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1. Introduction

The existence and stability of stationary or travelling fronts or solitary waves in the non-linear
wave equation (or non-linear Klein-Gordon equation)

utt:Uxx"‘V,(u) (1)
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is well known when the potential V does not depend explicitly on the spatial variable x, see for
instance [7,32] and references therein. Indeed, the existence question can be analysed using dynamical
systems techniques. Furthermore, Sturm-Liouville arguments give that if a front/solitary wave exists,
it is stable when it is monotonic and unstable otherwise. However, if the potential has a spatial
inhomogeneity, i.e.

A%
Upr = Uxx + a_(uvx), (2)
u

less is known about the existence and stability of fronts or solitary waves.
Various systems are modelled by non-linear wave equations. For instance, taking V(u) =
D(1 — cosu), gives the sine-Gordon equation,

U = Uyy — D sinu,

which models various phenomena including molecular systems, dislocation of crystals and DNA pro-
cesses [2,3,8,32,33]. It is also a fundamental model for Josephson junctions, two superconductors
sandwiching a thin insulator [13]. In the case of Josephson junctions, the factor D represents the
Josephson tunnelling critical current. In an ideal uniform Josephson junction, this is a constant. But
if there are magnetic variations, e.g. because of non-uniform thickness of the width of the insulator
or the insulator being comprised of materials with different magnetic properties next to each other,
then the Josephson tunnelling critical current D will vary with the spatial variable x, leading to an
inhomogeneous potential V (u, x) = D(x)(1 — cosu).

Most of the analytical and theoretical work on Josephson junctions with an inhomogeneous crit-
ical current consider localised variations in D, hence the inhomogeneity is described by delta-like
functions [10,11,18,19,23]. Yet, in real experiments the inhomogeneities vary from a moderate to a
large finite length [1,26,27,31]. In [17], the time-dependent dynamics of a travelling front, so-called
(Josephson) fluxon, in the presence of a finite size defect is considered within the framework of per-
turbation theory (D is near 1); while the scattering of a fluxon on a finite length inhomogeneity is
studied in [24]. A full analysis of the existence of stationary fluxons in long Josephson junctions with
a finite length inhomogeneity is given in [5]. It is shown that often a plethora of solutions exists and a
natural question arising from this paper is: “Which solutions are stable, where do changes of stability
occur, and what type of changes are these?”

In this paper we generalise this question and study stability and changes of stability of stationary
fronts or solitary waves in a general (damped) non-linear wave equation with non-local inhomo-
geneities in its potential. A front or solitary wave u(x) is a smooth, C!, solution with (exponential)
decay to a constant value for x — £oo. Usually a front has different endpoints at +oo, while they
are the same for a solitary wave. To avoid having to write front/solitary wave, we will use the term
“front” to refer both to a front and a solitary wave. We will study inhomogeneous wave equations of
the form

9
uttzuxx+£v(u,x; I Imys oo Iy Ir) — g, (3)

where « > 0 is a constant damping coefficient and the potential V (u,x; I}, Im,, ..., Im,, I;) consists
of smooth (C3) functions V;(u), defined on a finite number of disjoint open intervals Im; on the
real spatial axis such that R = m Thus I; is the uttermost left interval, I, is the uttermost right
interval and Ip,, ..., Im, are the middle intervals. For example, if there are four intervals, ie, R =
(=00, —L1)U(—L1,0)U (0, Ly), U(Ly, 00), then V (u, x; {I;}) is given by
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Vl(u)7 Xe]l:(_oo7_L1)9

Vi, W), x€lp, =(—L1,0);
Vu,x Iy, Imy s Iy, I) = mi (1) m =(-11.0) (4)
Vin, W), x¢€lIm, =(0, L2);

Vi(u), x el = (L2, 00).

Note that without loss of generality, any potential defined on four intervals can be written as in (4),
as it is always possible to fix the endpoint of the second interval to be at zero by translating the
x variable and updating the end points of the other intervals accordingly. An example of such a
potential, modelling a so-called 0-7 Josephson junction [4] with a defect, is shown in Fig. 1. Here
Vi(u) = Vi, (u) = cosu + yu, Vi, (u) = yu and V;(u) = —cosu + yu with y =0.1. We will consider
this example in more detail in Section 5.2.

The existence of stationary fronts is governed by the ODE reduction

d
0:uxx+a—uv(usx§IIsIml,---,Imn,Ir)« (5)

Due to the discontinuity of V as a function of x, solutions of (5) can be maximally C! smooth. These
C! solutions can be constructed by using a phase plane analysis of the various Hamiltonian ODEs

uxx+vi/(u)20’ x € I,

plus boundary conditions to “match” the solutions and their derivatives at the end points of the
intervals and get decay to fixed points of the uttermost left potential V, for x — —oco and utter-
most right potential V; for x — oo. For the existence of a stationary front it is necessary that the
outer potentials V; and V; have a local maximum. Then the front in the unbounded uttermost left
interval I; is part of the unstable manifold of the fixed point in V,, while in the unbounded utter-
most right interval I, it is part of the stable manifold of the fixed point in V,. Within each of the
bounded middle intervals Im,,...,Im,, any solution can be associated with a particular energy or
Hamiltonian (h;). Generically it can be shown that if there exists a stationary front for the middle in-
tervals (I, ..., Im,), then there are nearby intervals for which stationary fronts also exist [5,29]. The
lengths of the n middle intervals and the associated fronts can be parametrised by the values of the
n Hamiltonians {h;}. These length functions are denoted by L;(h1, ..., hy); more details can be found
in Section 2. An illustration is given in Fig. 2 in the case of two middle intervals and the potential V
as sketched in Fig. 1.

Once the families of stationary fronts have been constructed, the next question is their stability.
To determine the stability of a front u(x; {h;}), we consider linear stability first. A solution of the
wave equation (3) is written as u(x, t) = u(x; {h;}) + l,/l/\(x, t); linearising about u(x; {h;}) and using the
spectral Ansatz l17(x, t) = e (x) gives the eigenvalue problem

LY = AY, (6)
where A :=A(A+ ) and

2

d
£(x: (hi)) = Dax+ 25 V (u(x: (hi)). x: ). xe|J i (7)

Here we are abusing notation in the potential V and use that the intervals I, can be parametrised
by their lengths and hence by the parameters {h;} (see Section 2). The natural domain for the lin-
ear operator £ is H2(R), so we define £ to have an eigenvalue A if there exist some eigenfunction
¥ e H2(R) such that (6) holds. The Sobolev Embedding Theorem implies that H2(R) c C!(R), so the
eigenfunctions will be continuously differentiable. The operator £ is self-adjoint, hence all eigenval-
ues A will be real. Furthermore, £ is a Sturm-Liouville operator, thus Sturm’s Theorem [30,20] can be
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Fig. 1. An example of a non-homogeneous potential on four spatial intervals. This potential models a 0-7 Josephson junction with a defect.
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Fig. 2. The bold solid red line in the left phase portrait is an example of a stationary front. The dashed-dotted red line is
the unstable manifold to u_., = arcsiny and the dashed-dotted magenta line is the unstable manifold to uy, = arcsiny + 27.
The dashed blue curve is the level set of the Hamiltonian %uf + V1(u) = hy and the solid black closed orbit is the level set

of the Hamiltonian %uf + Va(u) = hy. By varying these level sets, a full family with varying lengths can be obtained. On
the right, the front is plotted in the x-u representation. The colours correspond to the colours used in the phase portrait. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

applied, leading to the fact that the eigenvalues of £ are simple and bounded from above. And, if v4
is an eigenfunction of £ with eigenvalue A1 and v; is an eigenfunction of £ with eigenvalue A, with
A1 > Ajy, then there is at least one zero of v, between any pair of zeroes of v (including the zeroes
at +o00). Hence, the eigenfunction vi has a fixed sign (no zeroes) if and only if Ay is the largest
eigenvalue of £. The continuous spectrum of £ is determined by the system at +oo. A short cal-
culation shows that the continuous spectrum is the interval (—oo, —\/min(—V”(u,oo), —V"(Ut0)))s
where 1.4 are the asymptotic states at +oo of the stationary front u(x; {h;}). It is assumed that both
asymptotic states are maxima of the potential, hence V" (u+) <O.

Note that “the derivative of the wave” a%u(x; {h;}) is in general only in C°(R). Thus - unlike the

standard case of spatially homogeneous potentials - %u(x; {h;}) is not an eigenfunction and A =0 is
not the “translational” eigenvalue (there is no translational invariance). Another consequence of this
is that non-monotonic waves (see for example Fig. 2) may be stable, again unlike in the homogeneous
case.

If the largest eigenvalue A of £ is not positive or if £ does not have any eigenvalues, then
the pinned fluxon is linearly stable, otherwise it is linearly unstable. This follows immediately from
analysing the quadratic A = A(A + @) and recalling that o > 0. Indeed, if A > 0 then there exists a
A > 0 such that A =A(A + @) and if A <0 then R(1) <O for all A that satisfy A = A (A + «). Finally,
if A =0 the largest of the two A’s that satisfy A = A(A+ «), is A = 0. Furthermore, the A-values asso-
ciated with the continuous spectrum also have non-positive real part as the continuous spectrum of
L is on the negative real axis. So we conclude that if the largest eigenvalue Ag of £ is positive then
the front u(x; {h;}) is linearly unstable; if Ag < 0 then the front is linearly stable. Thus the eigen-
value Ag =0 in (6) is of particular importance, as this is the point where a change of stability can
occur.

The linear stability can be used to show non-linear stability, see also [4,5]. The non-linear wave
equation without dissipation is Hamiltonian. Indeed, define P = u;, U = (u, P), then formally Eq. (3)
can be written as a Hamiltonian dynamical system with dissipation for x-dependent vector func-
tions U in an infinite dimensional vector space, which is equivalent to (H'(R) N L' (R)) x L2(R):

d ) 0o 1 00
EU=]87—[(U)—otDU, w1th]=<_1 0)’D=<0 1)’

and
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0
HO) =5 [ [P+ 2( (55 1) — Vi)
+ % f [P+ u +2(V (u, % (1)) = Vi(upo0)) ] d. 8)
0

For any solution u(x, t) of (3), we have

o0

d _ 2
GHU =0 / P2dx<0. 9)

—00

As the front u(x; {h;}) is a stationary solution, we have DH(u(x; {h;}),0) =0 and the Hessian of H
about the front is

D2H(u(x: (hi}). 0) = (‘O‘ (I’) .

If £ has only strictly negative eigenvalues, then it follows immediately that (u(x; {h;}),0) is a min-
imum of the Hamiltonian and (9) gives that all solutions nearby the stationary front u(x; {h;}) will
stay nearby for all time.

In Section 2, we will give an overview of the results for existence of families of stationary fronts,
especially the relation between the length of the intervals {I;} and the Hamiltonian parameters {h;}.
We will focus mainly on the case of one or two middle intervals, hence one or two length parameters,
as more intervals can be dealt with in a similar way. After this section, the main part of this paper
follows and it determines the relation between potential changes of linear stability (i.e., the existence
of an eigenvalue zero of the linearisation operator £) and (constrained) critical points of the interval
length functions parametrised by the Hamiltonians {h;}. First we will derive a necessary and suffi-
cient condition for the existence of an eigenvalue zero. This condition is derived by constructing the
eigenfunction related to the eigenvalue zero. However, even in case of only one middle interval, this
condition is not very transparent. So we continue and show that the condition can be related to the
determinant of the Jacobian of the length functions L;(hy, ..., hy).

Since the construction of the eigenfunction associated to the zero eigenvalue is completely explicit,
the number of zeroes of the eigenfunction can be determined. Hence it follows directly whether or
not the eigenvalue A =0 is the largest one or not. In other words, this explicit approach not only
determines whether an eigenvalue A crosses the through zero, it also yields direct information about
the stability type of the underlying wave.

In constructing the eigenfunction, it is found that there is a qualitative difference if there are non-
simple zeroes in the spatial derivative of the front. This distinction comes from the fact that if the
spatial derivative of the front has a non-simple zero in the interval I; then the front u(x; {h;}) is a
constant function in the interval I and a fixed point of the dynamics in V; (see Section 2 for more
details). In the generic case that there is a family of stationary fronts with none of them having a
non-simple zero in its spatial derivative, the relation between the existence of an eigenvalue zero of
the linearisation operator £ and the lengths of the middle intervals parametrised by the Hamiltonians
can be summarised as:

The linearisation about a stationary front in a system with spatial inhomogeneities has an eigenvalue zero
if and only if the determinant of the Jacobian of the lengths functions L;(hy, ..., hy) vanishes.

The detailed formulation of this result and results for the non-generic situation can be found in Theo-
rems 4.5, 4.7, 5.1, 5.3 and 6.1. In Section 4, a full analysis is given for one middle interval (n = 1); the
case of two middle intervals (n = 2) is considered in Section 5; and the general case is in Section 6.
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After obtaining the results about the existence of an eigenvalue zero of the linearisation opera-
tor and (constrained) critical points of the length functions, we illustrate their use by deriving the
stability and instability of stationary fronts in two examples related to long Josephson junctions. The
first example is a long Josephson junction with a microresistor defect. This system is modelled by a
damped inhomogeneous wave equation with a potential with one middle interval (n = 1). The ex-
istence of stationary fronts for such systems is analysed in [5] and it is shown that a plethora of
stationary fronts exist. As promised in [5], in this paper we will show that for each length for which
there exist stationary fronts, there is exactly one stable one, which might be non-monotonic. This is
different from the homogeneous case where all non-monotonic fronts are unstable.

The second example is a 0-7r Josephson junction with a microresistor defect, the potential for such
Josephson junction has two middle intervals (n =2) and a typical example was shown in Fig. 1. In [4],
the 0-7 Josephson junction without defects is studied; it is shown that there exist both monotonic
and non-monotonic fronts and only monotonic fronts are stable. In this paper we will show that a
defect can stabilise a non-monotonic front-kink in the 0-7 Josephson junction.

2. Existence of fronts

Before proceeding with the stability results, this section considers the families of stationary front
solutions of (3) in more detail. As indicated in the Introduction, stationary fronts are solutions of a
non-autonomous Hamiltonian ODE which in the limit for x - —oo converge to a maximum of V; and
for x - 400 converge to a maximum of V.. Thus a stationary front is a solution to the following
boundary value problem:

A%
O=uw+—(ux{l;}) and lim u(x)=Uic. (10)
ou x—+00

Here u_ is a local maximum of V;(u) and u is a local maximum of V,(u).

We focus on the case where there are two middle intervals (n = 2), as it provides a good template
for all other general cases. For n =2, the potential is given by (4). From (10), it follows that the only
explicit x-dependence in V comes from the positioning of the various potentials V;(u). Thus within
each interval I;, Eq. (10) is spatially homogeneous and the fronts solve a Hamiltonian ODE in each
interval. Multiplying through by uy in (10), writing p = ux and integrating with respect to x gives the
following Hamiltonian description for the stationary fronts (recall that R=1;Ul{ Ul UI,):

1 1
g=5p2+vml<u), xelp v_:=vl(u_oo)=5p2+v1(u), xely;
1 2 1 2
h=§p + Vi, (u), xel; V= Vr(u+oo)=§p +Viw), xel;.

Here we use g and h for the (constant) values of the Hamiltonian in the intervals I; respectively I,
to avoid needless subscripts. Solutions of the set of equations above can be described as the inter-
section of stable and unstable manifolds with orbits of the dynamics in the middle intervals. Indeed,
the unstable manifold of the fixed point u_, in the left interval intersects an orbit of Hamiltonian
system with potential Vy,,, whilst the stable manifold of the fixed point uy in the right interval
intersects an orbit of Hamiltonian system with potential Vp,,. These orbits in the middle intervals
are parametrised by g and h respectively and generically there is a continuum of values of g and
h which intersect the unstable manifold of u_., and stable manifold of u,, respectively. Note that
the solutions of the i-th Hamiltonian system can typically lie on a closed orbit in the phase plane.
As a consequence, orbits in the middle intervals may have “turning points”, i.e., points at which the
uy-component of the orbit vanishes. These points play a central role in the upcoming analysis.

Next we will show that the parametrisation of the orbits by g and h implies that we can (nearly
always) parametrise the solutions in terms of g and h. That is, there is a region in the g-h plane for
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which fronts u(x; g, h), and length functions Li(g,h) and Ly(g, h) can be defined such that u(x; g, h)
is a continuously differentiable solution of

1

2p2 + Vi, (), forxel; =(—Ly,0);

Uy =D; g

aV 1
pr=—- (xLigh, 2@ ) h= Epz + Vi, (), forxely = (0, Ly);

lim u(X) = ttoo. (11)
Xx—to0o

In (11), L1 and L, are defined implicitly by using that —L;, O and L, are the points where the
dynamics in the various intervals "join" up. At this point, it may be useful to explicitly note that we
do not consider the interval lengths in (3) as given and thus fixed. In our approach, we consider the
lengths L; as parameters that may be varied. Of course, our methods in principle do allow us to study
front solutions of (3) with prescribed values of the lengths L;.

In order to see exactly how Lq(g,h) and L,(g,h) are specified, we define the matching points
to be (uj, p;) for i =1, m,r (from left to right). That is u(—Ly) =u;, p(—L1) = p;, u(0) = up,, etc. The
Hamiltonian formulation (11) gives that these points can be expressed as functions of the Hamiltonian
parameters g and h:

1
fplz =g— V() =V_ —Vi(u);

1
Epmz =g~ Vi, (Um) =h — Vi, (um);

1
Epf =h— V() =Vy — Ve(uy). (12)

So (uy, py) will be functions of g only, (u;, pr) will be functions of h only, and (um, pm) will be
functions of both g and h. In the first line of (12), the second equality defines a function g(u;).
However the function of interest is u(g). If for some 4, V(@) = Vy, (@) and V['(@) # Vy; (@), then
g(u;p) has a turning point at u; = @t and there will be a bound on the g-values for which a solution
exists. From now on we will assume that our potentials satisfy the non-degeneracy condition used
above, i.e.,

Assumption 2.1. The potentials V;, i =1,1,...,n,r are such that if at some point il we have V/(il) =
Vi@ then V/'(@) # VY (@).

Thus the curve u(g) has a bifurcation point at any point @t with V/(il) = V;, (il). There will be a
bifurcation point at p; =0 too as p; is defined in terms of plz.

Using the same arguments at the other matching points gives the remaining bifurcation points.
Thus we define the bifurcation functions %;, i =1, m, r,
21(8) = pi(Q) [V, (w(®) — Vi (w())].
PBn(g,h) = pm(g, W[V, (Um(g. 1) — Vi, (um(g, )],
Zr(h) = pr([ V] (ur(h)) — Vo, (ur ()] (13)

If g and/or h are such that Bi (8, fl) =0, then there is a degeneracy that must be studied carefully.

Lemma 2.1. Assume that there is a point (i1, p;) such that the first set of equations of (12) are satisfied for
some g =g.
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o If B)(g) # 0 then there exists a neighbourhood of g in which unique smooth curve of left matching points
(ui(g), pi(g)) can be defined which satisfy (12) and (u(8), pi(8)) = (1, p).

o If %(g) =0and (U, p) # (U_o0, 0) (ie., (@, Py) is not a fixed point of the V,-dynamics), then g is an
edge of the existence interval for left matching points (u;, p;). At one side of g two solutions curves of left
matching points emerge from (i}, p;) and there are none at the other side. The two solutions curves form
one smooth curve in the (u, uy)-plane.

o If )(8) =0and (i1}, p;) = (U_no, 0), then there are two smooth solutions curves of left matching points
in the (u, uy)-plane, both containing the point (i, p1). If Vy,, (t) # V[ (W), then these curves can be
smoothly parametrised by g. If V,/111 @) = V[(ﬂ\,), then g is an edge of the existence interval for the left
matching points (uj, py).

An analogue result can be formulated for the right matching points. The proof and detailed local
descriptions of the curves can be found in Appendix A.3 and Lemma A.2. The middle matching points
are slightly more complicated as they depend on two variables.

Lemma 2.2. Assume that there is a point (i, Pm) such that the middle set of equations of (12) are satisfied
forsome g =gand h=h.

o If Bm(g, fl) # 0, then there exists a neighbourhood of (g, ﬁ) in which unique smooth functions of mid-
dle matching points (up (g, h), pm(g, h)) can be defined which satisfy (12) and (up (g, fl), Pm(g, fl)) =
(. m)-.

o If Bn(&, h) =0 and (lim, Pm) is not a fixed point of the V,, -dynamics nor of the V,-dynamics (i.e., if

Pm =0, then V/, (iim) # 0 and V;, (um) # 0), then nearby g, then there exist unique smooth curves
ﬁ%(g), f)’r}1(g), and fl(g) such that the middle equations of (12) are satisfied, ﬂm(g,fl(g)) =0, and
(&) =1, pm(8) = p, and h(g) = h. Furthermore, the curve h(g) is bijective, hence near h there
also exist unique smooth curves &, (h), p& (h), and g(h) satisfying the criteria above and g(h(g)) = g,
iiin (h(g)) = i}y (8), etc.
Finally, the curve h(g) (or equivalently g(h)) forms an edge of the existence region for middle matching
points (Um, pm). For each fixed g: if h is at one side of h(g), then two solutions curves of left matching
points emerge from (iim, pm) and there are none at the other side. As before, these two solutions curves
form one smooth curve in the (u, uy)-plane.

Again, the proof and detailed local descriptions of the curves can be found in Appendix A.3 and
Lemma A.5.

In this paper, we will assume that there exists a connected set in the (g, h) parameter space such
that the matching points functions (u;(g,h), pi(g, h)), for i =1,m,r, are well defined for all (g, h)-
values in this set. From the lemmas above, it follows that at the (g, h)-values on the boundary of
this set, one or more of the bifurcation functions %; vanishes. In the (u,uy) phase space, the front
solutions follow the g- and h-orbits (in the Vp, - resp. Vy,,-dynamics) to connect the matching points
(uj, pi). The length functions L1(g,h) and L,(g, h) are determined by the “time of flight” (in x) along
these orbits.

In order to find expressions for Li(g,h) and La(g,h), we define functions pi(u, g) and p»(u, h)
to be such that p(u(x; g,h), g) = ux(x; g, h) for any x € I1 and py(u(x; g, h), h) = uyx(x; g, h) for any
x € I;. Hence

[p1u, g)]2 =2[g—Vmw)], forue{ux g h:xel};

[p2(u, )]’

2[h = Vim,w)], forue{u(x; g h): xel};

and the sign of p; is determined by the position of u(x) on the orbit: if u is increasing then p; is
defined to be positive and if u is decreasing p; is defined to be negative. Thus the turning points
of u are very important as these are points where the sign in the definition of p; changes. Also the
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expressions for the lengths L;(g, h) depend on how many turning points the function u(x; g, h) has on
the middle intervals I;. If there are no turning points in either middle interval, then the expressions
are straightforward and given by

Ly um(g,h) d ur(h)
L1<g,h>=fdx= / — T and Ly(g.h)=
p1(u, g
0 u(g) um(g,h)

du

- 14
pa2(u, h) (14)

However, if the function u(x; g, h) has turning points in one or both middle intervals, the expressions
get more complicated.

Let us assume that u(x; g, h) has v turning points in interval I, denoted by x;, for i=1,...,v
(with x; < xj+1), and p turning points in interval I, denoted by x;, fori=v+2,..., v+ 14 u (with
Xi < Xi+1). In the next sections, we will use the notation x,1 = 0 (recall that I; and I, join at x =0),
hence the “gap” in the counting. The length functions are then given by

u(x1;8) d y  uki:g) d um(g,h) p
u u u
mehi= [ ofoa [ [
p1(u, 8) ; p1(u, 8 p1(u, 8
ur(g) T u(xi-1;8) u(xv;g)
u(xy42:h) u(xi;h) ur(h)
Ly(g, h) [ _du +M+Zv+1 u__ du (15)
2(g,h) = —_— —_— —_—.
pa(u,h) A= pa(u,h) pa(u, h)
Um(g.h) =V uxiiih) UXpav415h)
Hence, we see immediately
oL 1 oLy
_— ’h = = — ,h . 16
ah g m Fr@h) " oz (g.m (16)

This fact will be used frequently later on.

It is important to realise that all of the integrals in (15) are positive: if u(x;) > u(xj_1) then
pjw) > 0 for u € [u(xi_1), u(x;)] so fu”((x’:"_)]) p;'(“u) > 0. If however u(x;) < u(xi_1) then pj(u) <0

u(xi) _du u(xi-1) _du uXi-1) _du

for u € [u(x), u(xi—1)] meaning f,0" 555 == fige) " 5w = Juw) =@

above, we have implicitly assumed that (um, pm) is not a fixed point of the V;;,-dynamics or the
Vm,-dynamics. If (g, h) is such that (um (g, h), Pm (8, h)) is a fixed point of the Vy,-dynamics, then a
front can be constructed for any length L;. This is a highly degenerate situation and such families will
be considered separately.

The condition that (um, pm) is not a fixed point of the Vy,,-dynamics, i =1, 2, can be rephrased
as the condition that the derivative of the front uy(x; g, h) does not have a non-simple zero in the
middle intervals. Indeed, if uy(x) has a non-simple zero at x=%X e I, then Ux(X) =0 = ux(X) and u(x)
satisfies uyy + V}(u) =0 for all x € I. Thus V}(u(&)) =0 and &t = u(X) is a fixed point of the dynamics
in Ij. As V; is smooth, we have uniqueness of solutions to initial value problems and hence u(x) =1
for all x € I;. So the condition that (um, pm) is not a fixed point of the Vp,-dynamics, i =1, 2, also
implies that all turning points x;, i=1,...,v,v+2,...,v+ u + 1 correspond to simple roots of uy.

> 0. In the arguments

It follows immediately from the construction above how to extend the results and expressions for
the length functions to the case that the potential V in (10) has more than two middle intervals
(n > 2). If the potential V in (10) has only one middle interval (n = 1) then setting Vi, := Vi, = Vi,
L:=1L1 =1Ly, and g =h gives the relevant relations for the matching points, bifurcation functions, and
length functions; more details can be found in Section 4



418 CJ.K. Knight et al. / J. Differential Equations 254 (2013) 408-468

3. Eigenfunctions in the kernel of the linearisation

In this section we look at the linearisation about a stationary fluxon whose derivative has only
simple zeroes and construct the eigenfunction associated with a potential eigenvalue zero. This con-
struction will involve matching conditions at the boundaries of each interval and leads to a compat-
ibility criterion for the existence of an eigenvalue zero. Again, we will give the details in the case
where there are two middle intervals as the other cases follow in an analogous way.

For an eigenvalue zero of the linearisation £ to exist, there must be a function ¥ € H2(R) such
that £L¥ =0, hence with (7),

2V (u,x; g, h
u,x; g )wz

Yy + 0

0, (17)

where u = u(x; g, h) is the stationary front whose stability we are analysing. As was already remarked
in the Introduction, the linearisation about a smooth stationary front u always has an eigenvalue zero
with eigenfunction u, for a homogeneous wave equation. However, for a inhomogeneous equation
generically uy ¢ H?(R) and thus cannot be an eigenfunction. In spite of this, if zero is an eigenvalue
of the linear operator £, the function uy still plays an important role in the eigenfunction.

To study (17), each interval is considered individually and then the resulting solutions are pieced
together. The ODE is second order and Lipschitz continuous in u, hence by uniqueness of solutions
there must be two linearly independent solutions in each interval. One of those solutions will be uy.
Note that uy # 0 on any interval as it is assumed that uy has no non-simple zeroes. Furthermore, the
end points, U+, Of the solution u(x; g,h) are fixed points of V;, i =1 respectively r, and are local
maxima. Thus these points are saddle points of the ODEs uy + V;(u) =0, i =1 respectively r, and we
can conclude that the far field linearised system has exactly one exponentially decaying solution as
X — +o0; this is the solution uy.

In the middle interval(s), we also need a second solution. With the method of variation of con-
stants it can be seen that the function

43
X 18
XU (X)/u,z((g) (18)

is a solution of (17) in each interval, which is linearly independent of uy. Using the principle of
superposition in each interval, the general eigenfunction can be constructed as a linear combination
of uy and the function in (18). However the integral expression in (18) is only defined on intervals in
which u has no turning points. Generally this is not the case for an entire interval, so we split each
interval in subintervals which don’t contain zeroes of uy. As in Section 2, we assume that there are

v turning points of the front u in interval I, denoted by x; for i =1,...,v; and w turning points in
interval I, denoted by x; fori=v+2...v+1+ pn with x; < x;;1. We also define xo = —Lq, X,41 =0,
Xy4p+2 =Lz and intermediate points M; = % i=0,...,v+u+ 1. Note that uy(M;) #0.

Thus if £ has an eigenvalue zero, its eigenfunction ¥ (x) is given by

ux(x), X< —L1:=xp;
Ajuy(X) + Bijux(x) fl\’;ll %, Xi <x<Xjpfori=0,...,v;
v(x) = . 19
® Aiux(x)+B,-ux(x)f1\);,i%, Xi<x<xipfori=v+1,...,v+u+1; (19)
ki (%), X>Ly:=Xyqpt2.

The parameters A;, Bj, i=0,...,v+u+1 and k have to be such that ¥ € H?2, hence also in C!. The
condition of continuous differentiability at all points x;, i =0,...,v 4+ @ + 2 leads to 2(v + i + 3)
conditions on the 2(v + w + 2) + 1 constants A;, B; and k. This difference between the number of
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parameters and the number of constants will lead to a compatibility condition for the existence of
the eigenvalue zero.

The extension of these observations to the general case of n middle intervals with n > 2 and the
reduction to the case of one middle interval goes along similar lines. Details will follow in the later
sections where the compatibility condition will be derived and linked to derivatives of the length
function for the various cases. ~

In order to simplify notation in the following sections, functions G and G; are introduced. These

functions are related to a regularisation of | uffg) when the front u has a turning point (hence uy
X
vanishes) at one of the end points of integration or in the inside of the interval of integration respec-

tively.

e For x;_1 <a < Xx;j4+1 and a # x;, define

Xi

y i ! !
i) = - B ' ?
G(a, xi) /[u;{(%_) U2 (%) (€ — x;)2 ] a4 (X — @)z (xi) o

a

e For x;_1 <a<b <xjy1 and a #x; #b, define

Gi(a,b) :=G(a, x;) — G(b, x;). (21)

Note that by the assumption that uy has only simple zeroes it follows that ux(x;) # 0 if ux(x;) = 0.
This is used to show the existence of the integral in the definition of G. For details showing these
functions are well defined, see Lemma A.1. ~

The following identities hold for G; and G if a and b are such that there is no zero of uy between
them and follow by direct calculation.

Lemma3.1.[fx;_1 <a<b <xjorxj <a<b <xji1, then

° Gi@b)=f; u%dfsﬁ

- b -
o Gla.x) =[] i +Cb.x).

4. Stability of three-interval stationary fronts

In this section we focus on the wave equation with one middle interval (n = 1) using the notation
L:=1L1 =1Ly and Vp := Vi, = Vp,, thus the potential satisfies V(x) = Viu(x) for x € Iy = (—L, L).
Note that now x =0 is the midpoint of the middle interval and there is no endpoint of an interval at
x =0 anymore. Initially we will look at a stationary front whose turning points are associated with
simple zeroes in the derivative uy. Let u(x; g) be such a front with v zeroes x1(g),...,x,(g) in the
middle interval. The expression for the eigenfunction associated with a potential eigenvalue zero of
the linearisation about the stationary front as given in (19), reduces to

Ux(X), x<—L;
w(x) = { Aitix(¥) + Bitx(x) f,@l %, X <X<Xjp1fori=0,...,v; (22)
l%ux(x), x> 1L;
where xg = —L, x,41 =L.

First we will derive the compatibility condition for the existence of an eigenvalue zero of the
linearisation. This condition is not very transparent, so we will show that it can be expressed as a
product of the derivative of the length curve and the bifurcation functions. After having analysed the
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stationary fronts with simple zeroes in their derivative, we will look at stationary fronts with non-
simple zeroes, i.e., stationary fronts for which one or both matching points are fixed points of one
or more of the potentials V;, V, or V. We will finish this section with an example of a Josephson
junction with an inhomogeneity to illustrate how the results can be used to determine the stability
of stationary fronts.

4.1. The compatibility condition

The requirement that the potential eigenfunction ¥, as given in (22), is in H2(R) (hence in C'(R))
gives 2v + 4 conditions involving the 2v + 3 parameters, A;, B; and k, by matching the function
(value and derivative) at x;, i =0, ..., v+ 1. The conditions give 2v 44 linear equations for the 2v +3
parameters and lead to the compatibility condition stated below.

Lemma 4.1. Let u(x; g) be a stationary front solution of the wave equation (3) with one middle interval. If all
zeroes of uy are simple, then L, the linearisation about the front u, has an eigenvalue zero with an eigenfunction
in H2(R), if and only if

B+ By + B%,C, =0.

Here %) and %, are the bifurcation functions defined in (13) and the constants C,, are defined as follows (recall
that v is the number of turning points of the front u, or equivalent, the number of zeroes of uy, in the middle
interval)

e if v=0and uy(xL) # 0 (ux has no zero’s in [—L, L]), then Co = f_LL uf—é):
e ifv>1anduy(xL) #0, then

Vv
Cv =G1(=L, Mo) + Y Gi(Mi_1, M) + Gy(My, L), forv=>1, (23)
i=1

where we recall that M; = %(xi + Xit1);
e ifuy(—L) =0 oruy(L) =0 (hence p; = 0 or pr = 0), then C,, = 0 for any v.

Note that if uy(—L) =0 or uy(L) =0, then the definition of C, does not matter for the compati-
bility condition of the lemma, as in this case % =0 or %, = 0. For v > 0, the definition of C, is a
regularisation of the integral for Cop.

Proof of Lemma 4.1. The proof is split in two parts. First we look at the case where uy(£L) # 0.
As the front u(x) solves the wave equation (10), uyy satisfies

uXX:_V[/(u)s x<-L uxx:—V,’n(u), |x| < L; uxx:_vr/(u), x> L.

Using this and the definition of the parameters in the eigenfunction ¥ in (22), the continuity condi-
tions for ¥ and ¥y at x = —L give, after some rearranging,

Mo

L
/ / dé dé

Bg = % -V =% d Ap=1-B —— =1+ % —_. 24

0=pi[Vi Q) —V/@p] ) an 0 oM/ 26 + l/u)z((g) (24)

—L
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At the zeroes x;, i=1,...,v, we have that uy(x;) = 0. Since all the zeroes are simple, this implies
Uxx(x;) # 0. From Lemma A.1 (ii), it follows immediately that for any zero x;, i =1, ..., v, we have
Xj—€ Xi+e
1
llmu x;i —¢€) / llmu x; +¢€)
o @) uaG) o x(s)

-1 M;

Using this, the continuity condition for ¥ at x; gives

_ B =— Bi , thusBj=Bj_1=%, fori=1,...,v. (25)
U (Xi) Uxx (Xi)
Again using Lemma A.l, it is seen that fori=1,...,v
Xi—€
g%[uxx(x,- ~o | e o 6)} — UG T (Mi_1. )
Mi-1
and
xi+e
11m|:uxx(xl +€) / 26 ux(xil+ 6)} = U (%)) G (M, X}).
Thus the continuity condition for ¥y at x;, i=1, ..., v, can be written as
Ai-1 + Bio1G(Mi—1,%) = Ai + BiG(M;, ).
From the definition of G; and B; =4, i =1, ..., v, this implies the iterative relation

Ai=Ai_1+AGi(Mj_1,M;) fori=1,...,v. (26)
Finally, the continuity condition for ¥ at x =L gives

L
I’%:AU‘I'%[/

v

_ds
uz(€)

and the continuity condition for ¥y at x = L gives that the compatibility condition for the existence
of an eigenvalue zero is

L
B = lAcpr[V,%(ur) - V;(ur)] = —f<=%7r = —% (Av + %) / %) . (27)
Uy

v

To re-write this as the expression in the lemma, we consider two cases:
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o If uy has no zeroes in the interval [—L, L], i.e. v =20, we have xo = —L, xy =L, M, = Mgy =
=L+L — 0 and A, = Ag. Using the expression for Ay the compatibility condition (27) becomes,
2
upon rearrangement,
L
O:%’,+%r+93,,%r/
~L

_ds
uZ (@)’

e If uy has one or more zero in the interval [—L, L] then using the recursive relationship for A;, (26),
gives

v Mo v
Av=%zc,-(1wi1,M,»)+Ao=1+%<fuf—é)+26i<mi1,Mi>). (28)
o i=1

i=1

Thus the compatibility condition (27) becomes

Mo ; L
dg dé
B=—5(1+2 /—+ G,-M,-_,M,-—i-f— .
! ( ’(_L 206 + 2 OMie Mo u%(é)))

i=1 M,

Using Lemma 3.1 to re-write the two integrals in this expression, the condition becomes

%
0= %, + %, + B%; (Gl(—L, Mo) + > Gi(Mi—1. M) + Gy, (M, L)).
i=1

In both cases, the term multiplying %%, is defined as C,, thus completing the proof in the case
ux(£L) #0.

Next we consider the case when uy(—L) =0 or ux(L) =0, i.e.,, py =0 or pr = 0. Recall that if
ux(—L) =0 then V] (u(—L)) = —lime o uxx(—L 4+ €) # 0 and Vl’(u(—L)) = —lime o uxx(—L —€) #0 as
uy only has simple zeroes. Similarly if uy(L) =0, V; (u(L)) # 0 # V/(u(L)). The proof is split up in to
three parts:

e First the case when p; =0 and p; # 0 is considered, thus %, =0 and V,’111 (u;) # 0. As before, the
continuity condition for ¥ at —L implies that By = ./96?1 =0 (using Lemma A.1 (ii)) and the conti-
nuity condition for Wy at x = —L gives that Ag = “//L ((i'l)). The continuity conditions for the other
zeroes are as before and imply that B; =0 and A; = Ay, for i =0, ..., v. Finally, the continuity
conditions for ¥ and ¥y at x =L give that k= Ao and V/(u;) = V/ (u;). Hence the compatibility
condition becomes %, = 0, which can be written as % + %, + %,%,C, =0 for any constant C,
(as #;=0).

e Similarly if pr =0 and p; # 0, hence %; =0 and V}, (u;) #0, V{(ur) #0, then B; =0 and A; =
kviwr)
Via(ur)’
compatibility condition is V| (uj) = V},(u;), hence %; =0.

e Finally if both py=0 and p, =0, then %, =0= %, and V, (u)) #0, V/(ur) # 0. The two con-

Vi (ur) V] (up)

Vi(ur) Vi (up)

for i=0,...,v. The continuity conditions at x = —L then imply that k= “//”,1((5')) and the
r r

tinuity conditions at L imply that lév;(ur) = AoV}, (u;). This gives k= and hence a

non-trivial eigenfunction exists. 0O

In the situation that one or both of the bifurcation functions vanishes, we can immediately draw
a conclusion about the existence of the eigenvalue zero and its stability.
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Corollary 4.2. Under the conditions of Lemma 4.1: If exactly one of 9B, %; is zero then the linearisation £ has
no eigenvalue zero. If %) = 0 = %, then the linearisation L has an eigenvalue zero whose eigenfunction is a
multiple (with possibly a different multiplication factor in each interval) of uy(x). In this case, the eigenvalue
zero is the largest eigenvalue if uy has no zeroes. Thus we can conclude that if %) = 0 = %, then the front u is
linearly stable if and only if it is strictly monotonic (i.e. VX ux(x) # 0).

In the homogeneous case, V) =V, = V;, so % =0 = %,. Thus this corollary recovers the well-
known result that only monotonic fronts are stable in the homogeneous case (i.e. when there is no
defect).

4.2. Variations of length

Next we will show that the constant C, in Lemma 4.1 can be expressed differently by using the
fact that the stationary fronts are not isolated, but part of a larger family parametrised by g. It will
be shown that C, is a multiple of g—é and hence the linearisation about u(x; g), i.e. £(g), has an

eigenvalue zero if the length curve L(g) has a critical point at g = g.
For three intervals, the general expression for the length function as given in (15) becomes

u(x1(8);8) u(xi1(8):8) ur(g)

2L(g) = / My Ui / L / du (29)
h pu,g) & pu, g) pu, g’
=1 yxie:e) u(xy(8):8)

u(g)

where as before p%(u, g) = 2[g— Vm(u)), for u € {u(x; g): x € I} and the sign of p(u, g) is determined
by the position of u on the orbit: if u is increasing then p is defined to be positive and if u is
decreasing p is defined to be negative. In each of these integrals there are either one or two zeroes
of p which only occur at the end points of integration. To analyse these expressions succinctly we
further split an integral if an interval of integration contains two zeroes. Thus expressing the length
function in terms of integrals with at most one zero of p at one of the end points of the interval
of integration only. First we recall that all zeroes x;(g) are simple, so no pair can collide. Also the
zeroes x1(g) and x,(g) can only leave the middle interval if p;(g) =0, p,;(g) =0 respectively, i.e. at
a bifurcation point. Thus for g away from a bifurcation point, the function M;(g) = w is
smooth and lies between the two adjacent zeroes x;(g) and x;;1(g). Finally, p = uy has a fixed sign
for x between x;(g) and M;(g) and between M;(g) and x;1(g). Thus the length functions can be
written as a sum of integrals of the form

u(xi(g).8) u(xiy+1(8).8)
and Ii(g):=
p(u, g) !
u(M;(g),8) u(M;i(g).8)

du

I = .
i(8) p(u, g

(30)

The derivative of such integrals can be calculated using the following lemma.
Lemma 4.3. If x;(g) is a simple zero of uy and y(g) € (xi_1(g), xi(g)) is a smooth function of g then
u(xi(g).8)
du

1(g) =
p(u, g
u(y(g).8)

is differentiable and

d
u(y(g). g).

I'(g) = —E(}’(g),xi(g)) - m@
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The proof of this lemma can be found in Appendix A.2. Applying this result to the integrals in (30),
we get the derivatives for the integrals in the length function (29).

Lemmad4.4.Fori=1,...,v — 1and g not a bifurcation point

UXit1:8)

du

dg p(u, g)
u(xi;g)

=G(Mi(®), xi(8)) — C(Mi(®), Xi+1(®)).

8=8

Proof. If g is not at a bifurcation point and is such that x;(g) and x;;1(g) exist for g near g, the
zeroes x;(g) and x;11(g) exist and are smooth functions of g. Thus Lemma 4.3 gives that

d -~ 1 d
—I = —C(Mi(®), %(®)) — ———=——=——u(Mi(g),
iz i(® - (Mi(®), xi(8)) M) 5) dgu( ). 8) -
and
Ly = —G(Mi(®), xi (N))—;iu(z\/r() )
dg ig g:g_ i(8),Xi+1(&8 1 (M:(3), 8) dg i(8), 8 o

u(Xi+1:8) _du
Asfu(xx-;g) p(u.g)

=1i(g) — Ii.(g), this immediately implies the relation of the lemma. O
These identities allow the existence condition for an eigenvalue zero in Lemma 4.1 to be related
to the derivative of the length curve L(g) with respect to g.

Theorem 4.5. Let the front u(x; g) be a solution of Eq. (10), such that all zeroes of ux(x; g) are simple and the
length of the middle interval of u(x; g) is part of a smooth length curve L(g). The linearisation operator L(g)
associated with u(x; g) has an eigenvalue zero if and only if

21(8)%:(&)L'(g) =0. (31)

Since L' (g) has a pole in a bifurcation point, i.e., if %) = 0 or %, = 0, this expression should be read as a limit
in those cases. This gives

o if #(g) = 0, then the condition becomes %,(g) =0;
o if #,(g) =0, then the condition becomes %(g) = 0.

A stationary front u(x; g) with a length of the middle interval that is not part of a smooth curve, but an
isolated point instead, has a linearisation operator L£(g) with an eigenvalue zero.

For all stationary fronts, if zero is an eigenvalue of the linearisation operator, then the eigenfunction is a
multiple of ux(x; g) for |x| > L (with possibly a different multiplication factor at each end).

Whilst on first inspection it might seem that (31) is automatically satisfied if g is a bifurcation
point, this is not the case. It turns out (see Appendix A.3) that at a bifurcation point L’(g) is un-
bounded. However it is still possible to take the limit of the bifurcation function multiplied by this
derivative and this expression is bounded. For example, if g is a bifurcation point with %;(g) = 0 then
Lemma A.4 gives

Vi(w(8)

lim % L =——
AL ==y @)
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Note that this limit is a one-sided limit, as g is at the edge of an existence interval, see
Lemma 2.1.
Theorem 4.5 and Corollary 4.2 immediately imply the following stability result.

Corollary 4.6. Let {u(x; g)} be a family of stationary fronts of Eq. (10) that form a smooth length curve L(g).
If all fronts u(x; g) are such that their derivative uy(x; g) has only simple zeroes, then a change of stability can
only occur at a critical point of the L(g) curve or when %(g) = 0 = %:(g).

Proof of Theorem 4.5. First we look at the generic case that u(x; g) is such that the length of its
middle interval is part of a smooth length curve L(g) and that %(g) # 0 # %:(g). Hence g is not at
the edge of the existence interval. By differentiating the relations in (12) for u;(g), p;(g), etc. with
respect to g, and remembering that in this case h has been identified with g and Vi = Vi, = Vi,
we get

0=pip/' () + V[ (upu/ (g), 1=pip/' (@) + Vi, (upu/ (),

1=p:pr'(8) + Vi (unur'(8), 0= prpy'(8) + Viuruy'(g).

Hence

1= Vi) = Viap]u/() and 1=[Vjw) - Vi@w)]ur' (o).

Furthermore, the function p(u, g) satisfies g = %pz(u,g) + Vm(u); differentiating this relation with
respect to g gives

ap
1=pu,g—W,g.
g

Finally, the front values at the turning points x;(g) are denoted by u;(g) := u(x;(g); g) and they satisfy
g — Vi(ui(g)) =0 (using (11) and ux(xi(g); g) = 0). Differentiating this relation with respect to g
gives

1 _ 1
Vin(ui(g)) U (xi(g))’

0=1-V, (ui(®)uj(g), henceuj(g)=

As in the proof of the compatibility condition, we will consider different cases depending on the
number of turning points of the front in the middle interval.

e In the case that the front u(x; g) has no turning points in the middle interval, differentiating the
expression for length L(g), (29), with respect to g gives

2Ll'(g) =

ur(g)
u(g) (g f du  9pu,g)

pr(g) pg ) pPug og
u(g)

Substituting the expressions derived above for the various derivatives into this equation and
changing the integration variable to x instead of u gives

L(g)

2L'(g) = — L - / d :—( LI +Co)- (32)
% (g8)  #1(g) e uz (&, 8) P (8) A8
—L(g
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o In the case that the front u(x; g) has v > 1 turning points in the middle interval, differentiating
the length function (29) with respect to g and using Lemma 4.4 gives

2 (g) = @ 4 u.(g)

pi(g)  pr(g

—G(=L.x1) + G(L,x) + Y _(G(Mi_1,xi-1) = G(Mi_1, x)))
i=2

__u(® L )

pi(g)  pr(g)

%
— G1(—L, Mg) = Gy(My, L) = > Gi(Mi_1, My)
i=1

u(g) ul(g) ( 1 1 )
pi(g®)  pr(g) % (8)  Bi(g) (33)

In both of these cases multiplying through by %(g)%(g) gives

228 % (L' (g) = —(%1(8) + %1 (8) + ()% (8)Cv),

which is zero if and only if £(g) has an eigenvalue zero by Lemma 4.1.

Next we look at the non-generic cases. If g = g is such that %;(g) =0 or %,(g) = 0 then the result
follows directly from Corollary 4.2. The fact that these results are limits of the general expression can
be seen by using Lemma A.4 and noting that lim,_, 5 %) (g)dfj—(;) and limg_, 5 %r(g)de—gf) are non-zero
respectively.

If g is such that u(x; g) is an isolated point, then both left and right bifurcation functions will
vanish, i.e., #(g) =0 = %,(g). Thus Corollary 4.2 implies that the linearisation has an eigenvalue
zero.

The fact that if there is an eigenvalue zero, the associated eigenfunction is a multiple of uy(x; g)
for |x| > L follows immediately from the expression for the eigenfunction in (22). O

4.3. Extension to a non-simple zero

So far we have focused on the case that the derivative of the front, uy, has only simple zeroes. In
this section we will consider the case that uy has a non-simple zeroes. Recall that a non-simple zero
in an interval implies that the front stays constant and corresponds to a fixed point of the dynamics in
that interval. There are two cases that must be considered separately, namely, if there is a non-simple
zero of uy in the middle interval or not.

If there is a non-simple zero in one of the outer intervals (I; or I;), it will occur for an isolated
value of g, say g = g (corresponding to the Hamiltonian of the orbit of the V;, dynamics that contains
the fixed point of the V; or V, dynamics, i.e., (U_x0,0) Or (Uso,0)). From now on we shall assume
that a non-simple zero occurs in the left interval. The relabelling symmetry x — —x can then be used
to extract results if a non-simple zero instead resides in the right interval.

A non-simple zero in the left interval at g = g implies that p;(g) =0 and u; = u_o. From
Lemma 2.1 we get that there are two smooth curves of left matching points (u;(g), pli(g)) nearby
W(8), p1(8)) = (U_oo, 0). There is one issue however, in our analysis thus far we could assume that
there is a constant number of zeroes of uy in the middle interval (see the definition of the zeroes
x;(g) at the start of Section 4). However, along the curves of left matching points (u;(g), pli(g)), the
number of zeroes of u, in the middle interval changes if g crosses g as pli(g) changes sign at g = g.
On the other hand, the curves L(g) are smooth, so it is enough when calculating the derivative g—é(fg)

to calculate the one sided limit g — g. This allows us to state the following extension to Theorem 4.5.

Theorem 4.7. If u(x; g) is a front solution of (10), such that all the zeroes of ux(x; g) in the middle interval are
simple and either:
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(i) there is a non-simple zero of uy(x; g) in the left interval I; and %, (g) # 0 or there is a non-simple zero of
uy(x; &) in the right interval I, and %(g) # 0; or
(ii) there is a non-simple zero of uy(x; ) in both left and right intervals I, and I;

then the linearisation operator £(g) has an eigenvalue zero if and only if L'(g) = 0.

If there is a non-simple zero of uy(x; g) in the left interval (but not in the right interval) and %,(g) =0 or
there is a non-simple zero of ux(x; g) in the right interval (but not in the left interval) and %,(g) = 0, then the
linearisation operator £(g) does not have an eigenvalue zero.

Note that Theorem 4.7 is slightly different from Theorem 4.5. In Theorem 4.5, %(g) = 0 implied
that g was the boundary of an existence interval and L’(g) would diverge at g = g. As seen in
Lemma 2.1, a non-simple zero of uy is not related to a boundary of existence if V;, (u;) # Vl/(u,) =0 as
U =1U_s at g = g. We are interested in fronts which only have simple zeroes in the middle interval,
hence V/,(u;) # 0. Thus in this case, even though %(g) =0, there is no boundary of existence of the
(uy, py) points, and thus the derivative L'(g) is bounded.

To prove Theorem 4.7 we use the same approach as for the Theorem 4.5: first we get a compatibil-
ity condition by constructing an eigenfunction for the eigenvalue zero and then link this result to g—é.
We start with the compatibility condition.

Lemma 4.8. If u(x; g) is a front solution of (10), such that the only zero of uy is a non-simple zero occurring
in the left interval I} and % # 0 then the linearisation operator £(g) has an eigenvalue zero if and only if

N U] B

+ =
[Vin(up?

’

1 ~
—— +G(,-L
Z + G( )

where G(L, —L) is the regularisation of — ffL uf(i) defined in (21).

If u(x; &) is a front solution of (10), such that the only zeroes of uy are non-simple zeroes in the left and
right intervals I, and I, then the linearisation operator £(g) has an eigenvalue zero if and only if

~ ~ VoV =iy
G(@0,-L)—-G(0,L =0
O =D =COD+ 1y T Waun?

If there is a non-simple zero of uy in the left interval I;, no other zeroes of uy, except possibly a simple zero at
x =L, and %B,(g) = 0 then the linearisation operator £(g) does not have an eigenvalue zero.

Recall that ,/—V/(u) e R and /—V/(u;) €R as u_« and uy are local maxima of V; and V,

respectively. This lemma considers a more restrictive case then Theorem 4.7, but it will be adequate
to prove the entirety of the theorem, as we shall see later.

Proof of Lemma 4.8. To prove the first statement in the lemma note that the eigenfunction will be as
in (22) in the intervals I, and I,. The only difference will occur in the interval I;, the interval with
the non-simple zero. As u is the constant function u(x) = u_, within this interval, the eigenfunction
is given by

eaz(X-&-L)! x<—L;

W (x) = | Aux(X) + Bux(x) [o %, —L<x<lL;

kux (), x> L;
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where o = ,/—V/(1;). We have only one term in the left interval because we require the eigenfunc-

tion to decay as x — Foo.
Matching the value of ¥, and its derivative, at x=—L (using Lemma A.1) gives

B

1= m, o =—AV,(u)— BV, (u)G@O, -L), (34)

meaning A = —V,’n(ul)[[vt,n‘z‘w +G(0, —L)]. The assumption %, # 0 implies p, # 0 and matching at
x =L gives

L
A d
k=A+B / 25 (35)
ux(é)
0
and the compatibility condition
L
—&V;(ur)=— A+B/ gé V,/n(ur)‘i‘—
0 Uy (é) r

That is
B =kpy[ Vi, (ur) = Vi(un)] = —k#;. (36)

Using the expressions for A, B and k given in (34) and (35) gives

L
’ ’ = dé o ’ = o
V! (up) = B,V (up| G0, —L) — : = BV w)| G, —L) + —
m0 (”’)[ ©=0 0/ u%<5)+[vm<uz>12} (”’)[ ( ”[vm(uz)]Z}

where the last equality follows by using Lemma 3.1. Dividing through by V; (u;) # 0 and re-arranging
gives the first part of the lemma.

Next we consider the last part of the lemma. That is, u has a non-simple zero in I; and %, =0,
so either p, =0 or V] (u;) = V/(ur). In both cases the eigenfunction stays the same but the match-
ing conditions change. The compatibility condition (36). This contradicts B =V}, (u;) # 0 from (34),
proving the final statement in the lemma.

Finally the middle statement of the lemma. If as well as a non-simple zero in the left interval I;
there is also a non-simple zero in the right interval I, then the eigenfunction is altered, changing
for x > L to ke®®*=D) where oy = —+/—V/ (u;). This means that the previous matching conditions at
x =L are replaced by

~ B ~ ~
k= m, (er< = —AV,{n(Ur) — BV,/n(ur)G(O, L)

Substituting the expression for k, along with the expressions for A and B in (34), into the second
equality above and re-arranging gives the compatibility condition as stated in the middle part of the
lemma. O

Next we proceed with the proof of Theorem 4.7 using the notation i := u;(g).
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Proof of Theorem 4.7. It is important to note that in order to prove this theorem we do not need
to consider every case. Instead it is sufficient to consider the case when the pinned fluxon u(x, g) is
such that uy(x, &) has no zeroes in the middle interval. If there are zeroes in the middle interval then
the result is proved by combining what follows with Theorem 4.5 away from x = —L.

First we focus on the case (i) in Theorem 4.7, i.e., %;(g) # 0. We have already discussed how
pi(g) is defined for g near g. For g on one side of g, p;(g) will be positive whilst on the other side
it will be negative. As p; changes sign an extra zero of uy will be introduced on one side of g. We
will consider the one-side limit of L’(g), where g approaches g from the side such that there are no
zeroes of uy in the middle interval —L < x < L. For g on this side of g, the length function can be
written as

ur(g) ur(g) up(g)
2U(g) = / du . / du n / du
) pwe ) pwg) p(u, g
ui(g) uo(g) ui(g)

where ug(g) is defined such that p(ug(g),g) =0 and ug(g) — 0 for g — g. Furthermore, u(x, g)
satisfies the middle dynamics in (—L, L) and we define ii(x, g) to be the extension of this function,
i.e,, t(x, g) satisfies the middle dynamics for all x € R. Finally we define & (g) < —L(g) to be such
that @1(£0(g), 2) = uo(g) and & — —L as g — &. Using this definition, Lemma 4.3 gives for g # g

2 () = =Bl k) + —— ) _T(Lg)— Mg
= = N 0 —_— —_— —_— y O S —
pr(g) dg pi(g) dg
G(L, ) IS S (37)
= »60) — —G(=L,80) = ———-—(8)
#r(8) pi(g) dg
Taking the limit g — g, the first two terms in the above expression converge to E(L, —L)— —L—.The

Br (&))"
remaining two terms each blow up as g — g, however their sum doesn’t, meaning that the limit can
be taken. Indeed, from Lemma A.3, we get that for g near g, i.e., p; near 0

5<—Ls>+1d”’<>—/o[ T L
ST dg T 2@ T i@ E — &0)?

—L

+0(p) +

Vi) pilVi(up) — V] upl’

The term inside the integral is bounded in the limit g — g (as we have performed a regularisa-
tion, see Lemma A.1) and the length of the region of integration tends to zero, so the integral
term above vanishes in the limit g — 2. Now, Vl’(u,) — 0 as g — g so the dominant terms in
the above expression will cancel, however we do still need how ‘fast’ V/(u;) goes to zero. In
Lemma A.2 we have approximations for u;(g) and p;(g) near u;(g) and p;(g). In particular we have

ui(g) — u(®) = —=fhs + O (pi(8)?). Thus
Vi(ui(g) = V{(w(®) + (w(@) - w@)V{ (@) + 0 ((u(®) - w(®@)’)

Vi (ui(8))

V=V @)
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Using this expression gives

1 1 V=V @i(@) o

- = — +
PV pilVep ) = Vipl  [Via(@)?

(Pi(®))-

Substituting this into the expression for 2L'(g), (37), and taking the limit g — g (p; — 0) gives

1 V-V (@)

which is exactly the term in the compatibility condition in Lemma 4.8.
Next we look at case (ii) of Theorem 4.7, i.e., there is a non-simple zero in both intervals I; and I;.
Using the same ideas as before and the symmetry [ <> r gives

ur(g) u(0,8) u(0,2)

2d_L(g)_i / du _i / du _i / du

dg >’ dg pu,g) | . dg pu,g) | . dg pu,g) | .
8=8 =8 8=8

uy(g) u(g) ur(g)

au V@)
= —(O,g)+,—A2
p(0,8) dg [V (ui(g)]
u . —V/(ur(8)
A o~ O, = 7, A~ |-
P08 g 8 [v;n(ur<g>>]2]

=G(0,—-L)+

- [E(o, L)+

Again this is the term in the compatibility condition in the middle part of Lemma 4.8.
The final part of this theorem follows directly from Lemma 4.8. O

If there is a non-simple zero in the middle interval for g = g, then u(x) = ii, where 1 is a fixed
point of the dynamics in the middle interval. Thus p(u(x), &) =0 for any x in the middle interval. So
the length of the middle interval can no longer be expressed as the integral of 1/p(u, g). Moreover, if
g is in the existence interval of both left and right matching points, then a stationary solution exists
for any length L, i.e. there will be a vertical curve in the g-L plane at g = . We can determine
the stability of such fronts, though obviously they cannot be linked to the derivative of the length
function.

Lemma 4.9. If u(x) is a front solution of (10) such that u(x) = ii in the middle interval, then let atm = V7, (11).
If V{(@1) # 0 # V/(il) (i.e. there is not a non-simple zero in either the left or right interval) then

e if oy > O the linearisation operator £ has an eigenvalue zero if and only if L = 232_
m

e if oy < O the linearisation operator L has an eigenvalue zero if and only if L = 0.

form e Np;

In both these cases the eigenfunction associated with an eigenvalue zero has a zero, thus the front u(x) is
unstable.

If there is also a non-simple zero in either the left or right interval (hence V(i) = 0 or V(&) = 0) then the
linearisation operator L does not have an eigenvalue zero for any L > 0 and the front u(x) is stable.

Proof. If there is a non-simple zero only in the middle interval then the eigenfunction associated
with the eigenvalue zero (22) becomes
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Ux(X), x<—L;
¥ (x) = { Acos(y/om(x+ L)) + Bsin(,/om(x+ L)), |x| <L;
Izux(x), x>1L;

for ooy # 0. If oy > O then in the middle interval we have a linear combination of cos- and sin-
functions and if o, < 0 it is a linear combination of cosh- and sinh-functions. Matching ¥ and Wy
at x = xL gives sin(2,/omL) =0 as the compatibility condition. If o, > 0 this condition holds if
and only if L = 2%. If oy < O then the compatibility condition is equivalent to sinh(2./—amL) =0
which only holds if L =0.

If ay = 0 then the eigenfunction in the middle interval is replaced by A + Bx, matching ¥ and its
derivative again gives L =0 as a compatibility condition. In all of these cases ¥ (+L) =0, that is, the
eigenfunction has a zero. So by Sturm-Liouville theory there is a strictly positive eigenvalue for all
L > 0. Hence u(x) is unstable.

If there is a non-simple zero in either the left or right interval then the eigenfunction in that

interval becomes eV ~V{ W&+D) fe—+/=VI'@*-L) respectively. We again match ¥ and its derivative to
get a compatibility condition for the existence of an eigenvalue zero. If a;,; # 0 then the compatibility
condition gives that L must be a positive multiple of an arctan or arctanh of a negative number.
For instance, if there is a non-simple zero in interval [ (and m) but not in r and oy > 0 then the
compatibility condition is

1
2./0m

arctan <—

)
Jvray/

Which has no positive solution for L. If o, =0 then a simple calculation shows that L < 0 for an
eigenvalue zero to exist. Thus in all cases L < 0 for an eigenvalue zero to exist. O

mi
2 /am’
eigenfunction in the middle interval is made up of a linear combination of cos- and sin-functions.

From the proof we can see that the condition L = m € Ny is a resonance condition, as the

4.4. Along Josephson junction with a microresistor inhomogeneity

In [5], it is shown that various families of stationary fronts exist in long Josephson junctions with
a microresistor or micro resonator inhomogeneity. These stationary fronts are usually called “pinned
fluxons”. In this section we investigate the stability of the families of pinned fluxons in the case where
the inhomogeneity is a micro resistor, i.e., the junction is locally thinned and there is less resistance
for the Josephson supercurrent to go across the junction. The phase difference u of a Josephson junc-
tion can be described by a perturbed sine-Gordon equation:

. . d, |x|<lL,
U = Uxy — D(X) sin(u) + y — oy, withD(x;L,d) = (38)
1, |x|> L.

Here x and t are the spatial and temporal variable respectively; « > 0 is the damping coefficient due
to normal electron flow across the junction; and y is the applied bias current. The function D(x)
represents the Josephson tunnelling critical current. For a microresistor, we have 0 < d < 1. So in
terms of our general set-up as presented in the previous sections, we have

Vi(uy=cosu+yu—Ho(y)—1=Vr(u) and Vy(u)=dcosu+ yu— Ho(y)—d, (39)

where Ho(y) =y arcsiny + /1 — y2 — 1+ 27y (this constant is chosen such that V(i) = 0). The
maxima of the potentials V, = V) in the outer intervals are arcsiny + 2km, k € Z. We focus on the
case that the asymptotic fixed point in the left interval is u_o, = arcsiny and in the right interval it is



432 CJ.K. Knight et al. / J. Differential Equations 254 (2013) 408-468

25

o Of v ' E} 10!

Fig. 3. Phase portrait (left) and g-L curves (right) for d = 0.2 and y = 0.15. In the phase portrait on the left, the unstable
manifold to u_., is denoted by the red dash-dotted line; the stable manifold to u, is denoted by the magenta dashed line;
and the blue line is one of the g-level sets of the Hamiltonian in the middle interval. The two possible left matching points on a
g-orbit are denoted by the black dots. The possible right matching points are denoted by blue, red, or green dots, corresponding
to the colour used for the curves in the g-L diagram on the right. Part of the blue curve is coloured magenta, to indicate the
stable pinned fluxons. Note that the changes of stability happen at the extremal points of L. (For interpretation of the references
to colour, the reader is referred to the web version of this article.)

Uoso =27 +arcsiny. A full overview of the existence and construction of the pinned fluxons and their
length curves can be found in [5], here we give a short overview of the main features. In [5], it is
shown that for fixed 0 < d < 1, various types of pinned fluxons exist if 0 < y < ln;d. The parameter g,
representing the values of the Hamiltonian in the middle interval, allows for pinned fluxons to exist
if0< g<2(1—d—my). A typical phase portrait and the related Hamiltonian-length (g-L) curves for
y =0.15 and d = 0.2 are presented in Fig. 3. There are up to three length curves; in Fig. 3 they are
denoted by a blue, red and green curve. The red curve exists for 0 < y < %. The green curve
exists for 0 < y < y1, where ¥y is the solution of (1 —d)(cosumax(y) +1) =27y and umax(y) is the
maximal angle on the orbit homoclinic to 27 + arcsiny in the V, dynamics, i.e., umax(y) satisfies

Vi(Umax) = Ho(y) and umax € (3w — arcsiny, 4). Note that y; < % ln;d.

In the phase portrait, there are two possible left matching points (u;, p;), indicated by the black
dots in Fig. 3 and up to five right matching points (u,, p;), indicated by the blue, red or green dots.
The colour of the right matching points is the same as the colour of the length curve for the corre-
sponding pinned fluxon.

From the expressions (39) for the potentials V;, it follows immediately that the left and right

bifurcations functions are given by

B =p(1—d)sinuy; and %, =p,(d— 1)sinu,. (40)

Theorems 4.5 and 4.7 can now be applied to determine which pinned fluxons have a linearisation
operator with an eigenvalue zero. This lemma is quoted in [5] too, with a reference to this paper for
its proof.

Lemma4.10.1f0 < d < 1, then the linearisation operator L(g) for the pinned fluxon u(x; g) has an eigenvalue
zero if and only if

o the length curve has a critical point at g, i.e., g—é (g)=0;

e ory = 171;‘1 (this eigenvalue zero is the largest eigenvalue);
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e or y = yp and the fluxon u(x; g) is the one with a right matching point at (2w + uUmax(y), 0) (this
eigenvalue zero is not the largest eigenvalue).

Before proving this lemma, we first consider the special cases in this lemma. As observed earlier,
y = 1%‘1 is at the edge of the interval of existence for pinned fluxons; for y > 171;‘1 no pinned fluxons

exist. At y = 171;‘1, there is exactly one value of the length L and g for which a pinned fluxon exists:
the solid blue curve has degenerated to one point. In the other case (y = y1), the dashed green
curve has degenerated to a point. In this case, there are more pinned fluxons, but they are on the
other (blue and red) curves. For these isolated pinned fluxons, the eigenfunction associated with the
eigenvalue zero of the linearisation is either the derivative of the pinned fluxon or a combination of
multiples of the derivative of the pinned fluxon.

Note that the stability in case d =0 is analysed in full detail in [5]; it is substantially simpler than
the general case as considered in this paper.

Proof of Lemma 4.10. Theorem 4.5 applies if the pinned fluxon doesn’t have non-simple fixed points.
So we first consider which of the pinned fluxons have non-simple fixed points. None of the pinned
fluxons have a non-simple fixed point in the left interval as this would imply that u; = arcsiny
and this does not happen. For a pinned fluxon with non-simple zeroes in the middle interval, we
would need u; = u; to be fixed points of V,(u) and p; = 0 = p;. There are no left matching points
with p; =0, hence no pinned fluxons with a non-simple zero in the middle interval exist. There
are two pinned fluxons with a non-simple zero in the right interval. These pinned fluxons have a
right matching point at the fixed point of the right dynamics, i.e., at (27 + arcsiny, 0), and g = g5 :=
(1—d)(1—+/1—y2). So we can apply Theorem 4.5 to all pinned fluxons, except for these two special
pinned fluxons; we will consider them at the end of this proof.

Theorem 4.5 gives that the linearisation of the pinned fluxon has an eigenvalue zero if and only if
L'(g) =0 or if the left and right bifurcation functions are simultaneously zero. From the expressions
in (40) and the observation that the (black) left matching points satisfy arcsiny < u; < 2w and p; > 0,
we can conclude that the left bifurcation function % vanishes only when u; =, ie,atg=1/(1—-d—
mry). This g-value is at the end of the existence interval, the two left matching points merge into one.

At this g-value, the right bifurcation functions vanish simultaneously only if y =y1; y = %;

ory = 171;‘1. If y = y4, the right bifurcation function for the pinned fluxon with a right matching point
at (2w + umax(y), 0), vanishes too (this is the pinned fluxon in the green curve; the right bifurcation
point for the other pinned fluxon does not vanish). This is the last special case in the lemma and we

can conclude that the linearisation of this pinned fluxon has an eigenvalue zero. If y = %,
the pinned fluxons with vanishing left and right bifurcation functions are the two special cases for

which Theorem 4.5 does not apply. Finally, if y = 171;‘1, there is only one isolated pinned fluxon,

which has uj =7 and u, = 2. From (40), it follows immediately that both left and right bifurcations
functions disappear, hence this pinned fluxon has an eigenvalue zero. This is the first special case in
the lemma. Thus Theorem 4.5 gives the statement of the lemma, apart from the two pinned fluxons
with a non-simple zero, which we will consider now.

If g = g5, the two pinned fluxons connecting the left matching points to (27 + arcsiny, 0) have a
non-simple zero in the right interval and no other non-simple zeroes. These fluxons are part of the
smooth solid blue curve and Zj(gz) =0 only if y =y, := %, thus Theorem 4.7 gives that
for y # 9, the linearisation about the pinned fluxon has an eigenvalue zero if and only if L'(g2) = 0.
And if y = y», then %j(g2) =0, thus Theorem 4.7 gives that the pinned fluxon does not have an
eigenvalue zero. Note that if y = y», g» is on the edge of the existence interval in the g parameter
space, thus the length curve has a vertical derivative and hence its derivative does not vanish. O

In [5] it is shown that Lemma 4.10 implies that there for each length L, there is exactly one stable
fluxon. In the g-L curves in the right plot of Fig. 3, these stable pinned fluxons are indicated by the
magenta curve.
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5. Stability result in four intervals

Having analysed fronts in wave equations with potentials that have one middle interval (n = 1),
we now focus on the case with two middle intervals (n = 2). We will show that the results for one
middle interval can be extended to two middle intervals using similar ideas, though the analysis is
considerably more complicated as there are two Hamiltonians, parameterised by g and h, and two
length functions, L1 and L. As the methods employed are the same as in Section 4, we give the
derivation of the results obtained in this section in Appendix A.4. Just as for one middle interval, this
derivation involves the construction of the eigenfunction associated with an eigenvalue zero, leading
to a compatibility condition in terms of regularisation functions like C,, see (23), and then linking
the compatibility condition to derivatives of the length functions L1 and Lj. After stating the results
for two middle intervals, we discuss how they relate to the case with one middle interval.

5.1. The linearisation operator and eigenvalues zero

Due to the added complexity we state the counterpart to Theorem 4.5 in two parts. First the
generic case that the middle bifurcation function %, # 0 followed by the case when %, =0.

Theorem 5.1. If u(x; g, h) is a front solution of Eq. (10), such that all zeroes of ux(x; g, h) are simple and
PBm(g, h) #£0, then the linearisation operator L£(g, h) has an eigenvalue zero if and only if

dLq ( ()Ll

g.h FRgh

B (g)PBm (g, h) By (h) det 41
1(8)%m(g, h) % (h) <6L2( h) "Lz(g h)) (41)
Since 7 L1(g, h) and Lz(g, h) have poles in a bifurcation point, i.e., if %, = 0 or %, = 0, this expression
should be read as a Ilmlt in those cases. This gives,

o if (g) =0 and %, (h) # 0, then the condition becomes "LZ (g, h) =
o if #Br(h) =0 and %(g) # 0, then the condition becomes ‘:,,Lgl (g,h)=
o if B1(g) = 0= HBy(h), then there is no eigenvalue zero.

The proof of this theorem is given in Appendix A.4. Note that by (16) the Jacobian can be written
as

Lig,h) (g hy (“Wg,h) —@mlgm)
82(g.h) Gg.h wh e

This is the form that will be generalised to the case of N middle intervals in Section 6.
Looking at the bifurcation points in Theorem 5.1, just as in Theorem 4.5, if % (g) =0 then
3"‘ (g, h) is unbounded but lim,_,; mé’l(g) 92 o (g,h) exists and does not vanish. In the case % =

O = Br, B "Ll and % 52 9L are both non-zero in the limit whilst B 9L and Br % "LZ both vanish.

Thus, as P ;é 0, (41) cannot be satisfied. Note also that if at (g, h) = (g, h) the functlon L1 has
a bounded critical point (i.e. %(é, fz) 0= "BL,} &, fl)) then (41) implies that there is an eigenvalue
zero irrespective of the other function Lj. Similarly, a critical point of L, implies the existence of an
eigenvalue zero.

Corollary 5.2. Comparing Theorem 5.1 (two middle intervals) with Theorem 4.5 (one middle interval), we
observe that the determinant in Theorem 5.1 is the Jacobian of the vector function (L1, L2)(g, h), which is
the two-dimensional equivalent of L'(g). Furthermore, fixing L1 at a non-critical value T (not a saddle or
extremum), defines a curve ﬁ(g) or g(h) in the existence region of the pinned fluxons. On this curve there are
pinned fluxons with L4 =T Applying Theorem 5.1 to this situation gives that an eigenvalue zero will occur at
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a constrained critical point of Ly or when one of the left or right bifurcation vanishes; recovering the condition
of Theorem 4.5.

Proof. If L is not a critical value for the L1 lengths, then the implicit function theorem gives that
L1(g, h) = L defines a curve h(g) or g(h). We shall assume that the curve which is defined is h(g),

. BdLh‘ (g, h(g)) #0. If it is g(h) instead, then the proof is similar.
Differentiating Ll(g,h(g)) =1 with respect to g gives (aLl "’ath gg)(g, h(g)) =0. This means that

at (g, h) = (g, h(g))

3“

aLq
aL oL
dEt<3L2 "L ) 1( h(g)) o (g,h(g)) o (g,h(g)) (g h(g))

g h

5

Ly dh
= g, h(g) [—2 g.h(g)+ o (g,h<g)) (g h(g))]

d
alq d
oh

L .
2( h(g))[ (g,h(g)) (g h(g)) + agl(g,h(g))]
L Ly, »
= ah( h(g))d—(g,h(g))-

If the point (g,ﬁ(g)) is such that an eigenvalue zero exists then the above expression multiplied
by %%, must be zero at this point. Since aL’ (g, h(g)) # 0, the condition for the existence of an

eigenvalue zero becomes %% 5 dl, (g,h(g)) = 0 Which is the condition in Theorem 4.5 for L(g) =
La(g.h(g). O

If Bn(8, h) =0 then all of the partial derivatives that we have used previously, i.e., %, etc., are
unbounded. From Lemma 2.2 it follows that there exists a smooth bijective curve h(g) with h(g)
such that %n (g, h(g)) =0 for g in a neighbourhood of g. As h is bijective, it can be inverted near
@&, h) and a curve g(h) can be defined such that g(h(g)) =g for g near g and h(g(h)) =h for h

near f. In Appendix A.4, proof of Theorem 5.3, it is shown that dhh(g(h) h) and L2(g h(g)) are

well defined near h = h, resp. near g = g. This allows us to formulate the followmg theorem for
B = 0.

Theorem 5.3. If u(x; g, h) is a front solution of Eq. (10), such that all zeroes of ux(x g, h) are simple and
B (8, h) =0, then one of the following cases holds for the linearisation operator £(g, h)

g=§:|

o if exactly one of % (g) By (h) equals zero then L(g, h) has no eigenvalue zero;
o ifHB(g =0=% (h) then L(g, h) has an eigenvalue zero.

o if Bi(8) # 0 B, (h) then L(&, h) has an eigenvalue zero if and only if

0= ﬁz(g)e/r?r(h)[ " (2(h). h)

dly , -
+—(&h
ot (g.h(g)

Corollary 5.4. Theorem 5.3 can be thought of as a limiting case of Theorem 5.1.

Proof. In order to link Theorem 5.3 (% = 0) to Theorem 5.1 (% # 0) we will show that for
h(g,€) := h(g) + € (with the sign of € such that h(g,¢) is inside the existence region of the sta-
tionary fronts)
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11m %’m(g h(g, e)) (g,h(g,é))

and

lim jm(g,h(g,é)) (g h(g.€)) =

1
—. (42)
)

The first of these relations is straightforward as (16) gives that %, Bath =1 for € #0. The second

relation is a blt more complicated. In Appendix A, Lemma A.6, it is shown that for any g near g,

B 5 i VC'” Eum) for h — h(g) and in Lemma A.9, it is shown that i’ (&)= . Together this
lmplles the second relation in (42).
Thus for g near g:

dLq dLq
ah
11m /3mdet<(,L2 3L2>

mz( m>

g (g:h)=(g,h(g.€))
i [J 8L2|:8L1 oL dh] 8L1[8L2 oLy dh]]
e—o| ™ ah 9h dg oh oh dg | 1| (g m—(gng.e)

oLy d dLq d
= llmo[ﬁm = } lim @h(g,h(g,e)) — lim [ﬂm =0 :| lim dng(g,h(g,e))

1 [d
= |:_L] (g.h(g)) +h (g)—Lz(g, h(g))]

h( yLdg
1 [d d
= —L1(g, h(g) —L g(h),h }
(g )[ i )+ dh 2 )h:ﬁ<g>

In the last step, we use that g = gr(ﬁ(g)) thus

‘H(g). O (43)
h=h(g)

2 (La(z ). )

d d
—Lz(g,h(g)) g[LZ(g(h) h) ’h h(g)] dh

dg

To illustrate the stability results presented in this section, we consider an example of the 0-7 long
Josephson junction with a defect and show that a defect can stabilise an unstable non-monotonic
pinned fluxon.

5.2. Defect in a 0-m long Josephson junction

By layering two long Josephson junctions with different material properties, a front joining states
7 apart (rather than 277 apart) can be made [28,25]. This is called a 0-7 junction and is modelled by
an inhomogeneous sine-Gordon-type equation with forcing and dissipation, see for example [4,9,29]:

. 1, x<lIy;
Ui = Uxy — O(x) sin(u) + y —auy where 6(x; L) = (44)
-1, Ly<x.

Pinned semi-fluxons are stationary solutions that join the asymptotic states arcsin(y) in the left inter-

val and 7 + arcsin(y) in the right interval. In [4,29], the existence and stability of such solutions are

studied and three types of stationary semi-fluxons are found for y € [0, —2—), a typical representa-
V4+m?

tion of these solutions for L, =0 is given in Fig. 4. The three types of stationary semi-fluxons consist
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Fig. 4. The three stationary fluxons of (44) with y =0.1 and L, = 0. The monotonic fluxon is stable whilst the other two are
unstable. (For interpretation of the references to colour, the reader is referred to the web version of this article.)

of a monotonic one and two non-monotonic ones, one with a small “hump” and the other with a big
one. The monotonic semi-fluxon is stable whilst the other two are unstable. The linearisation about
the semi-fluxon with the smallest “hump” (depicted by the solid red curve) has one positive eigen-
value which is very small for y small. That is, this semi-fluxon is only marginally unstable. In this
section we will show that it is possible to stabilise this semi-fluxon by introducing a defect in the left
interval.

We model a 0-7 junction with defect by

1, X< —L1;
. 0, —L1<x<0;
U = Uxy — O (x)sin(u) + y —auy where6(x; L1, Ly) = (45)
1, 0<x<Ly;
—1, Lz < X.

Hence the defect has length L and is placed on the left of the 0-m junction at distance L;. So
taking V (u,x; L1, Ly) =0(x; L1, L) cos(u) + yu allows the equation to be re-written as (3), where the
potentials are those shown in Fig. 1. The dynamics in the intervals Iy = (—L1,0) and I, = (0, Ly) can
be parameterised in terms of the values of the Hamiltonians g and h respectively and represented
via a phase portrait, where p = uy, see Fig. 5. If L1 =0, then we recover the 0-7r junction without a
defect. The “small hump” pinned semi-fluxon in the defect-less system is depicted by the bold dashed
red curve. It is on the h-level set which contains the fixed point at —oo, i.e., (U_x0, 0). As V| = Vp,,
the condition L1 =0 confirms that the Vy;, dynamics does not play a role for the defect-less semi-
fluxon. So any g-value that crosses the unstable manifold of (u_,0) can be used to represent the
defect-less “small hump” pinned semi-fluxon. By varying g, the L, value in the description of the
defect-less “small hump” pinned semi-fluxon gets modified. The value of L, does not play a significant
role in the defect-less system as it can be changed by a shift in the x-coordinate. However, in the
system with a defect it is significant as we have used the spatial translation invariance to fix the
transition from the Vp, -dynamics to the V,,-dynamics at x =0.

The example of the long Josephson junction in Section 4.4 shows the existence of a plethora of
stationary fluxons if a defect is added. So it can be expected that many stationary semi-fluxons can be
found for a 0-7r junction with defect too. We will not study all possible stationary semi-fluxons, but
restrict to a family that shows how the defect-less “small hump” pinned semi-fluxon can be stabilised
by a defect. To be explicit, we consider pinned semi-fluxons with the matching points at x = —L1,
x=0 and x = Ly given by

h—
u; =arccos(V_ — g), Um = 2w —arccosth —g) and ur =2m — arccos(%),
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Fig. 5. A phase portrait for the sine-Gordon equation (45), with different g and h values and y = 0.1. The dynamics in the first
middle interval (L1, 0) is depicted by the dashed blue lines. The dynamics in the second middle interval (0, Ly) is depicted by
the solid black lines. The magenta dash-dotted curves depict the stable manifolds of (ux,0). The g and h arrows depict how
g and h increase across level sets. The bold dashed red line depicts the “small bump” defect-less semi-fluxon. The bold solid
red line depicts an example of a semi-fluxon with defect. The black dot indicated with the number 1 indicates the left/middle
matching point for the “small bump” defect-less semi-fluxon. (For interpretation of the references to colour, the reader is
referred to the web version of this article.)

PI=+v8&—Vm (u), Pm=+&— Vm (Um) and pr=—/h—Vp,(us),

where

V_=,/1—y2+yarcsin(y) and V,=,/1-yp2+yarcsin(y)+ym.

This means that the left matching point has p; > 0 and arcsiny < u; < 7, the middle matching point
has p; > 0 and 7w < ujy < 2w +arcsin y, and the right matching point has p, <0 and 7 +arcsinyw <
ur < 2w — arccos(ym /2). The bold solid red curve in Fig. 5 shows an example of such pinned semi-
fluxon with defect. Fig. 5 also shows that all of the semi-fluxons that we consider are non-monotonic
with the zero of uy in interval I,. The defect-less “small hump” pinned semi-fluxon has left and
middle matching points with u; = u, = m; in Fig. 5 these points are indicated by the dot with the
number 1. The associated g value is the maximal possible g value, hence the dashed blue curve
which touches the solid black unstable manifold. With Fig. 5 we can also find the boundaries of the
existence region of those matching points. The maximal possible g value is the value associated with
the dashed blue curve which touches the solid black unstable manifold, indicated by gmax in Fig. 5.
For g = gmax fixed, the h value of the defect-less “small hump” pinned semi-fluxon is the smallest
possible h value and h can increase to the h value of the stable manifold to 2w + arcsiny. This h
value is indicated by hyax in Fig. 5 as it is the maximal h value for all g values. (It is possible to find
pinned fluxons with h > hpax, but we do not consider those here.) On the boundary g = gmax, We
have % =0 with V[(u;) = V,’111 (up) with uy = . And h = hpax is the maximal h value for any g less
than gmax. For h 1 hpax, the length La(g, h) will blow up. If g < gmax is fixed, the smallest possible
h value is the one associated with the closed curve that touches this g curve. At this point, we have
'm = 0 with V,’n] (Uum) = V,’n2 (um). Finally, if h < gmax is fixed, the smallest possible g value is the one
associated with the g orbit that touches the h orbit at p = 0. So here we have %, =0 with p,;; =0.
The g-h region described above is shown in the left plot of Fig. 6. Note that at the bottom left point
(&min(¥): hmin(¥)), we have uy =u, and pp = pr =0, meaning L2 (gmin, imin) = 0.
Now we have established the existence of the pinned semi-fluxons, we can look at their stability.
Theorem 5.1 gives that %%, %, det(J) = 0 determines the curve along which the linearisation about
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Fig. 6. The left plot shows the g-h region for which our left, middle and right matching points are well defined. At the bound-
aries the relevant bifurcation criteria are shown. The right plot gives 9898 %, det(J) surface in g-h plane for y =0.1. The
curve at which det(J) =0 is indicated by the dashed blue line in the left plot (due to the scale it can’t be seen in right figure).
The solid circle 1 indicates the small defect-less semi-fluxon (as in Fig. 5), while the open square is the point with g =0.924
and h = 0.1. (For interpretation of the references to colour, the reader is referred to the web version of this article.)
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Fig. 7. In the case when g =0.924, h=0.1 and y =0.1, L; ~#1.966 and L, ~ 1.904: (a) The pinned semi-fluxon u(x; g, h) and
(b) the eigenfunction associated with the eigenvalue zero.

the pinned semi-fluxon has an eigenvalue zero. Here | denotes the Jacobian of (L, L)(g,h). The
surface % PmP-det(J) for y = 0.1 is shown in the right plot of Fig. 6. Of most interest is the
curve det(J) = 0 which is indicated in the left plot of Fig. 6 by the dashed blue curve. From [4],
it follows that the defect-less pinned semi-fluxon is unstable and its linearisation has one negative
eigenvalue. So all nearby pinned semi-fluxon have this property and the number of eigenvalues of the
linearisation can only change at the curve with det(J) = 0. To determine whether on this curve the
positive eigenvalue becomes zero or an extra positive eigenvalue will be gained, we choose a value
of g and h on the det(J) =0 curve and construct the eigenfunction associated with this eigenvalue
zero. This is possible as the proof of Lemma A.7 is constructive and includes expressions for all of
the coefficients in (19). We choose g =0.924 and h = 0.1, indicated by the dot in Fig. 6. Both the
non-monotonic semi-fluxon and its eigenfunction are shown in Fig. 7.

We can see that the eigenfunction is strictly positive, thus, by Sturm-Liouville theory, the eigen-
value zero is the largest one. This means that as g or h moves from above the det(J) =0 curve to
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Fig. 8. The surface Ly(g,h). The solid red curves correspond to level sets of L, the upper curve has L; = 0.1, then L; =
1,2,...,7. The dashed blue line is the curve for which the Jacobian vanishes, i.e. for these values there is an eigenvalue zero.
The diagram on the right is the projection of L,(g, h) on the g =0 plane and it shows that the curve of these points intersect
the Lq level sets at the minimal possible value of L,. (For interpretation of the references to colour, the reader is referred to
the web version of this article.)

below, the linearisation about the semi-fluxon looses the positive eigenvalue. Hence the semi-fluxons
below the det(J) = 0 curve are stable. In other words, the defect has indeed stabilised the semi-
fluxon.

To illustrate for which values of L1 and L, this stable non-monotonic semi-fluxon exists, Fig. 8
shows the L, surface, with fixed Li level sets in solid red curves and the g-h curve at which
det(J) =0 as a dashed blue curve. From Corollary 5.2 we know that the change of stability occurs
at an extremal value of L, for L; fixed. In Fig. 8, we see that the extremum is a minimum. Thus for
y = 0.1, there is an interval (Lﬁ“i“, LP*) such that for each Ly € (LT““, L), there is a minimal and
a maximal L, value, say L;“i“(Ll) and LY%*(Lq) such that for L‘z‘“i"(h) < Ly < LP*¥(L1), there exists
both a stable and an unstable pinned semi-fluxon. For L1 < L‘l"i“ or Ly > LT%, all pinned semi-fluxons
are unstable. Using continuity in ), we can conclude the following.

Lemma 5.5. For y near 0.1, there exist some 0 < L;‘““(y) < LT (y) such that for each L1 € (Lr{‘i“(y),
LP**(y)), there exists an interval of L, values such that the 0-m junction with a defect of length L1, placed at
distance Ly from the 0-m junction, has a stable non-monotonic semi-fluxon.

To illustrate that the change of stability occurs at a minimal value of Ly, we have numerically
determined the largest eigenvalue for the linearisation about the pinned semi-fluxons for a defect
with length L1 =1 and y = 0.1, @ =0 as function of the distance L,, see Fig. 9. The numerical
procedure is the same as that in [4]. The presence of two branches of curves corresponding to two
different solutions can be easily noted in the figure. One of the solutions, i.e. the lower branch, is
stable indicated by A < 0. The branches disappear and collide at a saddle-node bifurcation at a critical
value Lymin, which for the parameter values used in the figure is L, ~ 2.5. This is in agreement with
Lemma 5.5.

Finally, we also depict in Fig. 10 several profiles of the numerically obtained pinned fluxons along
the two branches at the parameter values of L, indicated as big dots in Fig. 9. All the pinned fluxons
are clearly non-monotonic. We also plot in the insets the eigenvalues of the fluxons in the complex
plane, where stability is indicated by the absence of eigenvalues with non-zero real parts, i.e. A <O0.
It is clear that in each panel in Fig. 10, only one of the fluxon pairs has no eigenvalues with non-zero
real parts, confirming that there is one non-monotonous stable pinned fluxon.

6. Stability result with N middle intervals

The results presented so far are for potentials with one or two middle intervals. Whilst there are
lots of technicalities in the proofs, the main ideas can be extended to the general case of N middle
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Fig. 9. A numerical evaluation of the critical eigenvalue A versus the position of the inhomogeneity L, with the length of the
defect L1 =1 and y =0.1, o = 0. Note the critical eigenvalue indeed crosses through zero at the minimal value of L. In Fig. 10,
the semi-fluxons associated with the points A; and B; are visualised together with their temporal eigenvalues.

intervals. The previous results that we presented for one and two middle intervals (Theorems 4.5
and 5.1) used the Jacobian of the lengths of the intervals as functions of Hamiltonians and the bi-
furcation points. To generalise these results to N middle intervals, with potentials Vy,, ..., Vi, we
must also generalise these functions. Generalising the bifurcation points is straightforward: If the N
middle intervals I; are defined as I; = (xi—1, xi), then

Bi = DD [Viny,,, (X)) = Vi, (w(x0))] fori=1,...,N—1

whilst for the left and right bifurcation functions we have

By =B =p(X0)[Vp, (u(x0)) — V[ (u(x0))]

and

BN =B = p(XN) [V (U((N)) = Viny (u(xm)) ]-

The length of each of the middle intervals is defined as L; := x; — xi—1. In each interval I; there will
be a value of the Hamiltonian h;, (11). The length L; will depend on h; as well as the values of the
Hamiltonians in the adjacent intervals via x;—q and ;. Specifically, we have the following dependence
of L; on hj:

Ly =Ly(hy, hy), Li =Li(hi—1, hi, hixq), fori=2,...,N—1, and Ly=Ly(hny_1,hn).

This means that the determinant of the Jacobian H can be written as Iy, where I} is the

determinant of an i x i symmetric triband matrix:
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Fig. 10. Two pairs of pinned fluxons admitted by the Josephson system corresponding to the points Aj and Bj, j=1,2, in
Fig. 9. Recall that we fix @ =0, ¥y =0.1 and Ly = 1. Unstable profiles are shown in dashed lines. The function D(x) multiplying
the sine term in the governing equation is also presented (blue lines). The insets show the eigenvalues of each fluxon. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which are the definition of the Jacobian resp. derivative used in the results for the two and one middle
intervals case. In the upcoming theorem, we will restrict ourselves to a generalisation of Theorems 4.5
and 5.1, i.e, for the case that none of the bifurcation functions vanishes, and show that there is a
direct relation between having a zero eigenvalue for the linearised stability problem and having a
zero in the determinant I'y. We refrain from going into the details associated to having zeroes in the
bifurcation functions.

We have already shown for one or two middle intervals (N =1 or N = 2) that these cases can be
understood by reading the results as a limit. This was quite a technical enterprise, which will only
become more technical and so will be hard to repeat for general N. We conjecture that with the
methods presented here, the following result also holds at bifurcation points when read in a limit (as
in Theorems 4.5 and 5.1).

Theorem 6.1. Let u(x) be a stationary front solution of the inhomogeneous non-linear wave equation (3), i.e.,

oV, x;Ir, I, ..., In, It)
u ’

Uxx =

such that the bifurcation points %; # 0 fori =0, ..., N. The linearisation about the front has an eigenvalue
zero if and only if

N
v[[#i=o.

i=0

Here I'y is the determinant of the Jacobian H

Proof. The statement has already been proved for N=1 and N =2 in Theorem 4.5 and Theorem 5.1
respectively. Thus, in the remainder of the proof we will assume that N > 3. Also we assume that
PBi #0fori=0,...,N.

If u(x) is monotonic for x € [xo, xn] (i.e. ux(x) has no zeroes in the middle intervals) then the
eigenfunction associated with the eigenvalue zero is

Uy, X < X0
W= a'u"—"bu"jxxlu—(g) Xi-1 <x<yifori=1,...,N;
]Acux, X> XN-

Matching the value of ¥ and its derivative at x = xo gives a; =1 and b; = %. Matching at x = y;
fori=1,...,N—1 gives

Xi

d .

f1i+1=ai+bi/2—S and bit1 =b; +%iai+1, i=1,...,N-1. (46)
ux(§)

i—1

Finally matching at x = xn gives the compatibility criterion for the existence of an eigenvalue zero

XN ds
by = —%BN |:(1N +bNX/ %:|

As before it can be shown that
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Xi
oL; 1 1 d
R ———/2—5, =1.....N, (47)
oh; Bi—1 B uz(&)
i—1
see (32). Furthermore, (46) gives a; = %, for i=2,..., N. Using these two relations with i = N
shows that the compatibility condition can be re-written as
0=-%N% [aLN b +< ! >2b ] (48)
=—=DBNEN-1| 75— N—1 |-
ohN BN-1 PBN-1

Similarly, using the second relation in (46) to remove ag;;1 and g; in the first relation of (46) and
using (47) to remove the integral in the first relation (46) gives a second order recursion relation
for b;:

, dLi—q bi_q 1\’ . _
biz—%q%‘fz[ : + 7 bi 2|, i=3,...,N;

b1 = %,. (49)

To link the compatibility condition (48) with b; as given recursively by (49), we consider the determi-
nants I; and show that they satisfy a similar recursion relation. Due to the symmetric triband nature
of I; it is possible to write I3 in terms of sub-determinants, that is, in terms of I5_q and Ij_,. We
have the following recursion relation:

2
) oLy
— ) Tia, 122 I'N=— and Ip=1.
ohq

This looks very similar to the previous recursion relation. In fact if we define

i—1
=D ]2 iz,
j=0

then

aL
c1 = 10%By = Ao, Cy = —1M1%Bo% Z—%(y%’]aTl.
1

Writing the relation between ¢; and I;_1 as [j_1 = (—1)i‘1ci/]_[5-;1() % shows that the recursion for
cj is

2
dLi—1 ci 1 )
Ci=—%Bi_1%i_ Ci—2|, 1>=3.
: 1 z[ahm Bi_> +<v@‘i—2> ' 2]

In other words, ¢; and b; satisfy exactly the same recursion relation, hence b; = ¢; = (—1)I=1I_1 x
.];Ilj;lo 2, for i > 1. The compatibility condition (48) gives that there is an eigenvalue zero if and only
i
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2
JdLy cn 1
0=—BNA CN—
NZN= 1|:3h PBN_1 +(35)N—1> N 1i|

N-2

ALy 1 \?
= —PBNDBN_ 11_[@][ N_1_<‘@N 1) FN—2:|

N
=FN1_[L@]‘,
j=0

with the recursion relation for I'y. So we have proved our theorem for a monotonic front u(x).
Next we consider the case that u is not monotonic, i.e., in each middle interval Ij, j=1,..., N, the

function ux(x) has v/ zeroes at position x,’(. k=1,...,vi. The eigenfunction ¥ (x) has to be altered in
each interval I;. Instead of

X

d
ajux—i—bjux/z—é for xj_1 <x<x;

ux (&)
Xj—1
the eigenfunction in the interval I, j=1,..., N, becomes
A ux(x)+B]ux(x)/ forx) <x<x, andk=0,...,vd;
uF(é)
My

g <

where x{) = Xj-1, Xi]+1 = xj and Mj = X"Jr# By matching ¥ and its derivative at the points x, for

k=1,...,vi we have that for j=1,..., N (see (25) and (28))

vl
i_pi  _.p. - j i — Al 4, imi
Bl =B]  =:b;, fork=1,...,v/, and Avj_A0+b]|:ZGk(Mk1,Mk):|.
k=1

Note that we have introduced the notation b; for the value of the parameters B] in the interval I;. If
j =1, then matching at o = —L gives Ao =1 and by = . If 1 < j <N then we note that matching
at x = xj_1 is similar to matching at the middle matching point in the two intervals case, see (63)
and (64). So we get

Xj—1 d%’ Xj—1 d;’:
AT b, / —=Af+b4/—, J=2. N
R " T A 10
M{}jl Mé
Xj—1
j dé .
bj=bj 1+ %Bj_1| Ay +bj = | j=2,...,N. (50)
i)

0

Finally we match ¥ (x) at the right matching point x = xy. This gives the compatibility condition
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_ XN déj
by = —%y| AN, +b /
N NN TN 22
L N
wN
_ o e
@ A€+b”[ZGk<Mﬁ’ka”)+ / uR@ZH
| k=1 N §
wN
by —b " dg = f *
} N —DON-1 ‘. 0
PN L / +Y Ge(MN M +/ .
BN [ Uz (€)? ; o) wer
L XN-1 M)

wN

where we used (50) with j = N to get an expression for AS’ in terms of by and by_1.
From (33) we can see that for j=1,..., N,

J
Mg

vi X
oL 1 1 dé j i /' dé
ohj % Fja [/ Fer " MMM | e |

Xj-1 k=1 vie
v]

Using this in the compatibility condition shows that the compatibility equation can be written as (48).

Similarly, using it in the relations for AJ, A{)j and b; shows that b; satisfies the recursion relation (49).
Hence this completes the proof for a general front u(x) with %4; #0. O

7. Conclusion and discussion

In this paper we have studied a non-linear wave equation with spatial inhomogeneity in the form
of a step function with N + 2 intervals. We have considered the existence and stability of front-like
C'-smooth stationary solutions. Our main result concerns an explicit relation between occurrence of
zero eigenvalues in the linearised stability problem associated to the stability of the front and the
zeroes of the product of the determinant Iy of a Jacobian associated to the length functions of the
inner N intervals with N 4 1 bifurcations curves %; (Theorem 6.1). The method by which we have
obtained this result is completely constructive, in the sense that we have explicitly constructed the
eigenfunction corresponding to the zero eigenvalue. As a consequence, and with the help of classi-
cal Sturm-Liouville theory, this result can be used to also determine whether the zero eigenvalue
indeed marks the transition from a stable state to an unstable one, or vice versa - in that case the
zero eigenvalue is the critical eigenvalue and its corresponding eigenfunction thus cannot have any
zeroes.

There are several ways in which the insights of the present work can be further extended. First
of all, our analysis does not give direct information about whether there indeed is an eigenvalue that
crosses through zero as the product of I'y and the %;’s is zero: the zero may be degenerate and the
eigenvalue may not change sign. This does not occur in the explicit examples - based on Josephson
junctions and with N =1 or 2 - we have considered here, but in general this is likely to be possible.
The precise relation between such a possible degeneracy and the structure of the length functions,
and especially the implications of such a degeneracy for the stability of front-type solutions near it
and the potential for hysteresis loops, is the subject of work in progress.

Another natural question is whether a result like Theorem 6.1 may also be formulated for systems
with a spatial inhomogeneity of stepfunction type that are not of the form (3). In fact, spatial inhomo-
geneities of stepfunction type have recently also been considered in the context of systems of coupled
non-linear wave equations, non-linear Schrodinger equations and reaction-diffusion equations [6,12,
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14-16,21,22,34] by methods that are similar to the methods employed here. However, a general, ab-
stract, result like Theorem 6.1 has not been obtained in a setting beyond that of the non-linear wave
equation (3). It would be very interesting to investigate whether an equivalent of Theorem 6.1 could
be derived for more general and/or complex systems than the non-linear wave equation (3).
Acknowledgment
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Appendix A
A.1. Observations on solutions of planar Hamiltonian systems

In this section we consider a Hamiltonian ODE in the plane:

Uxe + V(1) =0, (51)

where V is a smooth C3 function. We will derive some properties of solutions and of integrals of
solutions.

Lemma A.1. Let u(x) be a solution of the Hamiltonian system and let xo and § > 0 be such that

ux(x0) =0, Uxx(X0) 0 and ux(x) A0 forallx €[xo—&8,%0+ 81\ {Xo0}.

Then
(i) forall |E] <8, u(xo — &) =u(xo -1|-§) and Ux(1Xo — &) = —ux(xo +§);
3 —— - < _ .
(ii) thereis some K > 0 such tl;at|u2(s) Y. )2| K for all |§+ x[;l <34,
X0—€ Xo+€
(iii) lime o ux(xo — e)fo0 3 qug) = m = lim¢ 0 ux(xo +E)f00+8 uff&);
X0—€
(W) limeio Jyy—s | 2@-) = e 146 = G0 500+ g
X0—€
(v) 11me¢0[f00 s uz(é) + m] = G(Xo 8,X0);
Xo+€
(Vl) 11m6¢0[f00+5 w2 (S) + m] = G(X() + 6, Xo).

Proof. (i) The first observation follows directly from the existence and uniqueness theorem for ODEs
as both v (§) =u(xp+ &) and v_(&) = u(xp — &) are solutions of the initial value problem

Vet V'(V) =0, v(0)=u(X), vx(0)=0

Hence v, (§) =v_(£) and v/, (§) = v_(§), which implies uy(xg + &) = —ux(xo — &).
To prove the rest of the statements, the Taylor expansion for uy, about xg is used. For any |§] < §,
there is some 0 < c(§) < 1 such that

1 1
Ux(xo + &) = Euxx(xo0) + Egzuxxx(xo) + EéBUxxxx(XO +cé)
1
= &uxx(Xo) + €$3uxxxx(x0 +c§),

as Uxxx(X0) = V" (u(X0))ux(Xo) = 0. Furthermore, iy = —V"”(Wu2 + V”w)V'(u) and V e C3. This
means that there is some K > 0 such that for all || <
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1 1
- <
ux(xo +§&)  &Euxx(xo)

|ux(X0 + &) — Euxx(x0)| < K&, K&

and

1 1
— <K
ui(xo+£)  &2ud(xo)

(ii) This follows immediately from above.
(iii) Using the estimates above, it follows for small € > 0 that

[

1 _ 1
uZ(xo +&)  &2u(xo)

—€
dt < / K dE = K(—€ + )

and
ux(xo — €) / 26 = (—€ux(x0) + 0(€ ( / Szuxx(Xo) + 0(1)>
- _6”*"(’(°)<eu,%x(><o) - 8u,%x(xo>> o
- _Uxx(XO) +0(€).

Since ux(xp + &) is even in &, the expressmn for the other integral follows immediately.
(iv) The uniform boundedness of implies the existence of the limit

_ 1
ux(XO"’é) uxx(XO)sz

—€ Xp—€

1 1 1 1
li — de =1i — d
6'1”3/8 [u%(st) u,%x(stZ] s= /8 [u%(&) u,%x(xo)(s—xoﬂ] :

— 0—

=G(xg—8,%) + ———,
5”)2<x(xo)

where the last line follows from the definition of G, (21).
(v) We have

Xp—€ Xp—€

/ds 1 _/d&_(l_l)_l
8ux(s) T 0o —€) 6u?((s> cu(xo) Sui(x0)/) Sud(xo)

Xo— Xo—

N 1 ( 1 N 1 )
Uxx(X0) \ €Uxx(X0)  Ux(X0 — €)

Xp—€

1 1 1
= — d —
/S[u%(é) uix(xO)(é—xO)z] : Suzy(xo)

X0—

N 1 ( 1 N 1 )
Uxx(X0) \ EUxx(X0)  Ux(Xo —€) )
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Thus

Xp—€ Xp—€

/d$+ 1 _/[1_ 1 ]ds+¥
uZ(€)  Ux(Xo)ux(xo — €) uZ(€)  u(xo)(E —x0)? Suzy(xo)

0—90 X0—38

~

1 ( 1 1 )‘ Ke
+ < :
Uxx(X0) \ €Uxx(X0)  Ux(Xo — €) [ttxx (X0)|

Therefore, by part (iii),

Xp—€
. d& 1 ~
“?3[ / 2@ uxxom)ux(xo—e)} = Ot =0x0)

X0—8
(vi) Using that uy(xg + &) = —ux(xo — &) for |§] < & we have the last equality. O
A.2. Proof of Lemma 4.3
In this section we consider the function I(g) defined in (30), i.e.,

u(xi(g).8)
du

I(g) := ,
p(u, g
uy(g,g)

where x;(g) and y(g) are in the middle interval, x;(g) is a zero of uy, y(g) is a smooth function of
g such that uy(y(g), g) #0, and uy has fixed sign for x between y(g) and x;(g). The statement in
Lemma 4.3 is

d
u(y(g). g)

I'(g) = —E(J/(g),xi(g)) - m@

which is proved as follows.

Proof of Lemma 4.3. We consider two ways of representing the governing equation for u, (10), using
different independent variables.

(i) %uf x,8) =g — Vn(u(x, g)), in this representation the independent variables are x and g;

(ii) %pz(u, g) = g — Vin(u) whilst in this representation the independent variables are u and g.
During this proof we will use both of these representations so care must be taken that the uses are
consistent. First we derive some relations from these representations of the governing equation.

(i) Using the first representation, since x; is a zero of uy, ux(x;j(g), g =0 for all g. Thus

2

Oly 0°u b % ' _
@(xz (8).8)+ W(xz (8). 8)xi(g) = iz (xi(),8)=0
duy
= X@= ™ (xi(8), 2)- (52)

Vi(ui(g) g
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Further differentiating the first representation with respect to g gives, for all x between x;(g)
and y(g),

ux(x, g)aﬂ(& g =1-Vp (u, g))a_u(x’ g). (53)
og m og

(ii) The second relation can also be differentiated in this manner, remembering that u is now
considered independent of g to give, for all u,

0
p(u,g)a—pw,g):l. (54)
g

We proceed by using the fundamental law of calculus to conclude that for any x between y(g) and
xi(g)

X u(x,g)
x—y(g>=/dx= f

y(&) u(y(g.8)

dv
p(v,g)’

From the definition of I(g) it can be seen that I(g) = x;(g) — y(g). Thus I'(g) =x{(g) — ¥'(g).
Differentiating (55) with respect to g and using (54) we obtain, for any x between x;(g) and y(g),
that

1 Ju
p(u(x, g),8) dg
u(x,g)

1
* 8~ 0@, 9.9

9
-y'(9)= [ux(y(g), g)y' () + i(y(g), g)}

dv

pP(v.g)’
u(y(g),g)

This equation can be re-written using the transformation of independent variables (u, g) — (x, g).

dé¢
uZ€, g’

u
(%,

V= e g

, ou r
[ux(y(g), g)y @+ @(y(g),g)] - /
e

8 0@ e

Notice that the two terms involving y’(g) cancel, leaving

M ) =urx )| ———— 2 (y(g) )+fx &
ag B T EN @) g ag V) E ] wies)
y(g

Combining this with expression (53) for %(X, £) and taking the limit for x — x;(g), using Lemma A.1
(iv)/(v), gives that

_ 1 ou
ux(y(g), g) ag

Juy

o (xi(2), &) = —Vn(u(xi(2), g))(

(v(8). 8) + G (y(g), xi (g))>.
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Fig. 11. The bold curve represents part of the unstable manifold of u_, in the left interval whilst the other curves represent
the orbits of the dynamics in the first middle interval Iy parametrised by g. The intersection of the unstable manifold with the
orbits in the middle interval creates a curve of left intersection points (u;(g), p;(g)). Two bifurcation points are highlighted: p =
0 is shown in green; whilst the points where the dynamics in the two intervals have the same curvature at their intersection,
V,’n] ) = V,’(ﬁ), are shown in red. (For interpretation of the references to colour, the reader is referred to the web version of
this article.)

Finally (52) gives

ou

X(g) =—G(y(g),xi(g) — TENORT

(v, g)

Hence we have the following expression for I'(g) = x;(g) — y'(&),

d
u(y(g.g). O

~ 1
I'(g) = —G(Y(g)yxi(g)) - m@

A.3. Continuation and bifurcations of matching points

First we consider the left matching point and assume that there are some g, &t and p such that
the first set of equations of (12) are satisfied. As V; and Vy;, are smooth functions, we can expand
the expressions in the first set of relations of (12):

S e / ~ ~ l "o " A A
g—V_+ Vi) — Vi, (W) =g — g+ [V (@) — V(@] — 1) + E[Vl (@) — Vi @] — )
+O(ju—aP);
1 2 A o 1 512 (4 ~ 1 I 2
L Vo+Viw)=p(p—-Dp + i(p -p)+Viwu—u+ 5V, w(u—1u)
+O(Ju —0P). (56)

So if V,/(ﬁ) — V,/n1 (@) # 0, the implicit function theorem gives the local existence of a unique
smooth curve u(g) satisfying g — V_ + Vi(u;(g)) — Vi, (1(g)) =0 and uy(g) = ii. And if p # 0, the
second equation gives the local existence of a unique smooth curve p;(g) satisfying %plz(g) -V_+
Vi(u;(g)) =0 and p;(g) = p. In other words, we have shown the first part of Lemma 2.1.

We continue with the case that there is a bifurcation point, that is, we also assume that g is
such that Z%(g) = 0. There are two ways to get %(g) = 0: the first is that p;(g) =0 (green point
in Fig. 11, we have assumed that @t # u_.,) and the second is that Vi, (1) = V/(i1) (red points in
Fig. 11). Fig. 11 suggests that these bifurcation points occur at minimal or maximal values of g. This
means that any limit for g — g is a one-sided limit. Furthermore we can see from Fig. 11 that if
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a left matching points exists for g close to g then two left matching points exist. From the second
equation in (56), we can see that if (i, p) is such that p =0 and V(@) =0, then we get a degenerate
bifurcation equation for p;. On the other hand, p =0 and V/(il) = 0 means that (ii, p) is a fixed point
of the V;-dynamics. As (i, p) has to represent a left matching point, hence connect to (u_o, 0), this
implies that (&1, p) must be (u_, 0). We formalise these observations in the following lemma.

Lemma A.2. Assume that there is a point (i, p) such that the first set of equations of (12) are satisfied for
some g = g, %,(g) = 0, then we have the following unfoldings of the left matching points (u,, p;) for g near g.

(i) If p # 0 and V;,, (i) = V| (@), then there is a unique curve of left matching points in the (u, ux) plane
nearby (i, p); this curve can be parametrised and related to the g-orbits with a (small) parameter n as
follows

772

w=d+n  p@=p+00m, g=g+—[Va,@—V/@®]+0(r).

(ii) If p = 0 and 0 # u_«,, then there is a unique curve of left matching points in the (u, uy) plane nearby
(@1, p); this curve can be parametrised and related to the g-orbits with a (small) parameter n as follows

2

U
2v/(@)

p®=n  wy=i- +0(n%),

PV (@) - V@) T
E=87 2V, (1) +0(n), if Vg, @ — V(@) #0;

774

=8+ _——
EZET VP

[V, @) = V[ @]+ 0(n°), ifvy, @ —V/@=o0.

(iii) If p = 0 and 1l = u_«,, then there are two smooth curves of left matching points in the (u, uy) plane
nearby (ii, p); these curves can be parametrised and related to the g-orbits with a (small) parameter n as

follows
w=0i+n  pE)==x/-V/ux)n+0(n?),
. L T, .
g=8—[Vi@ - vy, @]n— S [vi'@ - vy, @]n*+o(n?).

Note that if V| (@1) — V;, () = 0, hence (i, p) is a fixed point of the Vi, -dynamics, then the unfolding in
g is of order n>2.

Proof. (i) If p # 0, the implicit function theorem applied to %pz + Vi(u) — V_o = 0 gives that there
is a unique smooth curve p;(u) for u near &t and p;(i1) = p. Substituting u; = i + 7 into (56) and using
V,’n] @) = V,’(ﬁ) gives immediately the relation with g-orbits and the unfolding

2
g—&="2[Vn, @ - V/@]+0(r?),

pi(8)* — pi(®)* = —=2V/()n + 0 (n?).

(i) If p=0 and &I # u_o (thus V/(@t) # 0), the implicit function theorem applied to p2=2V_—
2V,(u) gives that there is a unique smooth curve i;(p) for p near p =0 and #;(g) = i. Substituting
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p=Dp+n=n into (56) and using Vl’(it) # 0, gives immediately the unfolding and the relation with
g-orbits

a1 2 4
S THIK +0(n%),
A V(i) — Vf,n (i1) 1., A "on /on ’on
g—8&= —an -V - vy, @]n* + Vi@ — vy, (]O(n*) + O(n®).
I

(iii) If p=0 and & =u_ (thus V/(@) =0 and V,' () = V/'(u_) < 0), then V_ — Vi(u) >0
for u near 4. Hence there will be two smooth curves of left matching points p;(u) which satisfy
p?=2V_ —2V|(u) and p;(ii) = p = 0. Substituting u; = @i + 1 into (56) and the relation above gives
the relation with g-orbits and the unfolding

A 1A / A l "en " N
g—&=-[Vi@ —Vy, @]n—S[v/@ - vy, @]n*+o(n?);
p?=—V/u_c)*+0(n*). ©

The right matching points can be analysed in the same way as the left matching points and this
leads to analogue results.

The expressions in Lemma A.2 tell us the relative behaviour of p;, u; and g in each of the above
cases. They can be used to calculate the behaviour of %(g) and % for g near a bifurcation point.

As seen before, if the bifurcation point is at the edge of the g existence interval, say at g = g, then

%(@, h) is unbounded, however it turns out that

oL
B (g) 8—] (g, h)
g

is bounded in the limit g — g. In order to analyse this expression in case p;(g) = 0, we observe that
Lemma A.2 gives that near g one should parametrise g by using p;. We will use g(p;) to denote this
parametrisation. And we define a function t(x, p;) such that i(x, p;) satisfies g(p;) = %ﬂi + Vi, (@)
and equals the front u(x, g(p;)) on the first middle interval (—L;(g(p;)),0). Since p;(g) =0, we get
immediately that ii,(x, 0) has a zero at x = —L;(g). And continuity of the curves @i in the parameter
p; gives that for p; near zero, there exist x-values & (p;) such that iiy(£o(p)), pn =0, tix(x, p) # 0 for
x and &y(p;)) — —L(g) for p; — 0. We first analyse the regularisation function G(£(p;), —L1(p;)) for
p; near 0 (hence g near g).

Lemma A.3. Let g be such that p;(g) = 0 and let g(p;) be the parametrisation as given by Lemma A.2.
Define i(x, p;) to be such that g(p;) = %ftf + Vi, (@) for all x € R and define &(p;) to be such that

ux(o(p1), p1) = 0, Ux(x, p1) # 0 for x between —L(g(p1) and &o(py), and & — —L as p; — 0. Then for
p; near 0

&
~ uy(g(pp) 1 1
G(—L, &) + - =/[~ - = ]d
L)+, 26 Bee—t0r]"

-L
1
PV (up) — Viupl’

o+ 0(p) +
PV P!
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Proof. From the definition of G, (21),

&
~ u;(g(pp) 1 1
G(—L, &) + = / [ - = ]d
(=L-%0) DI 26 eec-tr)”

1 1
(6o + Diid(0) * PilVin(up) = V{(pl’

—L

By definition of &y(p;), we have

0=iix(—L + (§0+ L), g(p))

. . L)? .
= uy(=L, pp) + (§o + L)uxx (=L, p) + wum(—h p)+ 0 (& + L)3)

(0+1L)°

o Vi + 0((0+1)%)

=p—E+LVy @) -
as flyy + V/y, (1) = 0. This implies that for g near g

&(p) +L(g(pn) = #Iz(pz)) +0(p}(®).
m

with u;(p;) given by Lemma A.2. Furthermore, if we define ug(p)) := i(¢0(py), p1), then

uo(py) =i(—L + (5o + L), pr)

L)? L)3
=u+ (& +L)p — wvé(uﬁ - %MV%(U!) +0((&0 + L)%
p?
=u + 2V,’nl(u,) + O(pf).

Using the two expansions, we get for p; near 0

Di
Vi (up)

(%0 + D)2, (8o, p1) = (0 + L)V} (u0)? = Vrup® +0(pf) = piV}, () + 0(p}).

Hence

1
(B0 + L)iiZ(20)  PiVin(up)

+ O (pp). O

Lemma A4. If g is such that the front u(x; g, h) is a solution of Eq. (10), for which all zeroes of uy(x; g, h)
are simple and %,(g) = 0, then g is at the edge of the existence interval for the left matching points (u;, py).
Furthermore, if %, (g, h) # 0 then

Vi(u(®)

. oLy
| K —(@Eh) | =——r———+—.
g'i'é[ &) 54 & )] Vi (1(®))
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Similarly, iffl is such that the front u(x; g, fl) is a solution of Eq. (10), for which all zeroes of ux(x; g, fl) are
simple and %;(h) = 0, then h is at the edge of the existence interval for the right matching points (u, pr).
Furthermore, if % (g, h) # 0 then

lim [%r(h)%(g, h)] = Vi@
oh Vin, (ur(h))

h—h

Proof. We focus on the left matching points, as the proof for the right matching points is analogous.
As we have seen in Section 2, the front has a non-simple zero in the derivative uy at some point in an
interval I; if and only if the front is constant on the full interval I; and in the phase portrait, it stays
at a fixed point of the related dynamics. So the conditions of the lemma imply that we are in case
(i) or (ii) of Lemma A.2 and this immediately implies that g is on the edge of the existence interval
for the left matching points. Furthermore, it shows that two smooth curves of left matching points
are emerging from g and we will show that both curves have the same limit for %’,(g)%(g, h) if
g— 8. A A A A )

In this proof, we will use the shorthand @t = u;(g) and p = p;(g). Expanding u;(g) about u, it
follows immediately that Z;(g) can be written as

21(8) = pi(&) [V, ) — V| (up]
= i@ [V, (@) — V(@) + (u — D[V (@) — V] (@] + O ((u — 1)*)].

Using Lemma A.2, we get for g near g that Z(g) = np[Vy, (i) — V' (@)]+ 0(n?) if p #0; and
Bi(g) =nlVy, @) — V()] + 0(n3) if p = 0. In both cases, the relation between g — g and 7 is given
in Lemma A.2.

If pi(8) #0, then for g nearby g, also p # 0. If we split the (first) middle interval I; in to two
parts: one with boundary —L; containing no zeroes of uy in its interior and at the boundaries and
the other containing all of the interior zeroes, then Lemma 4.3 can be used to show that the second
interval can still make no contribution to the unboundedness of the derivative of the length function.
Thus the unbounded part of % must arise solely due to the interval with no zeroes of uy. In other
words to prove the lemma for p;(g) # 0, it is enough to prove it in the case when there are no zeroes
of uy in the interior of I for g =g.

In this case, we get

0
oL 1 1 d
g h)=— - - - / 275
g #1(g) PBm(g.h) u2(&, )
—Li(g)
Thus if p # 0 we have
oL V(i)
Bi(g)— (g, h)=—1+ 0(Z =— — +0(n),
1(8) 22 (g.h) (%1(9)) Vi @ (m

as V/(0) = Vi, () (%(g) =0 and p #0).

If p =0 then calculating %(g, h) is more complicated as %(Q, h) is unbounded, although, as
in the case p # 0, we can reason that a zero of uy in the interior of I; for g nearby g and still in
the interior in the limit g — g cannot contribute to the unbounded part of %(g, h). Therefore we

assume that there is no zero in the interior of Iy for g = g. To proceed L1(g, h) is split into two parts
and Lemma A.3 is used to give a leading order expansion in terms of p;. We write
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um(g.h) um(g,h) up(g)
du du du

= + )
p(u, g p(u, g p(u, g
ui(g) up(g) u(g)

Li(g,h) =

where ug(g) is defined such that p(ug(g),g) =0 and ug(g) — 0 for g — g. Furthermore, u(x, g)
satisfies the middle dynamics in (—Lq,0) and we define ii(x, g) to be the extension of this func-
tion, i.e., u(x, g) satisfies the middle dynamics for all x € R. Finally we define &(g) to be such that
1(¢0(g), & =up(g) and & — —Ly as g — &. Using this definition, Lemma 4.3 gives for g # g

Mt g by =Tl k) + —— gy~ T=L.g) - —— Mg
g pr(g) dg pi(g) dg
= C(L &) - Bl - My, (57)
% (g) pi(g) dg

Taking the limit g — g, the first two terms in the above expression are bounded whilst by Lemma A.3
the remaining two terms diverge like % as g — g. Thus from Lemma A.3

H(g) 2L h)—o(ﬂ(u))wa()[ LI ! ]
A8 g (8= LA B DV~ PV () — V]

Vi(u)

_ Vi (up) — Vi (up) 3
Vi (up)

~14+0(# -
v +0(%(gm))

+ 0(21(g(m)).

Taking the limit g — g gives the desired result, as %;(g(n)) —> 0 for g— g (n — 0). O

The middle matching points need further study, for one, they depend on the orbit parameters for
two Hamiltonian systems instead of just one. To study the middle matching points, we assume that
there are some g, 1, il and p such that the middle set of equations of (12) are satisfied. As Vm, and
Vm, are smooth functions, we can expand the expressions in those relations as in (56):

g—h+ Vi, () — Vi, (W) =g — & +h—h+ [V}, (@) — vy, @] - i)
1 ~ "oen ~ ~

+ 5 [Vin, @ = Vip, ] = ) + O(ju - 2P);

1 AR L R

P =g+ Vi =P —P)+ 5 (=D - g+ &+ Vp, @ — i)

+%V,/1/11 @@ — )2+ 0(lu—ap). (58)

So if vy, @) — Vi, (@) # 0, the implicit function theorem gives the local existence of a unique
smooth function uy, (g, h), for (g, h) in a neighbourhood of (g, fl), satisfying g — h + Vi, (um(g, h)) —
Vi, (ui(g,h)) =0 and un(g, h) =1. And if p # 0, the second equation gives the local existence of a
unique smooth function p, (g, h), for (g, h) in a neighbourhood of (g, ﬁ), satisfying %pmz(g, h)y—g+
Vi, (Um(g,h)) =0 and pp (8, fl) = p. In other words, we have shown the first part of Lemma 2.2.

We continue with the case that there is a bifurcation point, that is, we also assume that g and h
are such that %, (g, ﬁ) =0. Usually such points are not isolated. In our analysis, we only look at cases
where the middle matching points are not fixed points of the Vi, - or Vi,-dynamics (i.e., if p =0,
then V} (1) #0 and Vy,, (il) #0), so we restrict here to these cases too. The equation %m(g,h) =0
implies that p, =0 or V,’111 (um) = V,/112 (um) (or both). We consider each case separately.
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e Assume that p = 0. If we continue with py,, = 0, the middle set of equations of (12) are satisfied
if

~ o Vi, (u) — g
0=F(u,h; g) = <h—g+Vr1n](u)_Vm2(u)>.

Differentiating F with respect to u and h and evaluating at u =1 and h =h gives

o Vi, @) 0
DF(u,h,g)—<v;m(ﬁ)—V,’m(ﬁ) 1>'

This matrix is invertible for any g as we assumed that the middle matching point is not a fixed
point of the Vy,;,-dynamics, hence V,/n1 (@) # 0. So the implicit function theorem gives the ex-

istence of curves iip,(g), fl(g) for g near g such that F(uy (g),ﬂ(g); g) = 0. Hence by defining
Pm(g) =0 (as we continued with p,; =0), this implies that the middle set of equations of (12)
are satisfied. Furthermore, as pn,(g) =0, we also satisfy %, (g, h(g)) =0.

Assume that V/, (@) = V/,, (1) =0 and p # 0 (we already considered the case p =0 above). The
middle set of equations of (12) and %, (g) =0 are satisfied if

p2/2— V) +g
0=F(u,p,h;8) = <h—g+Vm1(u) - sz(u)>~
p(Vi, (W) = Vi (W)

Differentiating F with respect to u, p, and h and evaluating at u =1, p=p and h =h gives
. — Vi, () p o
DF (i, p,h; g) = 0 0 1].
p(Vp, @)= Vg (@) 0 0

This matrix is invertible for any g as p # 0 and Vy (&) — V(@) # 0. So again, the implicit

function theorem gives the existence of curves i (g), Pm(g). fl(g), for g near g, such that the
middle set of equations of (12) and %, (g, h(g)) =0 are satisfied.

Finally we consider the continuation nearby a bifurcation point.

Lemma A.5. Assume that there is a point (@i, p) such that the middle set of equations of (12) are satisfied for
some (g, h) = (g, h) and B (8, h)y=o. If (@1, p) is not a fixed point of the Vi, - or V,-dynamics, then for
g = g fixed, there is a unique curve of middle matching points in the (u, uy) plane nearby (i1, p) which can be
related to the h-orbits as follows:

(i) If p # O, hence V;, (i) = Vy,, (1), then we have for a small parameter 1)

2

un=d+n.  pu@=p+0m).  h=h+T[v; @ - Vy @]+ 0(n?).

(ii) If p = 0O, then we have for a small parameter n

2 ~ N3V @)=V (@i
R n oG, h h_n(mz() m‘())+

=, =U— ——= = = 0 (n%).
1 () 2V, (1) (%)

This implies that the curve fl(g) is an edge of the existence region for middle matching points.
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Proof. With g = g fixed, we are in a similar situation as for the left matching point and hence the
results above about the curve of matching points and the approximations follow immediately.

The curve h(g) is a curve of middle bifurcation points, so for each value of g, there are expansions
as above, which shows that h only extends to one side of the curve. O

Along the curve hi(g), we have similar results to Lemma A.4.

Lemma A.6. Assume that along the curve fl(g), we have front solutions u(x; g, fl(g)) which satisfy Eq. (10)
and for which all zeroes of ux(x; g, h(g)) are simple. If /(g) # O, then for every g

Vi, um(g. h(g))

. al;
lim [«%n(g, h)—(g, h)] =— = .
dh Vi, (um(g, h(g)))

h—h(g)

To prove this, we observe that for g fixed, we are in a similar situation as for the left matching
points and hence we can use Lemma A.4 with the appropriate change of indices.

A.4. Details of results related to Section 5.1

In this section, we will give the proofs of Theorems 5.1 and 5.3. These proofs follow the same lay-
out as the proofs for the corresponding theorems for one middle interval: first we get a compatibility
condition for the existence of an eigenvalue zero of the linearisation operator around the front in the
same way that Lemma 4.1 was proved. This result is then used to prove Theorems 5.1 and 5.3.

In order to state the counterpart of Lemma 4.1 we introduce functions E, ,, Ey 4, Fi, and Fy,
which play a similar role to Cy, (23). The subscripts | and r denote the left and right middle interval
respectively, whilst v and p are the number of simple zeroes of uy in each respective interval. The
functions E;, and E; , are only defined if p;; # 0, whilst F;,, and F; ;, are only defined for p;; =0.

If py=0 and p, #0, then E;, :=0.If p; #0 and p, #0, then Ej o := fELl ufé) and

%
Epy:=Gi(~Li,Mo)+ Y Gi(Mi_1, M) + Gy(M,,0), v>1,

i=1

where we recall that G; is a regularisation of [ 4 see (21). Similarly if p =0 and p, # 0, then

ui@)’
Eryu:=0.1f p;#0 and pp #0, then Er g := [, ugfs) and
uAv+1
Eru = Guy2(0, Mys1) + Z Gi(Mij—1, M) + Gprvr1(Mpytvy1, L2), p=>1.
i=v+2

If py=0 and p, =0, then F;, :=0.If py#0 and p;, =0, then Fjo:= G(~Ly,0) and
%
Fiv:=G1(=L1, Mo) + Y Gi(Mi_1, M;) + G(M,,0), v>1.
i=1
Similarly if p, =0 and py, =0, then F; , :=0.If p; #0 and p, =0, then F;g:= —E(Lz, 0) and

n+v+1
Frpi==CMy11,0)+ D Gi(Mi1, M) + Gpuivit My, L), > 1.
i=v+2
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Lemma A.7. Let u(x) be a stationary front solution of the wave equation (10) with two middle intervals. If all
zeroes of uy are simple then

(i) if pm # O, the linearisation about the front u, £, has an eigenvalue zero if and only if

B+ PBm + PBr + ggl«%)mEl,v + <%m=93rEr,/L + #1%r[E) + Er,u] + BB BrE|y Er,,u =0

(ii) if pm = 0, hence By, = 0, the linearisation about the front u, £, has an eigenvalue zero if and only if

BV, ) ]* + B[V, )] + B2 ([Vi, @) Frw + [Vig, W) * Fr ) = 0.

Proof. The proof of this lemma is broken up into several parts determined by whether or not p; =0,
i =1,m,r. However, the main argument in each case is the same: in order to create an eigenfunction
in H?(R) we must make sure it is continuously differentiable by matching at all zeroes of uy. This
then leads the compatibility condition presented in the lemma.

Using the expression for the eigenfunction ¥ in (19), continuity of ¥ and ¥, at the zeroes x;, for
i=1,...,v, gives exactly the same relations as in Lemma 4.1, namely

Bi = By and Ai = Ai_1 + BoGi(M,'_1, Mi) fori= 1,...,v.
Meaning that for v > 1
v
Ay =Ao+Bo ) Gi(Mi_1,M;). (59)
i=1
The continuity conditions at x; fori=v+2,..., u + v+ 1 are found in exactly the same manner
Bi=By41 and Aj=Aij_1+By+1Gi(Mj_1,M;) fori=v+2,....,u+v+1.

As in the first middle interval, this recursive relationship can be used to calculate A; 1,41 in terms of
Apyq for p>1

puAv+1

Aprvir=Avi1+ By Y Gi(Mi_q, My). (60)
i=v+2

The continuity conditions at x=—L1, 0, L, depend on whether or not uy(x) =0 for x=—Lq,0, L,.

e Matching at x = —L1 shows that if uy(—Ly) = p; #0, then

Mo
d
Bo=% and A0=1+@1/2—$. (61)
uy ()
Iy
And if p; =0, then
Bo—0 and Ag— 10 £0 (62)
0= 0=
Vi, (Up)

as p; =0 and uy has only simple zeroes.
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e Matching at the middle point x = 0 shows that if p, #0

0 d%— 0 dg Mv+1 d%‘
Byi1=%m| A +Bo/— +Bp and A, ;1 =A +Bo/—+B+1/ —_.
’ ’"[ ’ u%(@} B ke u2(€)
M, v 0
Using the expression (59) for A, gives
v 0 de
By11=%m| Ao+ Bo ZGi(Mi—1,Mi)+/2— + Bo (63)
i—1 ux(é)
and
v 0 dg Mv+1 dg
Avar = Ao + Bo G-(M»_l,M~)+f + By f & (64)
! (; R u%@)) T ge

If pm =0 then, again by using Lemma A.1, the relations can be derived in the same manner as
those for the zeroes x;. The only difference is that there is a different potential on either side of
this zero of uy:

Vi, Um)
Byyi=—2_"B 65
v+1 Vr,nl(um) 0 ( )
and
V! (um) - -
i1 = A, 4 BoG(My, 0)] = Byt1G(My1,0).
sz(um)

As before, using (59) to replace A, gives

VI (um) Y ~ ~
Avpr=———| Ao+ Bo| D Gi(Mi1, M) +G(My,0) ) | —Bys1G(Myy1,0).  (66)
Vin, (Um) i

e Finally, matching at x =L, for p, # 0 gives

Ly
~ dé
k=Ap+v+1+ Bvia / 2@ = Aptv+1 + Bop1Gupvi1 (Mppv41, L2),
X
Mpytv
and the compatibility condition for the existence of an eigenvalue zero is By, +1 = —lAce%’r. With the

expression (60) for A, 41 the compatibility condition becomes

n+v+1
Byi1= _v@r|:Av+1 + Bv+1< Z Gi(Mi—1, Mj) + G pyqv+1(Mpqv41, Lz)>:|- (67)
i=v+2
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Vi(ur)
Vr/n2 (ur)

If pr =0 we get Ay 1vi1 =k and the compatibility condition

But+v+1=0 (= Byt+1=0).

Next we rewrite the compatibility condition for the various cases.
(i) If pm #0, p;#0, pr#0, then using (61) for Ap and By into (64) shows for v > 1

0

Mv+1
7 v d& dé
v = 9 —L1, i i-1, i BV
Avit 1+/3,<c1( Ly Mo)+§G(M 1 M)+/u§@>+ 1 0/ u2(€)

MU
=1+ ABE,+Bys1Gy2(0, Myy1).

The same results also hold if v =0, by Lemma 3.1. Substituting this into the compatibility condi-
tion (67) gives

uAv+1

BvH:—%[H%EI,ﬁBM <cv+z(o,Mv+1>+ > GiMiq, M)
i=v+2

+ Gu+v+1 (Mu+v+1, L2)>:|
= _=%r[1 + <%IEI,V + Bv+1Er,u]'
Using (61) for Ap and By into (63) gives for v > 1

0
v ds
Byt = %n| 1+ 21 G1(=L1, Mo) + :G,-<M,-_1,Mi)+f— + %

P uz(€)
M,

v
= PBm |:1 + %) (Gl (=L1, Mp) + Z Gi(Mj_1, Mj) + G, (M,, 0)>:| + %
i=1

= PBm[1+ BiE ] + B (68)

Again with Lemma 3.1 we can conclude that the same result holds if v = 0. Substituting this into the
compatibility condition above gives

0= B[l + BEi ]+ B+ B [1+ BELy + (Bl + BEL]+ B)Er ).

which can be re-arranged to give the matching condition in the lemma.
(ii) If pm #0, p; =0 = p;, then using (62) for Ap and Bg into (63) gives

V/(up)
"V )

Byt1 =2

Now the compatibility condition is B, 1 = 0, which is true if and only if %; = 0, which is the desired
result.
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(iii) If pm #0, p =0, pr # 0 then (62) gives Bo =0, hence (63) and (64) become

M, 1

dg
Byi1=%mAo and Ayy1=Ao+ By / uz—(s)=Ao+Bu+1Cv+2(0,Mu+1)-
X

Using this in the compatibility condition (67) gives

n+v+1
%on:—33r|:A0+33on<Gv+2(0,Mv+1)+ > Gi<M,-_1,M,->+G,L+v+1(M,L+v+1,Lz)>}.
i=v+2

Using the definition of E; ;, and dividing through by Ag # 0 (see (62)) gives By = —%;[1 4+ BmEr ;]
which is the desired result.
(iv) If pm #0, p; #0, pr =0, then the compatibility condition is B, = 0. Using (68), this gives

0=Byt1=%nll + ABEv]+ 7.

which again gives the desired result.

(v) If pm =0, py #0, pr # 0 then substituting (65) and (66) into the compatibility condi-
tion (67), using Bg = %, and the expression for Ay as given by (61), and multiplying through by
Vi, Wm)Vy,, (um) # 0 gives

BV, )]

= —%[[V&] (um)]” (1 + 2 G1(—L1, Mo) + %1< > Gi(Mi1, Mi) + G(M,y, m))

i=1

HAv+1

2 ~

+ B[V, (Um) ] (—G(Mu+1,0>+ » G,-(Mi1,Mi)+cu+u+1(MM+u+1,Lz>>}
i=v+2

=~ 2 ([Vi, W) 21 + BiF1) + B[ Vi, )| Fr. 1),

which is the desired result.
(vi) If pm =0, py=0=p;, then (62), (65), and (66) give

Vi (up Vi, (Um)

Vi, (Um) V[ (up)
0= B +1= 7 . <
Vi, () T Vi (um)

VT/le (um) Vrlm (UI) .

Bp=0, Api1=

Vi(ur)
Vr/nz (ur)’

This is consistent with the compatibility condition B, =0 and from A4 41 =k we get that

there is an eigenvalue zero with

< V) Vi um) Vi (ur)
Vi W) Vi, (um) Vi)
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(vii) If pm =0, p; =0, pr # 0, then substituting (62) into (65), and (66) gives B,+1 =0, Ay =
Ving Wm) V| (up)
Viny (Um) Viny (up)©
value zero iff

Substituting this into the compatibility condition (67) shows that there is an eigen-

Vi, Um) Vi)
Vi Wm) Vi, ()™

0=By1=—

Since p; and py, are simple zeroes this means that there is an eigenvalue zero if and only if %, =0,
which is desired result.
(viii) If pm =0, p; # 0, pr = 0, then substituting By = % from (61) into (65) gives B, ;1 =
Vi, Wm - . . . . .
V',"Z EZ ;%l. Thus the compatibility condition B, =0 implies that %; = 0. So there is an eigenvalue
my m
zero if and only if % = 0, which is the desired result. O

This lemma has the following obvious corollary:

Corollary A.8. If exactly two of HB), Bm, P, are zero then the linearisation operator £ does not have an
eigenvalue zero. If B = $Bm = By = 0 then the linearisation operator L has an eigenvalue zero and the
eigenfunction is a multiple (possibly different in each interval) of uy(x).

We can now prove the theorems stated in Section 5.1. We will relate % with E;, or F;,, and %

with E; ;, or Fy;, and then rewrite the compatibility condition in Lemma A.7 in terms of these partial
derivatives.

Proof of Theorem 5.1. From the definitions of L1 and Ly, (15), we can see that the only h/g depen-
dence respectively, appears via up, (g, h) in one of the limits of integration. Thus if (g, h) is such that
PBm (g, h) #0 we have

BL] 1 3L2
— (g h=———=—(g.h.
on & Fmah) " og g h

If %, =0 or %, =0 then 2! respectively 22 is unbounded. From Lemma A.4 we can see that if § is

g oh
such that %(g) =0, then

Vi)

__Rs) 69
Vin, (Wi(8)) (69)

dLq
lim [%(g)—(g, h)] =
g8 g
Similarly, Lemma A.6 gives that if h is such that z@r(fl) =0, then

1% _ Vi)

lim[%(h) L (g,h)} - )
dh Vi, (ur(h))

h—h

The rest of this proof is based on the matching conditions derived in Lemma A.7, and is split up
in to four parts determined by whether % or %; is 0.

e If g and h are such that #(g) # 0 # %,(h) then using the same method as in the proof of
Theorem 4.5 it is straightforward to derive the following relations for the partial derivatives:



464 CJ.K. Knight et al. / J. Differential Equations 254 (2013) 408-468

oL
«%’l«@m L = B — B — B PBmE v,

where the arguments have been suppressed for ease of notation. Hence

3L1 Ly
By By By det ( i oL ) = B+ P + By + BiPmE1 + B BrEr
Bg oh

+ ﬂl%r[El,v + Er,u] + ﬂl%m%rEl,vEr,u

which vanishes if and only if an eigenvalue zero exists due to the compatibility condition of
Lemma A.7.

o If § and h are such that %;(g) =0 and %, (h) # 0 then following the same method as in the
previous case gives

oL
%m%ra—; = —PBm — Br — BmPBrEr 1,

which vanishes if and only if there is an eigenvalue zero by Lemma A.7.

The theorem also states that this is the same as reading the determinant condition as a limit. To
see this, note that we also have

L 0Ly . . oLy
lim [%(g)—(g, h)] #0, «%z(g)a—,:(g, h) =0, Pm (8, h)%r(h)a—z(g, h) = % (h).
g8 g

Thus

dL1 i
llm [ﬁ,(g)ﬁm(g h) %, (h) det ( A b )}

g oh
_ det <limg~>g[(/gl 5 l@m] llmg»g[(@l an )l e, h)]>
(B Py 3g2)|(g,h) (‘%)m”grﬁ)'(g,h)
~ det (“mgagm%w )
%, (h) (Bn%r 52)| & 1)

Hence the limit of the general condition in the theorem is equivalent to %y, % "BLhZ =0.

o If g and h are such that #(g) £0, E,Jr(h) =0 then the result follows in a similar way to the
previous case.

e If g and h are such that %(g) = 0= % (h) then the statement of the theorem follows directly

from Corollary A.8. O

Before proving Theorem 5.3, we first derive an expression for the derivative of the curve fl(g).
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Lemma A.9. For any g for which the curve fl(g) exists and V,/n] (um(g, fl(g))) #+ 0, we have

dh Vi, (Um(g. h(2)))
—(@) =
dg Vin, (um(g. h(2)))

Proof. As seen in the proof of Lemma 2.2, along the curve fl(g), we have pm(g,ﬁ(g)) =0 or
Vin, (um (g, h(8))) = Vp,, (Um (um(g, h(£)))).

If pm(g,h(g) =0, then (12) implies that g = Vi, (um(g, 1(8))) and h(g) = Vi, (um(g, h(&))).
Differentiating the first relation shows that 1 = V,’nl (um(g,h(g)))%[um(g,h(g))]. Differentiating the
second relation gives

Vi, m(g. h(2)))

dh . d .
— (&) =V, (um(g, h(®))—[um(g. h(g)] = = -
dg 2 (m( ))dg[ ( ) Vi, (um(g, h(g)))

If Vi, (qm(g,ﬁ(g))) =V}, (um(g.h(g)) then by (12) we have g — h(g) = Vm, (um(g,ﬁ(g))) _
Vi, (um(g, h(g))). Differentiating this with respect to g and using that Vj (um(g, h(g))) =
Vi, (um(g. h(g))), we get

Vi, um(g. h(g))

dh dh
1——(g)=0, hence —(g)=1= = .
dg dg Vin, (um(g. h(g)))

Proof of Theorem 5.3. First of all note that from (12) we have

auy auy
—1=[Vi@) - V), @] 0=k
[ @) m (u’)] dg oh
/ ’ aum / 4 _aum
1= [Vm1 (um) — sz (um)] 5 -1= [le (um) — sz (um)] :
og oh
Ju ou
0= agr; —1=[Vitu) = Vi, (un)]

As $Bn =0 all of the partial derivatives %—Lg" and % are unbounded. However, we will show that
if Z1(g) #0# ﬂr(fl). then along the curve fl(g), the functions %Ll(g,fl(g)) and %Lz(g,ﬁ(g)) are
well defined and along its inverse g(h), the functions %h (g(h),h) and %Lz(g(h),h) are well de-

fined. In the derivation of Fl(g). we have seen that along the curve Fl(g). either pm(g,fl(g)) =0 or
Vi, (Um (g, h(8))) = Vi, (um(g, h(g))).

e First we consider the case that the curve fl(g) is such that pp,(g(h),h) =0 and %, # 0 # %;.
Using the definitions of L1, G;, G, and Lemma 4.3, we get

d d u(x1;8) d v uxi;g) d Uxi-1;8) d

~ u u u
hlehe)=1| [ +y -/
dg eh@) dg[ p(u, g [ p(u, g p(u, g)

u(g) =25y Mi_1s9) u(Mi_1;8)
u(xy;g) um(g,h(g)
/ u du
- +
p(u, g p(u, g

u(My;g) u(My;g)
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! Gi(—L1, Mp) ZU:G(M- M;) — G(M,, 0)
- %l(g) 1 1, 0 Pt 1 i—1, 1 12K

1
=— — Fi,(2).
@ " &)

Note that Lemma 4.3 is also used for the calculation of | ”(’”M<f gg)) p(‘ff_’g) as h(g) is a curve such

that p(um(g,h(g)),g) =0 for all g near g. Using (43), the expression for %Ll(g,ﬁ(g)) gives
immediately

d 1 d 1 1
L (&), h = g h@) = (—— 4+ F(®).
an 1(&), )hzﬁ(g) he dg Li(g.h(g)) e (%(g) 1, (g))

Substituting g = g(h) and using h/(g(h)) = ——, we get

(’1)

d 1
L Gh. ) = —§ () [ —— (&(h
a1 (B ) =—8( )(%(g(h))Jr (8 ())>

In a similar way it can be shown that

d 1 d - .
GlaEh ==t Fm (e @) = i@

Fr. ,L(l;(g))).

To link these expressions to the compatibility condition in Lemma A.7, we note that with
Lemma A.9 it follows that along the curve h(g), the compatibility condition in Lemma A.7 is

V. (Um) Ve (Um) Ve (Um) V! (Um)
0=p T2 | g M1 +331%< m R, + FW)
Vm1 (um) sz (um) sz (um) Vrm (um)

=B () + B /1 (8) + B1%: (FLu /0 (8) + Fr uh(g))

’ 1 h
= ﬁlﬁr<h (g)[ + Fr. M] + [% + Fw}/h (g)>

hﬁ(g)>

e Next we consider the case that h(g) is such that Vi, (um(g(h), h)) = Vi, (um(g(h), h)) and

pm(B(h),h) £ 0, and B, # 0 # B,. Hence h'(g) =1 and §'(h) = 1, see Lemma A.9. Using the
same ideas as in the previous case, we get

—+
#r(h(g))

d d
=—ﬁ13r<@Lz(g,h(g)) L 1a(am.h)

G B0 == s~ By (50)
and
diLz(g, h(g)) = . Eru(h(g).
5 #r(h(2))

Thus
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dL dL
%l%r[_l + —2]

1 1
dh " dg |~ _%%<_ Thet gt Er’“)

B B
= —(,%’1 + % + %lﬂr(El,v + Er,u))~

Which again is zero if and only if an eigenvalue zero exists by Lemma A.7 (ii).

The last two statements in the theorem, concerning the cases when %, =0 or %, =0, are direct
re-statements of Corollary A.8. O
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