(a — y)as T — oo. This can be checked by using a continuation method for
the solutions of (3.13), see Fig. 11. Hence, there exist parameter combinations for which two
types of travelling pulses coexist with the stationary pulse (for Tgy < T < T4,0). Both the
stationary pulse and the travelling pulse associated to ¢4 (7) may be stable [23].

5 Stationary Two-Pulse Solutions

In this section, we establish the existence of localized, symmetric, standing, two-pulse solu-
tions of (1.6). We construct these pulses as homoclinic orbits y{p j(é;‘ ) to the critical point P

5.1 The Construction of y{p j(S) Homoclinic to P~
We search for stationary pulse-like solutions. Therefore, the PDE (1.7) again reduces to (2.1),

and the basic observations (on the fixed points, the reduced limits, the slow manifolds, etc.)
are the same as in Sect. 2.1. However, for symmetric standing two-pulse solutions, we have
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to distinguish nine different regions instead of the five regions as we did for the one-pulse
solutions—see Sect. 2.2. We again parametrize the two-pulse solutions so that its u, v, w-
components are at a local extremum at £ = 0. However, there are three local extrema, see
Fig. 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 v, p.j (0) and w,_ 0. (0) are local
minima, while u, » j(O) is a local maximum, see Figs. 1 and 12. We define the four ‘jump
mid-points’ of Vz_p, j by j:é,,}’z (not to be confused with the &, 1, & 2 of the previous sec-
tion). Where the last ‘back’ (i.e., the final jump of Mg' back to M) of y{p’ j (&) crosses the
{u = 0}-hyperplane at £ = Si, and the last front of Vz_p,j (&) crosses the same hyperplane at

&= 5*2. Note that by construction 0 < Sf < Sj . The reversibility symmetry implies that —El
is the jump mid-point of the first front and —&? is the jump mid-point of the first back. Thus,

Vip (EED = (0, Fpl v, Fab, wy, Frl), vy, j(£6D) = (0, £pF, v, £q7, wl, £r7).
G

We assume that S*l, Ef, as well as éj — “;‘f, are large, i.e., Ei’z and “;‘i - Sf are O(é). We now

define the four fast intervals / ?’4’6’8 and the five slow intervals I‘Yl’3’5’7’9

168 .

1 1 1 1
2,4 1,2 1,2 2,1 2,1
R R e e I =& - ="'+ —=).
4 ( e ﬁ) f ( VET ﬁ)
1. | 3.7 . 12, | A
I = _OO’_?’%*_T/E , I = FE, —I—TE,ZFE* —75 ,

s, | 2, b o 1 9o |1, 1
’f"[5*+ﬁ’5* JE]’ ’S"[*UE’O")'

The nine different regions are then

The dynamics take place exponentially close to the slow manifold M : & € le.
The dynamics take place in the fast field: & € 1 )%

The dynamics take place exponentially close to M : & € I‘f .
The dynamics take place in the fast field: & € Ij;.
The dynamics take place exponentially close to M : & € [ 35 .
The dynamics take place in the fast field: & € I?.

The dynamics take place exponentially close to M : & € 1.
The dynamics take place in the fast field: £ € 1 ?.

e A o o

The dynamics take place exponentially close to M : & € [ Sg .

The analysis of the formal construction is now nearly the same as for the standing one-pulse
case (Sect. 2.2); the only difference is that it involves a bit more bookkeeping. However,
qualitatively, nothing changes; for example we still have A?g4’6’8(v, w, q,r) = O(/¢), the
equivalent of (2.15). The homoclinic v, w-component on the slow manifolds are still gov-
erned by (2.10) and (2.11). Together with the usual boundary conditions, of which there are
in total forty, we get
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2¢° (sinh (&) — sinh (e£2)) — 1 in 1
—etEHED _ oo (65D _ 205 (sinh (¢£2)) + 1 in3
V2p(€) = § —etEHED oo EHED 4 e8] _ pe6—ED) _ | in5 (5.2)
—emtEHED _ ek _ 9p—sk (sinh (¢£€2)) + 1 in7
2¢~¢ (sinh (¢£]) — sinh (e£2)) — 1 in9,
and likewise
2¢D¢ (sinh (§&)) — sinh (5£2)) — 1 in 1
—e BEHE) _ 55D _ 25 (sinh (5E0) +1 in 3
wap(€) = § —e BEHED 1 o= HE+ED | oHE—E) _o5E—ED | in5 (5.3)
—e BEHED _ o pE—ED) _ 2e~ b (sinh (%%’*2)) +1 in7
2¢~ B¢ (sinh (5&)) — sinh (5&2)) — 1 in9.

By the reversibility symmetry (2.2), there are two Melnikov conditions (instead of the
expected four), which are analogous to (2.17),

avl? + pwl? 4y =0, (5.4)

with vi’z and wi‘2 defined in (5.1). When we define A = e~®& and Ay = e—eEl
(0 < A} < Ay < 1), and combine this with the above results (5.2), (5.3), and (5.4), we obtain

1 1

2 11 11
—aA} +aA Ay —aA Ay — BAD + BAPAD —BAPA,Y +y =0 55)
2 11 11 :
+aA} —aAjAy —aA A + BAY — BAPAY — BAP ALY +y =0.
By adding and subtracting, this system can be transformed into
1 1
Gi(A1. A2) = a(A] — A2)* + B(AP — AD)? =0 56

1

2 2 11
Ga(A1, Ay) i= (A3 — AD) —20A Ay + B(AD — AP)2— BAD A, P = —2y.
The above formal analysis gives rise to the following theorem.

Theorem 5.1 Let («, B, v, D, 7, 0, €) be such that (5.6) has K solution pairs (A1, Ay) with
0 < A] < Ay < 1. Let ¢ > 0 be small enough. If K = 0, then there are no homoclinic
orbits to P in (2.1) that have a structure as sketched in Fig. 12. If K > 0, there are K
homoclinic orbits Vz;;,j@)) Jjel{l,...,K}, to P” in (2.1) (with structure as in Fig. 12).
These correspond to symmetric standing two-pulse solutions of (1.6).

Given the form of Eq. 5.6, it is natural to solve Aj and y as functions of A; and the system
parameters ¢, 8 and D. In Fig. 13, both A| and y are plotted. Note also that G| (A1, Ay) can-
not vanish in (5.6) if sgn(a) = sgn(B). Thus, there only exist homoclinic 2-pulse solutions
if sgn(a) # sgn(f)—see Sect. 6.

Proof of Theorem 5.1 A symmetric standing two-pulse Vz_p, j (&) is reversible (2.2) and we can
therefore argue along the same lines as in the proof of Theorem 2.1. In fact, the proof of this
theorem goes in essence very similar to that of Theorem 2.1. Therefore, we will omit most
details. By the first Melnikov condition in (5.4), there exists a one-parameter family of orbits
Voer (& vl wl(]) € WH(PS)NW? (M), We define the tube 7,7, € W¥(P;") as the col-

lection of orbits in W*(P,") that are exponentially close to yhle’; (&; vi; wi (vi)) foré < —SJ .
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Fig. 12 A schematic sketch of a symmetric two-pulse 7/2; j(E ) homoclinic to P~

v

Ay A= Ay
/ a+pf

2w

| Ay

Fig. 13 In the left frame, A is plotted as function of A, 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 (5.12). The two-pulse orbits are typically created or annihilated in a saddle-node
bifurcation—see Sect. 7, Fig. 15

All orbits in 7}, approach M and follow the slow flow on M;' for some ‘time’ (which may

be infinite), after which they take off parallel (and exponentially close to) W* (Mj). In other
words, near M 7, , is strongly stretched along the direction of W* (M]). It thus follows

by the application of the second Melnikov condition in (5.4) that 7 intersects W*(M;);
the intersection 7, N W* (M) is again two-dimensional, i.., it consists of a one-parameter
family of orbits C W* (P, )NW?* (M ). Asin the proof of Theorem 2.1, it can now be shown
that there is a unique orbit )/(i L &) C T]_* N W* (M) that is homoclinic to M such that
yoz*_ (0) € {g = r = 0} — note that this also determines the position of the symmetry point

& = 0. Again, the algebra leading to the construction of y& . (&) is equivalent to the above
analysis and yields at leading order (5.6). The existence of the 2-pulse homoclinic orbits
Yap,; () now follows by arguments that are identical to those in Theorem 2.1. It is based

on the construction of the sub-tube 7, , C 7, around y& . (£), its symmetrical counterpart

’2’2+* around the orbit y(i’: (&) and the application of the reversibility symmetry. O

Remark 5.1 In the proof presented above we have used that the jump mid-points v!? and
wi’z satisfy certain constraints. In particular, vl € (—1,0), wi = —%(ozv,l—i—y), vf € (v}k, V)

1 2
and wz = —%(avi + y), where V = _% _ i log (1 _ 6—2853 + e—é‘(fi-‘r&g))_ These
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constraints arise naturally from the requirement 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 5.2 In our analysis we have focused on the existence of localized one- and two-
pulse patterns. As for instance in [4], the same geometrical approach as in the proofs of
Theorems 2.1, 3.1 and 5.1 can be applied to establish the existence of many other kinds of
stationary or travelling 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 (1.7) — see
section 7.1 and especially Fig. 15.

5.2 The Existence of Two-Pulse Solutions

Just as was the case for the K of Theorem 2.1, it is, a priori, not clear whether there exist
parameter combinations for which the K of Theorem 5.1 is non-zero. 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 (5.6). It transforms into

[ Hi (A1, A2) i= a(A] — A)* + B(VAT — VAD? =0

5.7
Hy(A1, Ag) = a(A] — A}) — 204t + B(Ay — A1) — 2B,/ 4L = —2y. 67

Observe that the equality H; (A1, A2) = 0 does not depend on y. Moreover, y only appears
in the right hand side of H»(A1, Az) = —2y. Thatis, y only shifts H>(Aj, Az) up or down.
So, instead of solving for A| and A in terms of the unknown parameters «, 8 and y, it is
much easier to fix «, f and A, and to determine A and y such that (5.7) is solved. Actually,
by doing so, we impose, alongside & and j, one of the jump mid-points Ef and try to locate the
second jump mid-point 5,,} and y such that (1.7) possesses a standing two-pulse. Of course,
we could also choose to start with «, B, and A and determine A, and y that satisfy (5.7).
The zero of H; (A1, Az), for which 0 < A < Aj, is given by the relation

VAL + Ay = /=B (5.8)

When we implement this into formula (5.7) for Hy (A1, A») we find, after some manipulation,
a unique y:

/ 1 A /
y =a —2a(l + Ad) —a’i—ﬂ(l+3A2+A2—,/—;ﬂ— —ai). (5.9)

However, there are also restrictions on the choice of A>. Weneed 0 < A < Ay < 1.
Therefore,

—lé<A2<min(—é,1]. (5.10)
4a o
We conclude that if A, satisfies (5.10), there is a (@, B8, y)-parameter combination such that
(5.7) is satisfied, i.e., such that a two-pulse solution exists. However, if (5.10) cannot be
satisfied — which is the case when |4«| < |B], there are no such two-pulse solutions.

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

Corollary 5.1 Letsgn(a) # sgn(pB). Thereisanopenregionin (a, B, vy, D)-space for which
homoclinic two-pulse solutions as described in Theorem 5.1 exist. However, if || D? < | Bl,
then there are no such two-pulse solutions.
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Proof We start again by observing that G| (A1, A) = 0 does not depend on y, and that the
y in Ga(Ay, A2) = —2y only shifts G2(A1, A2) up or down. So, again instead of solving
A and A; in terms of «, 8 and y via (5.6), we solve this equation for given «, § and A;
with the unknown parameters A and y.

The condition 0 < A < A, < 1 yields the following generalization of (5.10)

1_D 1_D_
(-%)”71 <A2<min‘(—5)znl ,1]. (5.11)

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

5.3 Asymptotics for D — oo

In this section, we analyze the large D asymptotics of solutions of equation (5.6). From
Fig. 13, we observe that, over a large portion of the interval A, € (0, 1), the solution curves
for Aj lie near the axis, and the solution curves for y lie near the lower dashed curve. More-
over, these curves approach their respective asymptotes as D increases. We establish this
result precisely in the following lemma:

Lemma 5.2 Assume that « > 0 > y > B. Then, for strictly O(1) values of Ay €
0, /—B/w), as measured with respect to the asymptotically small parameter 1/D, the
solutions A1 = Ai(a, B, A2, D)andy = y(«, B, A2, D) of Eq. 5.6 satisfy, to leading order,

D 2
Alz(l— /—%Az) , y:—cx(w/—g—Az) as D— oo,  (5.12)

The lower dashed curve in the right frame of Fig. 13 is this parabola of y as function of Aj;.
It is also useful to combine the results of (5.12) of this lemma into expressions for A; and
A in terms of the given system parameters. The result is, to leading order,

(N . _[F_ 7
Al_(ﬂ) I i

We also remark that in both frames there is a boundary layer at A, = A1, which is why we
require A, to be strictly of O(1) for this result and we recall that the existence construction
requires that A; < Aj. In the boundary layer, the graph of A; limits on the diagonal, with
a slope of —1, while the graph of y is nearly vertical. Although the asymptotic analysis is
not too involved, we refrain from going into the details here. Nevertheless, we notice that,
by (5.6), y = a + B in the limit A, | Ay, see Fig. 13.

Proof of Lemma 5.2 We observe that, for A strictly of O(1) in (0,1), we may assume that
A =CP, (5.13)

to leading order, for some C € (0, 1). Indeed, if one instead assumed that A; = ad? to
leading order, for § = 1/D and for some o > 0, then from the first equation in (5.6) one
would find that Ay = 0 to leading order, which is a contradiction. Hence, with the assumption
(5.13), the first equation in (5.6) becomes

aA} 4+ B(C - 1)? =0,
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to leading order, where we used that Aé/D = 1+ O(/D) for Ay € (0,1), and that

(1/D)log(A2) <« C. Solving, one finds, to leading order,

o D
A1=(1— /—EAZ) , (5.14)

which is precisely the first formula of (5.12).
With the asymptotics for A; in hand, one may use the second formula in (5.6) to find the
asymptotics for y. To leading order,

= (-(-5) ) (5w

Simplifying the right member, we find precisely the asymptotic result (5.12) for y. O

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

e& =00, séf = —log A, = O(1), séi = —Dlog (1 — /—%Ag) = O0(D).
(5.15)
Hence, from (5.3), we find in region 5, to leading order,

wap(E) = —e~ BEHED | o= HETED 4 HE—ED) _ o568

2 =% 4,21
,B 2
v
1—2 /Y. 5.16
5 (5.16)

Therefore, for each A, € (0, «/—B/a), the W-component is constant to leading order, where
the constant is given by (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 A, € (0, /—B/a).

A stability analysis similar to that presented in [23] shows that the two-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 5.2.

6 The Two-Component Model

In this section, we investigate the two-component (U, V)-subsystem of the three-component
model, thatis, we send D to infinity and assume that the W-component is constantat W = —1
everywhere in the PDE (1.6). The PDE model reduces to

[U, =&V + U - U’ —e(@V + 1) 6.1)

fZ‘/t:Vxx+U_V’

with the same assumptions as before, 0 < ¢ <« 1,0 < 75 < 1/¢> and a2, y» € R. Note that
the notation for the parameters has the following correspondence with the parameters of the
three-component model: oy = o, 7o = 7 and y» = y — B.
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It can be shown with the same techniques used in this article that for 7, = O(1) the two-
component system has standing one-pulse solutions homoclinic to P, , = (u, ,,0,u, ., 0)

with Uy, = -1+ %s(az —y)+ O(&?) if there exists an A € (0, 1) satisfying

@A =y + 0(Ve),

recall (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 < [y2| < |ez|. Also,
the existence of travelling pulse solutions to P, for large 7, can be proved, and in the
end it boils down to solving a system of equations which is a simplification of (3.13).
Moreover, when we increase 1 from an O(1)-parameter to an O(s‘z)-parameter a trav-
elling pulse solution bifurcates from a standing pulse solution at (12)¢.« = s%(fz)o,* =

;—z%ﬁ (az — 2+ y2log (g—i)) This bifurcation can be supercritical, as well as subcriti-
cal. See also Sect. 4 and especially the proof of Lemma 4.2.

Finally, the two-component system possesses no symmetric standing two-pulse solutions
to P, . Physically, this can be explained by the fact that the model has too few free constants
(too few dimensions). The absence of two-pulse solutions is also plausible when we look at
Theorem 5.1. There only exists a standing two-pulse solution if at least sgn(«) # sgn(B)
and for the two-component system this condition cannot be fulfilled because there is no
equivalent parameter for 8 in the two-component system.

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

Remark 6.1 There are two ways in which the three-component system (1.6) may limit on a
two-component system, either by considering W — V, associatedto D | 1,orby W — Wy,
a constant when D — oo. In the former case one has to make the additional assumption
that T = 6. Since in most studies of systems like (1.1)/(1.6) D > 1 and t > 6, we do not
consider this limit here.

If one considers the limit D — oo in Theorems 2.1 and 3.1 for one-pulse solutions, then it
immediately follows that W — —1 uniformly on R — see for instance (2.21). However, since
the two-component limit cannot have standing two-pulse solutions, taking the limit D — oo
in Theorem 5.1 is less straightforward. In fact, this limit has already been discussed in section
5.3 (under the assumption that A, = O(1)). It follows from (5.15) that the width of the pulses
in the two-pulse solution increases linearly with D, while the distance between the pulses
approaches a finite limit. Thus, on bounded intervals, the two-pulse solution of the three-com-
ponent system limits on a one-pulse solution of a two-component (U, V)-system that is ho-
moclinic to (U, V) = (+1, +1) (with W — 1—2,/y /B, the constant value given in (5.16)).

7 Simulations, Conclusions and Discussion
7.1 Simulations

In this section, we show the results of some numerical simulations to further illustrate the
theory presented in this article and also to illustrate some of the basic pulse interactions and
instabilities. These simulations are carried out using the numerical software presented in [1].

We already illustrated a stationary one-pulse solution in the left frame of Fig. 1. There-
fore, we begin here with some travelling pulses of the type constructed in Sect. 3. The
pulses shown in Fig. 14 exist for values of t greater than the theoretically predicted value
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'l

7 =110

m T=115

b | B

\
: | “ﬂ' i :
‘ “ “hl '
> i ’ m \“ m
Fig. 14 Stable travelling pulses. The parameter values are («, 8, ¥, D, 0, ¢) = (6,3,4,2,1,0.1), and 7 is the
bifurcation parameter. Here, we plotted a bouncing travelling pulse solution for T = 110 and an annihilation
of a travelling pulse for t = 115

7,0 = 0.59 for the bifurcation in which travelling pulses are created (which translates into
an unscaled 7, o0 = 59). In the left frame, the travelling 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 7" = 112. Finally, we observe that the numerically observed value of
the bifurcation to travelling waves is 7,/*”" = 103, which is within the relative error of mag-
nitude O(1/¢) = O(10) of the leading order theoretical value 7, o = 59. Of course, in these
simulations ¢ is not yet really small, and hence we checked that the value of /""" decreases
toward the value predicted by the leading order theory as ¢ is decreased. For example, for
e = 0.01, we find 7" = 5.95 x 10* (compared to 5.9 x 10% theoretically).

Next, we illustrate the theoretical results for stationary two-pulse solutions of (1.6), as
derived in Sect. 5. For each of the four values of y = 0.8, 0.75, —0.25, —0.3, Fig. 15 shows
the corresponding stationary solution. Based on the simulations for these parameter values, we
find that the homogeneous background state U = —1 undergoes a subcritical bifurcation into
a two-pulse solution at y"*" = (.78. Likewise, due to the reversibility symmetry, the homo-
geneous state U = +1 bifurcates supercritically into a two-pulse solution at y"*" = —0.78,
though we do not show this. In addition, we observe that, as we decrease y 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 = +1 everywhere, except inside an interior 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 y = —0.31 for the saddle-node bifurcation, which occurs at
the minimum in the curve shown in the right frame of Fig. 13.

One of the most commonly-encountered bifurcations that the pulse solutions undergo is a
supercritical Hopf bifurcation in which the widths, and heights, of the pulses oscillate peri-
odically in time. In Fig. 16, we show a breathing one-pulse in the left frame, and a breathing
two-pulse in the right frame. For the one-pulse solution (with ¢ = 0.1), the Hopf bifurca-
tion occurs at T/ = 47. Moreover, we find that the breather dies out for T = 49.8. For
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Fig. 15 Plots of the stationary solutions of the three-component model (1.6) for four values of y: y =
0.8,0.75, —0.25, —0.3. The values of the other parameters are («, 8, D, t,6,¢) = (2, —1,5,1, 1,0.01)

the two-pulse solution (with ¢ = 0.01), the Hopf bifurcation takes place at t;‘,‘fg”p = 4590.
Moreover, at T = 5060, the breathing two-pulse solution becomes unstable and dies out. We
note that we have observed breathing two-pulse solutions for which the pulse widths breath
in an antisymmetric manner.

Scattering of pulses is also observed in the three-component model (1.7). In the left frame
of Fig. 17, we show the V-component of a two-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 bound-
ary, and the process repeats. A similar phenomenon has been observed in [15,16]. There the
unstable, stationary two-pulse, which the two-pulse data approaches, is called a ‘scattor’ (or
‘separator’). The importance of a scattor stems from the observation made in [15,16] that
the forward evolution of two-pulse data that approaches it is determined by where that data
lies with respect to the stable and unstable manifolds of the scattor or separator solution. The
relation between scattors and the two-pulse solutions constructed in this article is the subject
of future investigation.

We emphasize that the time interval shown in Fig. 17 is long and that the length of time
where the two pulses are near to each other is also long in comparison to the time interval
over which the pulses move an O(1) distance. Moreover, we found that the duration of this
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Fig. 16 Stable breathing one-pulse and two-pulse solutions. For the simulation shown in the left frame,
T = 49.7, and the other parameters are («, 8, v, 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, t = 5000, and the other parameters
are (o, B,y,D,0,¢) = (2.2,—1,0,10, 1,0.01). Also, we note that the interval used in the simulation is

& € [—1000, 1000]
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Fig. 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 during the third central scattering event (not shown for the
V-component). The parameter values are («, 8, ¥, D, 7,6, ¢) = (6, 3, 2,2, 6500, 1, 0.01)

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 four-pulse initial data in Fig. 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
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-1000

Fig. 18 The spatio-temporal dynamics of a solution with symmetric four-pulse initial data. The parameter
values are («, B, v, D, t,60,¢) = (2.1,—1,0,5,3900, 1, 0.01). Note that we actually give an asymmetric
two-pulse as initial condition and just ‘mirrored’ the domain, this can be done because of the Neumann bound-
ary 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 106, 11.4x 106] for the same solution,
so that the breathing is clearly visible

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 decrease. 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 two-pulse solution of the type constructed in Sect.
3, with pulse centers well inside £ = —1000 and & = 1000 on the domain & € [—2000, 2000].

7.2 Conclusions and Discussion

In this article, we established the existence of stationary and travelling one-pulse solutions
of the three-component model (1.6), as well as the existence of stationary two-pulse solu-
tions. The main results are presented in Theorem 2.1, Lemma 2.1, and Theorem 3.1 for the
one-pulse solutions, and in Theorem 5.1 for the two-pulse solutions. Moreover, we studied
various bifurcations of these solutions, including the saddle-node bifurcation in which the
stationary one-pulse solutions are created (see Theorem 2.1), the bifurcation from stationary
to travelling one-pulses (showing that this may be either subcritical or supercritical depending
on the system parameters, see Lemma 4.1 and Corollary 4.2), and the saddle-node bifurcation
of two-pulse solutions, see Fig. 13.

In the course of this analysis, we also showed that this three-component system 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 [15,16,18,22], and
these interacting pulse solutions exist also for the scaled Eq. 1.6 studied here. We think that
the analysis presented in this work 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 (1.6) reduces to the
more classical two-component system (6.1). This two-component system is almost the same
as the FitzHugh—Nagumo equations, except that the second species (inhibitor) also diffuses

@ Springer



114 J Dyn Diff Equat (2009) 21:73-115

here. It is shown that the two-component system possesses only the one-pulse solutions,
and not the two-pulse solutions of the type studied here. Hence, the addition of the third
component, as introduced in [22], is essential for the existence of two-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 Fig. 16. This is the topic of a companion paper
[23], in which we use the Evans function and the NonLocal Eigenvalue Problem method [3]
to carry out this analysis.

The methods and analysis of this article can be extended to carry out the analysis of pulse
solutions in the three-component model with heterogeneity that is studied in [25]. There,
heterogeneity is introduced in (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 article, as well as the Melni-
kov conditions that we used, can also be applied to these types of heterogeneous systems, so
that the pulse solutions may be constructed. In conjunction with these observations, we point
to an earlier example in which geometric singular perturbation theory was used to establish
the existence of standing wave solutions in a RD model of the Fabry-Perot interferometer,
which involves spatially dependent coefficients. See [21].
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