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Abstract Coupled arrays of Chua’s circuits have been studied for many years. The existence
of traveling wave solutions for such system was shown numerically in Perez-Munuzuri et
al. (Traveling wave front and its failure in a one-dimensional array of Chua’s circuit. Chua’s
circuit : a paradigm for Chaos. World Scientific, Singapore, pp 336-350, 1993). The existence
of periodic traveling wave solutions has been proved recently (Chow et al. in J Appl Anal
Comput 3:213-237, 2013). The purpose of this paper is to prove the existence of chaotic
traveling wave solutions for such system. Using the method of singular perturbations, we
show that the ODE system for the traveling waves can have a heteroclinic loop consisting
of two traveling waves moving at the same speed. Moreover, at the equilibrium points of
the heteroclinic loop, the dominant eigenvalues of the system are a pair of complex numbers
with negative real parts. By a generalization of Shilnikov’s theorem of symbolic dynamics,
the system can have chaotic behavior near the traveling heteroclinic orbits.

Keywords Coupled Chua’s circuits - Traveling waves - Heteroclinic orbits - Shilnikov’s
chaos - Melnikov integral

1 Introduction
1.1 Derivation of the Traveling Wave Equations

Chua’s circuit is a nonlinear circuit that has assumed a paradigmatic role in mathematical,
physical and experimental demonstrations of chaos. The advantages of Chua’s circuitare that
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Fig. 1 The kth unit of the
coupled Chua’s circuits

the equations for the circuit can be derived accurately and the outcome of the experiment
can be measured precisely. See the use of Chua’s circuits in teaching high school students
about chaos [2,14]. In [22], the theory of circuits is used to illustrate the dynamics of arterial
systems. See [30] for more references. We consider the coupled Chua’s circuits depicted in
Fig. 1. Using k as the index for the kth circuit, the model for many coupled Chua’s circuits
can be written as the following system of ODEs,

T = w (e va) o (va) v g (v v ).
dvk 1
k k -k
C2 dtz =E(VC1 _VC2)+ZL’
dif
L -k k
L?J"RO lL :_ch.

Here V¢,, Vc, are voltages across the two capacitors, iy, is the current through the inductor
L, G is the conductance of Chua’s diode, and Ry is the resistance of the inductor. The resistor
R connects the LC oscillator to the diode, and R determines the coupleing between adjacent
circuits. By combining Vgl + RG( Vél) into i (u), the above system can be transformed into
the dimensionless form:

i = a(ye — h(up)) + D(ug—1 — 2ug + ups1),

Yk = Uk — Yk + 2k,

Z'kz—ﬂyk—yzk, k e Z. (11)
In this paper we assume that £ is an N-shaped function with odd symmetry, e.g. h(u) =
mu(u +c)(u—c), ¢ >0, m>0.

Let e = 1/a, Ax = /€, ui(t) = u(t, kAx). If Ax is small, the last three terms can be

approximated by eu,,. Following the works of [30,33], (1.1) can be approximated by the
following singularly perturbed reaction-diffusion PDE coupled with two ODEs,

eu; = (y —h(u) + €*Duyy, 0<e <1,
yi=u—y+z, (1.2)
2 =—By—vyz.

The constants D, 8, y are all positive. This system is a generalization of the FitzHugh—
Nagumo equations where the PDE is coupled with one ODE.
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In this paper, we study (1.2) which is a PDE approximation of the coupled Chua’s circuits.
We look for traveling wave solutions of (1.2) with undetermined wave speed s. In the traveling
coordinates £ = x — st, we have the following slow system of 4 ODEs, where “ - ” denotes
d/ds,

enw=v/D, sSy=y—u-—z,

. . (1.3)
€v =h(u) —sv/D —y, sz =By +yz.

The singular limit of (1.3) is obtained by setting € = 0:

0=, sy=y—u-—z,
S‘)'l y—u-—z (1.4)
O=h) -y, sz=By+yz
Introducing the fast time scale n = & /e and’ = d/dn, we have the fast system
u =v/D, sy =€e(y —u—2z),
, / yl (y ) (15)
v =hu) —sv/D—y, sz =€(By +v2).
Its singular limit system is:
u =v/D, "=0 ifs #£0,
/ y #* (16)

v =h(u) —sv/D —y, 7 =0, ifs#0.

Let y,, = h(upy) (and yyr = h(up)) be the local minimum (and maximum) of the
function y = h(u). Then y,, < yy and up; < u,,. The inverse of y = h(u) has three
branches, denoted by n-', hal and h;l definedony < yy, ym <y <yyandy > y,
respectively. The solutions of the two algebraic equations in (1.4), v = 0, u = A~ (y), form
three slow manifolds of (u, v, y, z) in R*:

STi={v=0,y <ym,u=h""(y),z e R},
= =0,ym <y <ym.u=hy'(y).z€R},
St i=(w=0,y> ym,u=h37'"(y),z €R}.

And these three slow manifolds consist of the equilibrium points of the limiting fast system
(1.6).
From (1.6), with y = y as a parameter, the equations for («, v) become

u' =v/D, v =h(u)—sv/D-—y. (1.7

System (1.7) has been studied by Fife in 1974, cf. [12]. Following his approach, we look for
traveling waves that connect saddle to saddle equilibrium points of (1.7), which requires that
dh/du > 0 at the equilibrium points under consideration. Therefore, the manifold S° will
not be of interest in this paper. For the slow system on ST, there are two equilibrium points
Py, determined by y — A~ (y) — z = 0 and By + yz = 0. Assume that y /8 is sufficiently
small so P4 are between the local minimum and maximum of the curve y = 0, see Fig. 2.

The case y = 0 has been considered in [3], where the last equation of (1.3) becomes
sz = By, and the equilibria Py satisfy y1 = 0. Due to the symmetry of the function & (u), if
there is a heteroclinic orbit for the (u, v) system with y = y; = 0, then s = 0. See [12] for
details. In this case the derivatives (y, z) in (1.3) simply drop out. Such “degenerate” case
will not be considered in this paper.

Since dh/du(u) > 0 foru = h;l (y+), the equilibrium points for (1.7) on §* are hyper-
bolic with one stable and one unstable real eigenvalues. From [12], we have the following
results.
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Fig. 2 Equilibrium points
Py e S% for the slow system

Fig. 3 The orbits (/) and (3) A
correspond to s > 0, while the

. S_
orbits (2) and (4) correspond to
s<0 P3/A %7 1,11)2
>

2

P4%

1 \71’1

Lemma 1.1 There are 4 kinds of singular heteroclinic orbits for (1.7). (1) For an increasing
solution ug(t), if y > 0, thens < 0; while if y < 0, then s > 0. (2) For a decreasing solution
up(t), if y > 0, then s > 0; while if y < 0 then s < 0.

In Fig. 3, the equilibrium point P4 (or P,) corresponds to P_ (or P;) in our paper. We
shall only consider the case s > 0 in the rest of the paper, for the case s < 0 can be treated
similarly.

Consider the slow system on ST

sy=y—hi'(y) —z si=pBy+vz (1.8)

Assume that on S*, the slopes of 7 = y — h;l (y) are negative between the local minimum
and maximum of y = h(u), see Fig. 2. We have the following lemma on the eigenvalues of
Py = (y4, z+) in (1.8).

Lemma 1.2 Assume that s > 0 and (d/dy)[y+ — h;l(yi)] < 0 respectively. Then if y is
sufficiently small and B is sufficiently large, both P+ € ST are stable equilibrium points of
(1.8), with a pair of complex eigenvalues.

Proof Let A1 be the Jacobian matrix of (1.8) at Py. If y > 0 is sufficiently small, then
tr(Ax) < 0. Fix that y and let B be sufficiently large, we have det(A1) > 0. For such
(B, ), A+ has two stable eigenvalues. Further increase § if necessary, then the two stable
eigenvalues at Py are complex with negative real parts. O

1.2 Outline of Our Method

Our strategy of proving chaos in (1.2) can be divided into three steps.

(D First, for ¢ = 0, we construct a formal heteroclinic loop which is a concatenation
of orbits in regular and singular layers. We show that under some general assumptions, a
singular heteroclinic orbit can be constructed as follows. It starts as a traveling wave from
P_ € S~ to an equilibrium point P,, € S, in fast time scale T with u’(t) > 0, then followed
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Fig. 4 Traveling wave solution
with stable spirals on S+

JAVEERN

by a slow motion on S that spirals from P, to P in slow time scale ¢. By symmetry, with
the same wave speed, there exists a traveling wave that starts from P, — S~ withu/(7) < 0,
then spirals slowly on S~ to P_. See Fig. 4. To construct such solutions, we use analytic
methods on singular perturbation and heteroclinic bifurcations, see [6,20,21,25].

(II) Next, for 0 < € < 1, we prove the existence of exact heteroclinic orbits near the
singular heteroclinic orbits. The singular orbits obtained in (I) are approximations to the exact
orbits, with small residual and jump errors, and small error in the wave speed s. In singularly
perturbed systems, corrections of the wave speeds s are usually done in the internal layers
which are short intervals in time scale ¢, but are long intervals in time scale 7, cf. [7,8,25,31].
An unexpected difficulty in this paper is that the singular heteroclinic orbit from P_ to P,
is defined on (— 00, b] in time ¢, which is unbounded to the left no matter how we choose
b. Therefore the correction of wave speed s cannot be separated from the correction of other
variables. The problem is solved by dividing the heteroclinic orbit from P_ to P,, into two
parts. In the first part, the orbit simply stays at P_, and in the second part the orbit jumps
from P_ to P,,. This seems to go against any common sense at the first look, but is guided by
the classical singular perturbation theory, and therefore works nicely. See the constructions
in Sect. 4 for details.

After correctly dividing the heteroclinic orbits into outer and inner layers, using the theory
of shadowing lemma for continuous flows, cf. [23,32], we can eliminate the residual and jump
errors of the formal heteroclinic orbits and the error of wave speed to obtain a pair of exact
heteroclinic orbits. To deal with the residual and jump errors, we introduce exponential
dichotomies for the variational equations around the approximations. The residual and jump
errors are eliminated by an iteration method, which appears to be the most technical part of
the paper.

(II) We show that at the equilibrium points P4, the system has a pair of stable complex
eigenvalues. Using the symbolic dynamics near a homoclinic orbit discovered by Shilnikov
[36,37], and slightly extended in [24] to treat solutions near a heteroclinic loop, we show that
there exist complicated traveling wave solutions to the singularly perturbed PDE (1.2). Near
the heteroclinic loop, there exists a countably infinite set of periodic traveling waves, and an
uncountable set of aperiodic traveling waves. And each traveling wave near the heteroclinic
loop can be associated to a unique time sequence {w; };<z, Where each w; describes the time
the solutions take turns to stay near the equilibrium P_ or P, then move to near another
equilibrium. The time counting is achieved by using Poincare sections that are transverse to
the heteroclinic orbits from P_ to Py, and from P_ to P. See Theorem 5.2 for details.

In the geometric singular perturbation theory, s = 0 becomes another slow equation. The
heteroclinic orbit from P_ to P, is a transverse intersection of the center unstable manifold
W< (P_) to the center stable manifold W (P;). See [9-11,17-19]. Since we only look
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for a particular orbit, not the exact invariant manifolds nearby, we only use the singular
approximations of W (P_) and W (P,.), obtained when € = 0. This observation guides
us to construct approximations and correction terms of traveling waves in Sect. 4. Moreover,
the singular perturbation method allows us to quickly reduce the intersection problem in the
4D system (1.5) to the 2D system (1.7). Finally, for the original system in 4D, the Melnikov
integral used in Sect. 4 rigorously shows that the intersection of W< (P_) to W (Py) is
transverse. Our method combines the geometric idea with the analytic approach and is based
on many previous research such as [1,29,32].

The rest of the paper is organized as follows. In Sect. 2, we recast the traveling wave
equations as a general system (2.1) and introduce some assumptions to be used in the rest of
the paper. In Sect. 3, we define the exponential dichotomies and introduce some basic lemmas
that are useful when we study the linear variational systems around the heteroclinic orbits. In
Sect. 4, we establish the existence of heteroclinic solutions when € # 0. To this end, we have
to deal with the residual and jump errors of the approximations by the singular heteroclinic
orbits. The approximations and corrections are introduced in Sects. 4.1 and 4.2. We then
treat the residual errors in Sect. 4.3, and the jump errors in Sect. 4.4. The exact heteroclinic
solutions are obtained in Sect. 4.5, by the contraction mapping principle. Our main results
are proved in Sect. 5. In Sect. 5.1, we study the eigenvalue problems when € > 0 and small.
In the slow time 7, we show that the dominant, slow eigenvalues are complex conjugate as
(—a £ip) + O(€), and the fast eigenvalues are real and of the form A s (¢) /€. The existence
of countably many periodic orbits and uncountably many aperiodic orbits are proved in Sect.
5.2. In Remark 5.3, we explain how our results on (1.2) can be used to prove the chaotic
traveling wave solutions of (1.1).

Without further specification, the norm of a continuous function defined on an interval will
be the supremum norm. For example, in the later part of this paper, || X;|| = sup{|X; ()| |t €
[oi, Bil}, i=1,2,3.

2 Basic Assumptions on the Singular Heteroclinic Orbits When ¢ = 0

Consider traveling wave solutions to the following system of a reaction-diffusion PDE cou-
pled with a system of 2 ODEs:

€U, = €?Uy, — F(U, Y),
Y, = -G(U,Y).

Using the traveling coordinates § = x — st where s # 0 is the wave speed, we have a
singularly perturbed second order fast ODE coupled with 2 first order slow ODEs

62Ugg +esUs — F(U,Y) =0,

2.1
Ye =G(U,Y)/s,
where U € R, Y € R2; F and G are C? functions with bounded derivatives; € > 0 is a small
parameter.
For definiteness, we assume s > 0. The second order system for U is equivalent to a first
order system of two equations. Switching & to ¢ for easy typing, we consider the singularly
perturbed system

eU=V, eV=FU,Y)—sV, Y=GU,Y)/s, (2.2)
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Switching to the fast time T = é and’ = j—f, (2.2) becomes

U=V, V=FUY)-sV, Y =eGU,Y)/s. (2.3)

We call (2.2) the slow system and (2.3) the fast system, where (U, V') are the fast variables
and Y is the slow variable. Let € = 0. Then (2.2) and (2.3) reduce to their singular limits

0=V, 0=FU.,Y)—sV, Y=G(U,Y)/s, 2.4)
U=V, V=FUY)-sV, Y =0 (2.5)

Assume that F, G satisfy the following hypotheses:

(Hp) (F, G) are odd functions: F(-U,—-Y)=—-F(U,Y), G(-U,-Y)=-G(U,Y).
(Hjy) For € = 0, the equation F(U,Y) = 0 has at least two branches of solutions
U =H*Y)where H- = —HT, H¥ € C%(0,, R) and 05 is an open subset in RZ.

Moreover, assume that Fyy (U, Y) > O for (U, Y) in each of the two branches.
Define the slow manifolds

SE={(U.V.")IU =H*(Y), V=0, Y € 03}
If U = H*(Y), then the last equation of system (2.4) yields an equation on S*:
Y = GHZ(Y).Y)/s, (2.6)

Let Y. € O, be equilibrium points for (2.6) where Y_ or Y, corresponds to H~ or H*
respectively. Then (U, V,Y) = (H £(Y4),0, Yy) are equilibrium points for (2.4), denoted
by P. Notice that DH*(Y) = —F;; ' (H*(Y), Y)Fy (H*(Y), Y).

(Hp) Let Uy = H*(Y4). We assume that

DG(H*(Ys), Y1) = Gy(Us, Ys) — Gy (Us, Yo) F;; ' (Us, Y£) Fy (Us, Yy)

has two eigenvalues Aj » = —a £ if with —o <0, 8 > 0.

We now look for heteroclinic orbits of (2.5) joining P— — Py (or P — P_). To satisfy
(2.5), Y must be a constant. The eigenvalues of the (U, V) equations satisfy A2+ sk —
Fy(U,Y) = 0. From (Hj), it has two real roots of opposite signs. They are called the fast
eigenvalues for future reference, and are denoted by

A <0< Q.7

Thus the slow manifolds S* are normally hyperbolic. Setting ¥ = Y. on S* respectively,
then (2.5) becomes
U=V, V =FU,Yy) —sV. (2.8)

To construct heteroclinic orbits of (2.8) joining P4, we assume that:

(H3) For Y = Y4, there exists a unique s = sg > 0 such that the fast system (2.8) has a
heteroclinic orbit (U°, V°)(¢) from (H~(Y_), 0) to (HT(Y_), 0) (or from (H*(Y4), 0) to
(H™(Y+), 0)). The heteroclinic orbits break transversely if s is perturbed away from sg.

We remark that the last condition will be re-formulated analytically by the Melnikov
method.

From (H3), the eigenvalues of (2.6) evaluated at Y1 are complex with negative real parts.
We further assume that:

(Hy) For (2.6), the point Y = H~(Y,) (or Y = H*(Y_)) is contained in the attraction
domain of the equilibrium P_ on S~ (or P4 on ST). And the orbits through which will
approach P_ (or Py) in such a way that is tangent to the 2D eigenspace of the eigenvalues
Ao =—a xif.
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Remark 2.1 The hypothesis (Hg) may look complicated. In the example of Chua’s circuits,
it can be satisfied by applying certain conditions on the circuits, [3].

Based on (H3) and (Hy), for € = 0, define a singular heteroclinic orbit connecting P_
to Py as follows. Let X0(t) = (U2(t), V2 (1), Y2(t)), i = 1,3, be solutions of (2.4) on
the slow manifold S~ if i = 1 (or on ST if i = 3). Among them, X?(t) = P_ is the
constant solution in slow time 7, and X 2 (¢) is the solution on S that connects P, to P, . Let
Xg(r) = (Uzo(r), Vzo(t), YZO(T)) be a heteroclinic solution of (2.5) connecting S~ to S*.
with the wave speed sp.

The domains for X?, i = 1,2, 3 are defined as

t € [—o0, 0] for X(l), T € [—00, o0o] for X(z), t € [0, oo] for Xg.
Notice that the following matching conditions are satisfied:
lim X% =P, lim X))=X%0), lim X9(r) = x%0), lim X3(r) = P,.
——00 T—>—00 T—>00 11— 00
(2.9)
Then a formal heteroclinic orbit connecting P_ to P can be constructed by the concatenation
of X (1), X(z) and Xg, see Fig. 4. By symmetry, a formal heteroclinic orbit connecting P to
P_ can be constructed.

Remark 2.2 As mentioned in Sect. 1.2, defining the approximation X? as a constant is an
important step in constructing the approximations. See Sect. 4.1 where the correction terms
are constructed.

3 Exponential Dichotomies and Linear Nonhomogeneous Systems with
Boundary Conditions

We introduce some basic concept of exponential dichotomies, see [5,24].

Definition 3.1 Consider the linear system x = A(f)x, x € R™, where A(¢) is a continuous
matrix defined on a finite or infinite interval I C R. Let ®(z, s) be the principal matrix
solutionof x = A(#)x. We say thatX = A(¢)x has an exponential dichotomy on / if there exist
constants K, ¢ > 0, and projections to the stable and unstable subspaces, P (t) + P, (1) = I
for ¢t € I, such that

(1) @@, 5)Ps(s) = Ps()P(1,5), s, 1€,

(i) [, 9)Ps(s)| < Ke ¢ 5 <1,

(i) |D(t, )Py (s)] < Ke 6™ ¢ <.
With the principal matrix solution ®*(s, r) := (& (z, $)~H*, the adjoint equation

dy
ds

is solved from the initial time ¢ to the moving time s. If x(¢) is the solution of the original
equation and x*(¢) is a solution of the adjoint equation, then

+ A*(s)y = 0.

< x*(1), ®(t, 5)x(s) >=< O*(s, H)x* (1), x(5) > .

If @ (z, s5) has an exponential dichotomy, then ®* (s, ¢) has an exponential dichotomy with the
projections to the stable and unstable subspaces, P;*(¢) and P, (¢), being adjoint operators of
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P (t) and P, (t) respectively. The name of the stable and unstable subspaces for the adjoint
equation are meaningful if it is solved backward in time:

¥ (s, )P (1) = PF(s)D* (s, 1),
0¥ (s, )P ()] < Ke 77, s <1,
|®* (s, )PF(1)| < Ke 787D, <5,
We now consider the linear nonhomogeneous system
x—Ax=f@), xeR" tel, 3.1

where the interval I is sufficiently large so the term Ke~"!"~5! can be sufficiently small. We
consider the following two cases.
~ Case I. System (3.1) has an exponential dichotomy on [a, b], possibly a = —oo and/or
b = oo.

Denote the range of an projection operator P by R P in the rest of this paper. We have the
following result for Case L.

Lemma 3.1 For a given f € Cla, b] and (¢s, ¢py) € (RPs(a), RP, (b)), consider the
nonhomogeneous boundary value problem:

X —AMx = f@), a<t<bh,
Py(a)x(a) = ¢s, Pyu(D)x(b) = ¢u.

The system has a unigue C' solution x(t),a <t < b given by

(3.2)

13 13
x(1) = @(t, a)gs +/ (1, 5) Ps(s) f(s)ds + O (1, b)py +/ (1, 5) Pu(s) f(s)ds.
b

a

And the solution satisfies
x| < CULI+e 7D + eV g, )). (3.3)

Moreover, we allow a = —o0 and/or b = oo. If a = —o0 (and/or b = 00) then the term ¢
(and/or ¢, ) should be dropped in (3.2) and (3.3).

~ Case II: System (3.1) has exponential dichotomies on [—L, 0] and [0, M].

In this case let ¢ (1) = ®(¢,0)¢(0) be a solution to the homogeneous problem with

¢(0) € RP,(0—) N RP;(0+). Also assume that
dimR P, (0—) = dimRP,(0+) =d™.
RP,(0—) NRPs(0+) = span{¢ (0)}.

Note that RP,(0—) + R P;(0+) is of codimension one. Let ¥ (¢) be a solution to the
adjoint system dy/ds + A*(s)y = 0 such that ¥ (0) L (RP,(0—) + RPs;(0+)). Then
¥ (0) € RPF(0—) NRP;(0+). Let [E(0—)]° and [E(0+)]° be orthogonal complementary
to ¢(0) in R P, (0—) and R Ps(0+) respectively. Then

span{y (0)} @ span{$ (0)} ® [E(0—)]° ® [E(0+)]° = R™.

Lemma3.2 Let L,M > 0. For a given [ € C[—L,M] and (¢s, p,) € (RP;(—L), R
P,(M)), consider the nonhomogeneous boundary value problem
X—AMx = f@), —-L=t=M,

3.4
Ps(=L)x(=L) = ¢5, Pu(M)x(M) = y.
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The system has a unique C! solution x(t) with x(0) L ¢(0) if and only if

M
/ <y@), f@) >dt+ <y (=L), ¢s > — < Yy (M), ¢, >=0. (3.5)
-L

Moreover; if conditions (3.5)and x(0) L ¢ (0) are satisfied, then

X < CULFI+ eI gy | 4+ e MDg, )y, (3.6)

Proof The general solutions of (3.4) can be written piecewise as follows.
For —L <t < 0, with undetermined x5, (0) € [E(0—)]¢, ¢1 € R,

1

x(1) =@, —L)¢s +/ O (1, 5) Ps(s) f(s)ds
L

t
+ @1, 0)x,(0) + C19 (1) +/ (1, 5) Pu(s) f(s)ds.
0

For 0 <t < M, with undetermined x¢(0) € [E(0+)]°, & € R,
t
x(t) =@, 0)x5(0) + 220 (2) +/ D(t, s)Ps(s) f(s)ds
0

t
+ O, M)p, + / ®(t,s)P,(s5) f(s)ds.
M

Being orthogonal to ¢(0), x(0+) — x(0—) is determined by the unique triple:
(x;(0=), x7(0+), GY(0)):

0
@0, 5)Ps(s) f(s)ds
L

X(04) — x50-) — G Y(0) = DO, —L)y + /

M
— @0, M)y + /0 B0, ) Pu(s) £ (5)ds + (¢1 — £ (0).

(3.7)
In (3.7), G (0) represents the projection of the gap x (0+) — x(0—) to the direction spanned
by ¥(0), and {1 — ¢ is undetermined. The expression for G can be obtained by taking the inner
product of ¥ (0) to (3.7) and integrating by parts. Using P (s)®* (s, 0)y¥(0) = ¥ (s),s <0
and P (s)®*(s, )y (0) = ¥ (s),s > 0, in order to have G = 0, we obtain the condition
(3.5). Finally, if (3.5) is satisfied, then we can uniquely determine x{(04) and x;(0—) in
[E(0—)]°®[E(0+)] from (3.7), and then find the unique ¢ and ¢, such that x (0+) L ¢(0)
are satisfied. O

Remark 3.3 Lemma 3.2 was proved in [24] for functional differential equations. We give a
simple proof for systems of ODEs for easy understanding.

We now present some properties of the 2nd order equation
" +sou' — F(u,Y4+) = 0. (3.8)

From (Hy), we have F,(Uy, Y+) > 0. We assume that the equation has a heteroclinic
solution up(7) connecting two saddle equilibrium points U. Then the linear variational
equation around u,

u" () + sou’(v) — Fy (uo(v)u(r) =0,
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has a unique bounded solution u(,(7) up to constant multiples. The adjoint equation

¥'(1) = so’ — Fy(uo)y =0,

has a unique bounded solution ¥o(t) = ¢**ug(r) up to constant multiples. Obviously

/ Yo(Duy(v)dt # 0. (3.9)

To convert the properties on the second order equation to those on a first order system, let
w = (U, V)", Bg = (0,up)”. Define the matrix A(r) = ( ;’U _IS 0). The linear system
w’ = A(t)w has exponential dichotomies for 7 € R* respectively. It has a unique bounded
solution @ (1) = (uy, ug)T and the adjoint system W’ + AT ()W = 0 has a unique bounded
solution W (7) = €7 (—ug, ub)T. Based on (3.9), we assume that the following condition is
satisfied:

Hs) [0, < Wy, g > dt #0.

If L, M > 0 are sufficiently large, then w’ = A(7)w has exponential dichotomies on
[—L, 0] and [0, M] respectively, and the constants (K, ¢) in Definition 3.1 satisfy K et «
1, Ke ™ « 1. Let ¢1 € RP;(—L), ¢» € RP,(M) be two given vectors, and g €
C[—L, M]. Consider the linear differential equation on [—L, M] with boundary conditions:

w — A(Mw = sBo(t) + g(1),

3.10
Py(—~Lyw(-L) =¢', Pu(M)w(M) = ¢°. (340

From Lemma 3.2, we have the following well-known result:

Lemma 3.4 Assume the function E¢ = (0, ué))T where uy(t) is the unique bounded solution
to (3.8), Wy is the unique bounded solution to the adjoint equation W' + AT (1)¥ = 0, and
condition (Hs) is satisfied. Then there exists a unique s € R such that (3.10) has a solution
w e Cl—L, M. If we assume the phase condition w(0) L ®¢(0), then the solution w is
unique and the following estimates holds with C being independent of L, M.

Is| < Cle g1l +e Mgl + llgl), (3.11)
lw| < C(p1] + pal + llg).- (3.12)

Moreover, at the two boundaries of the interval [—L, M|,

|Pu(—L)w(=L)| + | Ps(M)w(M)| < C(e 1] + e *M|ga| + 18] (3.13)
Proof Combine the r.h.s. sE¢(t) + g(7) of (3.10) into f(¢) in (3.4). Then from Lemma 3.2,
and using (Hs), we can uniquely determine s € R, so that (3.5) in Lemma 3.2 is satisfied.
The estimates (3.11)—(3.13) also come from Lemma 3.2. o
4 Existence of Exact Heteroclinic Solutions when € # 0
In this section, we show that there exist heteroclinic orbits for 0 < € « 1, that are near the

singular orbits defined for ¢ = 0 at the end of Sect. 2. First, we construct an approximation
X4 (t), using the fast time t, as follows.
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4.1 Construction of an Approximated Solution for 0 < € < 1

In the rest of this paper, let L = ¢ =% be an intermediate time scale such that 1 <« L < e~ 1.
Divide the entire domain as R = I; U I» U I3, where I} = (—o0, —L], I = [—L, L] and
Is = [L, o0). The solutions for ¢ = 0 now become approximations for € > 0:

X%er), tely=(-0co,—L], i=1,
X% (2) = U, VP v (@)= x00), teh=[-LL], i=2
X%er), Teh=[L,o0), i=3.
As in Sect. 2, X(l)(t) is an orbit for (2.4) that stays at P_, X(z)(t) is an orbit for (2.5) that
connects S~ to S, and Xg)(t) is an orbit for (2.4), that spirals towards P, on ST.
It is easy to see that X%? does not satisfy (2.2) or (2.3) for € # 0. Let the small residual
errors (i, pi, qi) be defined by
U,;p = Vap +ri(7), Va/p(t) = F(Uap» Yap) - SOVap(T) + pi(7),

) 4.1)
Y,;p(t) :GG(Uaps Yap)/SO+EQi(t)» i=1,2,3.

Observe that the two terms in the r.h.s. of Yu’ p are not small even they have the factor €, since
the left hand side, if we write ¥, (t) = Y,,,(€7), also has a factor €. Since (U;"”, V", Y{")
satisfy (2.4) and (2.5), not (2.2) or (2.3), it is straight forward to check that the residual errors
satisfy:

[ril + pil +lgil = O(e), i=1,2,3,

in slow (or fast) layers using the time ¢ (or 7).

When € = 0 there is no jump error between the singular and regular layers due to the
matching condition (2.9). However, when € # 0, there will be jump errors at the junction
points T = £L.

Definition 4.1 For a piecewise continuous function w(t) with 7 in its domain, define the
jump at T as

Alw](T) = w(E@+) — w(ET—).
For X = (U, V,Y), the jump errors of approximation for € # 0 satisfy
= AIXPY(=L) = 0(”d), Sy := A[XY1(L) = O(*). (4.2)

The O (%) estimates in (4.2) can be proved by the asymptotic matching conditions in (2.9)

~1/2

. . . . . f
and the choice of the intermediate variable L = ¢ . For example, using (e *2L) <

1/ L) if AJ L > 1, we have
IALXI(L)| < 1X0(eL) — X00)] + 1X2(0) — XU(L)| < CeL + Ce L < e,
4.2 The Correction Functions
Let X* be the exact traveling wave solution with the wave speed s, then the correction

terms are X" = X — X% s = §%* — 53. We shall use fast time t for corrections in both
the fast layer and slow layers, namely,

X" (r) = (Ui(2), Vi(0), Yi (1)),
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tel|[-L,L],i=2, te€e(—o00,—L],i=1, t€e[lL,o0), i=23.

Here we rewrite X7" as (U;, V;, Y;), and s as s for simplicity. Notice that 1/(sg + 5) ~
1/so—s /s%. From (2.2) and (2.3), linearizing F (U + U;, Y2 +Y;) and G(U? + U;, Y2 + Y;)
around (U;, Yio), we find that the correction terms satisfy:

Uj(x) = Vi(x) —ri, V= FUi+ FyYi —soVi = sV = pi(t) + h.o.t.,

/ 0 yO0 2 . (4'3)
Y/(t) = e(GuUi + GyY;)/so — esGUL, YO) /53 — €qi(x) + h.ot., i=1,23.

Notice that r;, p;, g; are given functions of t; while h.0.t. = O(|U; 24+ 1Y: 12+ Vil? +Is]?)
are remainders after linearization. We do not include terms like |U;||Y;| or |s||Y;| in the order
estimate, sine they are bounded by O(|U;|> + |Y;|%) or O(|Y;|*> + |s|?) already.

After linearization, (4.3) is still too complicated to solve directly. We now use two impor-
tant methods from the theory of singular perturbations to further simply (4.3). To this end,
we have to treat i = 2 and i = 1, 3, differently.

Fori = 2, [—L, L] is so called the internal layer where f_LL €e(G,U; + GyYpdr =
O (J/€(|U;| + |Y:])). Therefore € (G,U; + GyY;) = h.o.t. Similarly ffL esG(UiO, Y[O)dt =
O(y/€s) = h.o.t.. Here h.o.t.s are not defined as the same as in (4.3) for all i = 1,2, 3.
Finally Y;(t) = €g2 + h.o.t. and for i = 2, (4.3) simplifies to

Ya(t) = Ya(=L) — f eqr(mdn + hot.,
—L 4.4)

Us(t) = Va(t) —ra, V3 = F,Us + FyYs — soVa —sVy — pa(t) + hoo.t.

However, for i = 1, 3, the domains for Y; are unbounded so the r.h.s. of (4.3) cannot be
simplified like i = 2. We shall take the advantage that S* are normally hyperbolic and the
flows on which are tangent to S*. Notice that U = HE(Y) on S*. Define the distance from
(U, V,Y)to S*, along the U axis, by

Z=U—H*Y). (4.5)
In the new coordinates (Z, V, Y), the vector field satisfies
Z/(v) = U'(v) + F; ' FyY'(v).

On the slow manifolds, Z’(t) = 0, so the vector (U,Y) = (—FJleYl-, Y, i =1,3,is
tangent to S*. Let Z; = U;+F,; ' FyY;, Then Z/(t) = V;(v) —ri+ L (F; ' FyYy), i = 1,3,
where %(FJIFin) = O(€), which is a h.o.t. The system for i = 1, 3 then becomes:
Zi(t) = Vi(r) — ri(x) + h.o.t.,
V!(t) = FyZi —soVi — sV — pi(x) + h.o.t.,

a (4.6)
Y;(1) = e(Gy — GuFj ' Fy)Yi/so + €Gu Zi/so
— esGWUP, YD) /5§ —eqi(t) + hoot., i=1,3.
Here the h.0.t.s for (V;, Y;) equations are inherited from those of (4.3).
Motivated by (4.4), (4.6), we consider the following linear system. For i = 2,
T
Ya(0) = Ya(~L) + f ehr (i,

L 4.7)

Ub(r) = Va(t) + fo(r), V3(t) = F,Us + FyYs —s5oVa — sVy + 2(2).
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Fori =1, 3,
Zj(®) = Vi(0) + fi(0), V()= FyZi —soVi — sV + gi(r),
Y/ (v) = e(Gy — GuFy ' Fy)Y;/so + €GuZi[so — esG(UY, YD) /st + €hi (). “9
Based on (4.2), the following jump conditions must be satisfied by X = (U, V,Y)
AIXI(=L) = —Ji5, AIXIL) = - J57, 4.9)

where Jlazp , J;f are defined as before. It is easy to check that (4.7) and (4.8) satisfy the
following properties.

Lemma 4.1 (1) If (Hy) is satisfied, then the equations for (U, V2) in (4.7)have exponen-
tial dichotomies on [—L, 0] and [0, L] respectively. Let the projections associated to the
dichotomies be P, (t) + Ps(t) = Id, which exist for t € [—L, 0] or T € [0, L] respectively.

(2) If (Hy) is satisfied, then the equation for Y;, i = 1, 3 in (4.8), is weakly exponentially
stable with the exponents € (—a =i ) where & = a/sy, B = B/so. The systemfor(Z;, Vi), i =
1, 3 has exponential dichotomies on (—oo, —L] and [L, 00), with the projections P,(t) +
Ps(t) = Id. Moreover, the projections (Ps(£L), P,(£L)) associated to the dichotomies for
(Zi, Vi) at £L are exactly the same as those for (Ua, V2) in Part (1) of this lemma.

Remark 4.2 To simplify the notation we shall assume & = «, ,3~ = f3, which can be achieved
by rescaling the time so that so = 1.

The rest of this section is devoted to solving (4.7), (4.8), with jump conditions (4.9).

4.3 Solving the Non-homogeneous Systems Without Jump Conditions

Fori = 2, we set Ya(—L) = 0 and solve Y»(7) from (4.7) first. Since L = ¢ 9, the solution
satisfies

V2| < CV/elhal.
We then plug Y> into the equations for (Uz, V2). The system
Uy=Va= (@), V3= FUs+s50Va=—=sV3 + FyYa + 82(0), (4.10)

is exactly like (3.10) where g(z) now becomes (f>(z), FyY> + g2(t))T. We can apply
Lemma 3.4 to (4.10) with (¢1, ¢2) = (0,0) and E¢9 = (0, VQO)T. Based on (Hs), there
exists a unique s = 5§ = O(|h2| + | f2] + llg2l) so that (4.10) has a solution (U3, V) =
O(|h2] + | f2] + llg21), and the constants in the estimates are independent of L as L — oo.

Fori = 1, 3, using s = 5 obtained in the previous step when looking for (U3, V»), the
system for (Z;, V;) becomes

Zij(t) = Vi(r) = fi(1),
' ’ f . 4.11)
Vi(r) —FuZ; +soV; = =sV; 4+ gi(r), wherei =1,3.

It has exponential dichotomies on (—oo, —L] and [L, o). Using Lemma 3.1 and by setting
P,(—L)(Z1, V1)(—L) = 0 and Ps(L)(Z3, V3)(L) = 0, we can find a unique (Z;, V;),i =
1, 3. The solutions satisfy

(Zi, Vi)(x) < C(fil + IsI + 1giD),
where the constant C is independent of L. We then plug (Z;, V;) into (4.8) for ¥;,i =1, 3.

Notice the homogeneous part of the system for Y¥; is weakly exponentially stable with the
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exponents —e«. However, the r.h.s. of Y[/ in (4.8) has a factor of ¢, so the solutions are
O(s| + | fil + 1gil + |hil), i = 1, 3, with constants uniformly valid as L — oo.

Denote the solutions of this subsection by s = s, X = (U, Vv, 17), or (Z, Vv, 17) if the
change of variables near ST has been made.

4.4 Solving (4.7), (4.8), (4.9) Without Forcing Terms

In this subsection we look fors = &, X = (U, V, l?), or (2, V, 1?) if the change of variables
near ST has been made. They satisfy (4.7), (4.8) with (f;, gi, hi) = (0,0,0), i =1,2,3.
Moreover, the jump conditions for X must be specified so X% + X + X is a smooth function
defined for 7 € R. Let the jumps for X and X be

Ji = AIXI(=L), Jo3 := A[XI(L),
Jiz = AIXI(=L), a3 = ALXI(L).
Then the jump conditions for X are given by
Jip=— 17 + J12), Joy = — (Jy7 + Jo3).

Let (flg’v, fg’v) be the (U, V) component of the jumps flz and .i23 and let (le2, f2Y3)
be the Y component of the jumps J 12 and f23.

The jump conditions expressed in (U, V) are good for solutions in the fast layer /5. In
slow layers I1 and I3, the system shall be written in the variables (Z, V, Y). In order to
obtain boundary conditions for the slow layers where i = 1,3 on ST, we will rewrite the
jump condition in terms of (Z, V, Y).

To describe the dynamics near S £, (Z, V,Y) will only be used in a neighborhood of § £
i.e. either U < uys or U > u,,. If € is sufficiently small and hence L is sufficiently large,
then the fast solutions (Ua(£L), Va(£L)) are close to ST due to the asymptotic matching
conditions. For such large L, the junction points of Ji, and Jp3 are near S * where H £(Y)
will be used to define the variable Z.

Recall that the distance from (U, V, Y) to S%, along the U axis, was defined in (4.5) as
Z = U — H*(Y). We finally obtain the jump conditions for (Z, V) as follows:

AUZ, V)I(£L) = A[(U, V)I(*L) — A[H*(Y), 0)](£L). (4.12)
Denote the jump for (Z, V);,i = 1,2,3by J 5", J53",
AZ WL =J5Y, ALz VL) = 75"
Then using the jumps for Y> at &=L, we have
I =" = AlHE ). 01(- L), s
BV =05 = AlHE@), 01+ L),
In this subsection, we consider the jumps at T = £L as given conditions. Depending on
whether (U, V) or (Z, V) are used as fast variables, they are
GV iy or G5V, Jb), att =~ L, (4.14)
G5V iy or G5V, J%), att = L. (4.15)
Assuming L is sufficiently large, then from (3.13) in Lemma 3.4, the influences of the

two jumps at —L and L on each other are very small. As the first approximation, we shall
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decompose the jumps into the stable and unstable subspaces of the exponential dichotomies.
Then the solutions can be solved as boundary value problems on each /;,i = 1, 2, 3 sepa-
rately. The real jump will be satisfied if we use the iterations described in Part A and Part B
below.

Part A: Approximating the jump conditions by boundary conditions on each ;.

From Lemma 4.1, the homogeneous system U2 Vs, V2 = FyU; — 5oV, has exponen-
tial dichotomies for T € R¥ respectively. If L is sufficiently large, the system has exponential
dichotomieson[—L, 0] and [0, L] respectively. Denote the projections by P, (t)+Ps(t) = Iy
fort € [—L,0]or [0, L].

We decompose the jump discontinuities into the unstable subspace of the previous interval
and the stable subspace of the next interval. This yields the following boundary conditions
on|[—L, L],

¢3 = Po(—L)(Us, Va)(—L) = —=P(=L)J ", ¢4 = Pu(L)(U2, V2)(L) = Pu(L) 33",

(4.16)
As for i = 1, 3, the homogeneous parts of the linear systems for (Z;, V;) are exactly the
same as those for (U», V). Using the same projections to the stable and unstable subspaces,
we have the following boundary conditions on(—oo, —L] and [L, 00),

¢} = Pu(—L)(Z1. VI)(—L) = =P, (-L)J 5", ¢3 = Pi(L)(Z3, Va)(L) = P(L)J35" .

4.17)
Complementary to (4.16), (4.17), we also obtain the boundary conditions for (Z,, V) at £L,
which are consistent with those for (U, V), due to (4.13).

Py(—L)(Z2, V2)(=L) = Ps(=L)J5", P.(L)(Za, Va)(L) = —P,(L)J3y" . (4.18)

Since (Z,, V;) are only defined near S%, such conditions shall not be used in our paper
However by comparing (4.17) and (4.18), we can see that the decompositions of J 12 and
J23 at =L are correctly done.

Iteration method shall be used to solve the homogeneous part of systems (4.7) and (4.8)
with jump conditions. Recall that R = I} U I, U I3. Since the correction of wave speed s
appears in all the three regions, we start from /5 first, which allows us to find s that will be
used in /1 and /3.

First, in I, we set Y2(—L) = J}. From (4.7) we have Y»(t) = J}}, © € I,. The system
for (Uz, V») now becomes

U(z) = Va(t), Vy(t) = F,Us + FyJ}h — soVa — sV3. (4.19)

Notice that the forcing term Fy J le can be dealt with first, that is, we can solve a nonhomo-
geneous system with forcing term Fy J 1Y2, as in Sect. 4.3. In order to focus on the jump errors
in this subsection, we will consider Fy J 1Y2 as an residual error to (4.19) and try to cancel it
in the next iteration when residual errors will be treated again.
After dropping Fy J le, (or combining it with g»(7) in (4.7)), the system simplifies to
Uj(t) = Va(t), V3(v) = F,Us —soVa — s V5. (4.20)

By Lemma 3.4, there exists a unique solution (U;, V;) that satisfies the boundary conditions
(4.16) at T = —L and L provided the parameter s = § is uniquely determined by Lemma 3.4.
The following estimates are satisfied
]+ [U2] + V2| = C(l¢3] + 131, (4.21)
|Pu(=L)(Ua, V)" (=L)| + | (L) (U2, V)T (L)] < Ce "M (131 + 195, (4.22)
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Next, in 1, using s = § obtained in the first step when looking for (U, V) in I, we can
solve for (Z1, V1) from

Zj(x) = Vi), V/(@)=FyZi —soVi =5V, i=1.

Notice again that the forcing term §V10 can be considered as a residual error term and dealt
with later in the next iteration. To focus on jump errors, we will drop it from the above
for now. Using ¢ = — P, (—L)J 5" from (4.17), the solution (Z, V)7 () = ®(z, —L)¢"
satisfies |(Z, V)T ()| < K|g¥]efTHD).

Now we look for Y in (4.8). The given forcing term €SG (U ?, Y10 )/ sg can be treated as
an residual error in the next iteration, so the system becomes

Y{(v) = e(Gy — Gy F;' Fy)Y1/so + €Gu Zi /s0.

The system is weakly stable in T with exponents being —e«, @ > 0. Since the forcing term
Zi(t) = O(|p}[e* D)), the system has a unique bounded solution that satisfies

[Y1(7)| < Celgf]l, —oo<T<—L. (4.23)

Finally, in /3, the system for (Z3, V3) in (4.8) has an exponential dichotomy so a bounded
solution (Z3, V3) can be determined first. Dropping §V3O and considering it as a residual
error again, using the boundary condition from (4.17), we find that the solution satisfies
(Z3, V3)T (1) = & (x, L)¢3 = O(|¢5]). Then we plug (Z3, V3) into the equation for ¥3.

Y3(v) = e(Gy — Gy F;' Fy)Ys/so + €GyZs/so — €5G(UY, Y3)/s3.
Again the term efG(Ug, Y30) /sg will be treated as a residual error in the next iteration
and will be dropped for now. Observe that the linear homogeneous part of the equation is
weakly exponentially stable, and there is a factor € in the r.h.s. of the equation. With the

boundary condition Y3(L) = Y2(L) + JAzy3 = flyz + jz);’ the system has a bounded solution
Y3(t), T € [L, 00), which satisfies

V31 = € (19 + 51+ 1431).

Part B: We first calculate the jump errors for solutions (U;, V;, Y;) obtained in Part A,
due to approximating the jump conditions by local boundary conditions. Denote the jump by
Ji= (flz, f23). Even though the jump conditions are not exactly satisfied, the error §J can
be much smaller compared to the prescribed J . Part of the error is from (4.23) which causes
an additional term Y7 (—L) at the junction point T = — L. (The boundary value Y>(—L) = J 1)/2
has no error only if Y1 (—L) = 0.) The other part of the error is from (4.22) which shows the
exponentially small influences of the junction points —L to L, and from L to —L. Denote

the original jump between ) to > (or I to I3) by J 102 (or f2()3). If € is sufficiently small and
L = €93 is sufficiently large, we have

R O o
[6J12] < §|J12|7 [8J23] < §|J23|-

Decompose —flz and —f23 into ¢"-*(£L) as in (4.16) and (4.17) and using Part A again,
we obtain a sequence of approximations (U. (k), Vz(k), Yz(k)), (Zi(k) s Vi(k), Yi(k), i =1,3), for
k € ZT. Each of them satisfies the linear homogeneous system, and the jumps s§J, 1(12() and

SJAZ(];) decay by a factor of 1/2 as k — oo. Finally, the converging series

oo o0
W, Vo Yoy = > (0. v v0) . @ivievo =30 (20 v v ) i =13
k=0 k=0
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is the exact solution that satisfies the jump condition. A simple proof using “approximate
right inverse” can be found in the Appendix of [26]. For completeness, we outline the proof
as follows.

Denote the linear operator which evaluates the size of jump by A[(f] V.Y )] = J. Then
in Part A, we constructed the so called “approximate right inverse operator” R ~ A~!. From
part B, if € is sufficiently small,

17 = AR < (1/2)1J].
Let the desired jump be Jo. then by repeating Part A and B we create a sequence
Jo — A[RI] = Jiy1, k=0,1,2,....

Take the sum of the above equations for k € Z*, we have

Jo—A [(infk)} =0.

This shows that (l7 , \7, Y )= Z/?io Rfk is the solution with the prescribed jump fo.

However, when solving the system with jump conditions between [y, I and I», I3, we
dropped some forcing terms, if they were already known. By doing so we introduced new
residual errors, and those errors are bounded by the jump errors. Now the jump errors are
gone, we have to go back to Sect. 4.3 to eliminate such residual errors. By an iteration process
that repeatedly using the procedures in Sects. 4.3 and 4.4, we obtain the correction terms that
satisfy (4.7), (4.8), with jump conditions (4.9). This can be proved as follows. Notice that in
each iteration, the new residual errors used in Part A of Sect. 4.4 are controlled by the jump
errors in the previous step. Therefore if the jump errors are bounded by a geometric sequence
that decays to zero, then the residual errors will also be bounded by a geometric sequence
that decays to zero.

4.5 Existence of Heteroclinic Solutions for the Nonlinear System (4.3)
By converting (Z;, V;, Y;), i = 1,3 to (U;, V;, Y;), we have obtained the solution to the
linearized system which comes from (4.3) by dropping the nonlinear h.o.t.s,

Ul(t) = Vi(r) —ri(r), V{ = FUi + FyYi —soVi — sV — p;(2),

Y/(t) = €(GuUi + GyYi) [so — esGWUPL, ¥ /5§ — eqi(r), i =123,

Moreover the solution satisfies the boundary boundary condition (4.9). Denote the solution
by
(AU Vi YY) = F (ris pisaiYiey, J15 . J53)

where F is the bounded solution map for the linear system with boundary conditions. Denote
the h.o.t.s by (Q;, M;, N;), we are led to the equation

AU Vi Vi) = F (i + Qi pi + My, qi + NiYi_y, J2, 157) . (4.24)

The h.o.t.s are functions of (s, {U;, V;, Y; }le) and satisfy

Q1 Mi iyl = € (€05 (U3 Vi Yl + Is1) + 0T P + Vi + 1% PY_ D + 1)
(4.25)
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We have used ||{U;, Vi, Y,-}?:1 | = sup;—1 »3{IUi| + |V;i| + |Y;]} for the norm of functions
defined on 11 U I, U 1. If ||{Q;, M;, Ni}?:lll < § with a small § > 0 and if € is suffi-
ciently small, then the Lipschitz numbers of the r.h.s. of (4.24) with respect to (s, U;, V;, Y;)
are bounded by 1/2. Therefore, for such small €,§ > 0, F is a contraction mapping on
(s, {U;, Vi, Yi}?zl) and (4.24) has a unique solution (s, {U;, V;, Yi}?zl).

5 The Chaotic Solutions Near the Heteroclinic Loop

In this section, we show the existence of symbolic dynamics near the heteroclinic loop
obtained in Sect. 4 for € # 0. Our main result is stated in Theorem 5.2, and the idea is
similar to Shilnikov’s work on symbolic dynamics near a homoclinic orbit [36]. However,
since we look for solutions near a loop, we will use the result from [24] which works on an
infinite chain of heteroclinic orbits. Besides having a heteroclinic loop, we must show that
the dominant eigenvalues at equilibrium points P4 are complex, for € > 0 and small.

5.1 The Eigenvalue Problems

In the previous sections, we studied eigenvalues for the slow system in Y and eigenvalues for
the fast systemin (Z, V), when € = 0 and the fast-slow variables are decoupled. When € = 0,
the two eigenvalues of the fast system (denoted by A r(0)) are real, and the two eigenvalues
of the slow system (denoted by A;(0)) are conjugate complex. We now study the coupled
system (5.1) where € # 0, and show that (5.1) still has two fast and two slow eigenvalues,
denoted by A s (€) and A (e), which are the perturbations of the singular eigenvalues A 7 (0)
and A (0) respectively.

For self-completeness, we first solve the eigenvalue problem (5.1) independently, without
using results from the theory of singular perturbations. In Theorem 5.1, we will link results
obtained in this subsection to the notions of fast and slow eigenvalues used in the previous
sections. When € # 0, (2.2) is equivalent to (2.3), so we will only study the eigenvalues of
P for fast system (2.3) in the fast time 7.

Denote the eigenvalues and corresponding eigenvectors for (2.3) at P+ by A(e) and
(U (e), V(e), Y(¢€)). Let the coefficients Fy, Fy, Gy, Gy be evaluated at (U, Y1) respec-
tively, and the wave speed s(€) be as determined in the previous sections. Then the coupled
eigenvalue problem is

reU(e) =V(e), rMe)V =FyU(e)+ FyY(e) —s(e)V,
rE)Y(e) = e(GuU(e) + GyY(e))/s(e).
Denote the 4 x 4 matrix in the r.h.s. by A(€). The 4th order equation det(A/ — A(€)) = 0 has

4 eigenvalues, denoted by 2K (), 1 <k <4. When e =0, (5.1) has two simple nonzero
eigenvalues and two double zero eigenvalues.

(5.1)

AD0) <0 <220), 120 =190 =0. (5.2)
The two nonzero eigenvalues are given by
MO Uy = Vo, AO0)Vo = FyUo+ FyYp —soVo, Yo =0,

which can be reduced to A2(0) + s(0)A(0) — Fy = 0. From (H,), Fy > 0. Which proves
that the two nonzero eigenvalues satisfy AD0) < 0 < A@(0). Notice that AV (0), A2)(0)
are exactly the fast eigenvalues as in (2.7)
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If € # 0 and small, then some small terms involving € will be added to the second order
polynomial that determines A(0). By the Implicit Function Theorem, simple eigenvalues
change continuously with the parameter € in (5.1). Therefore for € > 0 and small, (5.1) still
has two real, simple eigenvalues

2e) <0< 2P o).

For the two zero eigenvalues in (5.2), take a contour integral around small paths sur-
rounding A = 0 and use the Cauchy’s argument principle on det(A/ — A(¢)), then from the
Hurwitz’s theorem, see [4] and p. 231 of [13], we find two near zero eigenvalues if € # 0
and small. Assume that the eigenvalues and eigenfunctions for A(e) have the following
expansions,

Ae) = e + 0(62). U(e)=Uy+elU; + 0(62), similar expansions for (V (€), Y (€)).
Then the O (1) expansions of (5.1) satisfy
0=W, 0= FyUy+ FrYy,

which yields
Up=—F,'FyYo. (5.3)

The O (¢) expansions of (5.1) satisfy

AU =V, MUy = FyU + FyY —soVy,
MYy = (GyUp + GyYp)/so.

Combine (5.4) with (5.3) , we have
MYy = (1/50)(Gy — Gu F;' Fy)Yo.

54

From (H3), the above has two simple eigenvalues )LT =—axif witha > 0.Ife # 0 and
small, then some small terms involving € will be added to the above equation that determines
A1 and Y. Since the eigenvalues Ali are simple, by the Implicit Function Theorem, fore > 0
and small, the two slow eigenvalues satisfy

13€), AP (e) = e(—a £ if) + O(€?).

Finally we remark that the factor € before —« 4= i is due to the use of fast time . In slow
time t = €7, the leading terms of AP (e)/e, AH (€)/e) are exactly the slow eigenvalues as
in (Hz)

We summarize our results in the following theorem.

Proposition 5.1 Assume that the conditions (Hy) — (Hp) hold, then system (5.1) has two
real eigenvalues A  (€) of order O(1), and two complex eigenvalues of order O (€). Moreover,
they are of the form

A?(e) = xjfo +0(e), withryy <0 <G, A (€) = e(—aip) + 0(€?), witha > 0.
5.2 The Dynamics Near the Heteroclinic Loop

The proof of our main result is based on Theorem 4.8 in [24]. We will use the slow time
t = et in this section. Denote solutions of (2.2) in slow time t by X (¢, ¢) = (U, V, Y)(t, €).

Let X(z,¢€),t € R, be the heteroclinic solution connecting P_ to P4 and X»(t,€),t € R,
be the heteroclinic solution connecting P, to P_. First we define a sequence of heteroclinic
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chain {g;(¢)}icz. For any integer k € Z, let q; = X1, p; = P_if i = 2k + 1, and let
gi = X2, pi = PV if i = 2k. Such sequence of heteroclinic solutions {g;(t)};cz shall be
called a heteroclinic chain, which is associated to the sequence of equilibria {p;};cz in the
way that lim ¢g;(r) = p;, lim g; (1) = pit1.
——00 —00
Let ¥; be a codimension one plane through ¢; (0) and orthogonal to ¢; (0),

3 = {x] < gi(0),x —q;(0) >=0}.

Let x () be be a solution that lies near the heteroclinic chain and let the time spent by x (¢)
between ¥; 1 to X; be 2w;. We look for conditions on @ = {w; };¢7 so that the corresponding
x (t) can exist. Using Lyapunov-Schmidt reduction, the existence of x (¢) is reduced to a system
of bifurcation equations G; (@) = 0, i € Z as follows.

We assume that the orbit of x (¢) is the union of those of x;(¢), definedon t € [—w;, w;41]
and subject to the phase condition x; (0) € X;. If {#;} is the sequence such that x(#;) € %;, then
x;(t) = x(t +1t;). Each x; (¢) is near the heteroclinic segment I'; = {g; (¢), —w; <t < w;11}.

Notice that the equilibrium points p;, i € Z are hyperbolic. Then the linearized system
X = Dy f(qgi(t), 0)x has exponential dichotomies on [—w;, 0] U [0, w; 1] if inf{w;} is suf-

1

ficiently large. A modified shadowing lemma for continuous systems [23] can be used to
glue the end points of I'; and I'; 1 together. Since a unified exponential dichotomy does not
exists for ¢ € R, to compensate this deficiency, x; (¢) is allowed to have a gap at t = 0 along
a specified direction A;: x;(0+) — x;(0—) = & A; where & € Rand A; € R?* is a unit
vector orthogonal to TW*(p;) + TW*(pi+1) at g; (0). In Theorem 3.1 of [24], it is shown
that under some general conditions, there exists a unique piecewise smooth solution x (¢)
with the specified direction of jumps & = G; ().

As nonlinear systems can be approximated by linear variational systems, we assume that
xi(t) = qi(t) +zi(t), —w; <t < w41, then z; satisfies the linearized system

zi(t) = Ai(0)zi (1) + hi(zi (1), 1), —w; <t < w41,
Zi—1(@;) — zi(—wi) = qi(—w;i) — gi—1(wi),
where A;(t) = Dy f(g;(t)) and hi(z,1) = f(qi(t) +2) — f(@) — Ai(z = O(|z]?).

Applying Lemma 3.2 to system (5.5), with the phase condition z;(0) L ¢;(0), the jump at
t = 0, along the direction of A; written as z; (0—) — z; (0+) = & A;, satisfies,

(5.5)

5= / O GO, 1) > ds
+ < Yi(—w), zi(—w;) > — < Yi(wit1), zi(Wi+1) > . (5.6)

Furthermore, due to the exponential decay rate of ¥ (s) as s — 400, and h; (z;(s), s) =
O(||zi||*), one can show that

Wi+1
f < Yi(5), hi(zi (), 8) > ds = O(|zi |1,
—o;
is a small term, together with its derivatives, compared to z;(—w;) and z; (w;+1), cf. [24].
Moreover, from Lemma 4.5 and Lemma 4.7 in [24], there exists § > 0 such that

< Yi(—wi). i (~p) > =< Yi (o). gi-1() = pi > +ole” @I,

< Yi(@i41), 2i(@it1) > =< Vi (@i+1), gip1 (—wig1) — pi > +o(e 2@,
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Thus

§ =< vi(—wi), qi-1(w;) — pi > — < Yi(wi+1), Gi+1(—wi+1) — pi >
+ 0(6—2(a+3)wi) + 0(6—2(a+5)wi+1)'

Here the higher order terms depend on the rates at which g; () approaches p; and p;1| as
t — Foo. From the eigenvalues at p; and p; 1, ast — o0:

qi(t) — pig1 ~ Cre~* (cos Bt, sin B1)T + Coe™*' (—sin Bt, cos )7,

Vi(—t) ~ Die % (cos Bt, —sin B1)T + Dre™* (sin Bt, cos B1)T,

2w /e

|gi1(=1) — pil + |¥i(0)| = Ce "/ , t— 00,

Therefore,
< Yi(—w;). gi—1(@;) — p; >~ Ce™>* sin(2Bw; +0),

Ce—2)»;§w,-+1/e. 6.7

< Yi(@i+1), gi+1(—wit1) — pi >~
Assume that the o satisfies the following conditions:
(Hg) There exist K > 1 such that

wi /K < w11 < Ko;.

Under the condition (Hg), using (5.7), it becomes clear that there exists g > 0, sufficiently
small such that if 0 < € < ¢, then

Si = Ce*ZOt(ui sin(2ﬂw,~ + 9) + 0(672‘1@),

The piecewise continuous solutions x;(¢), i € Z that stay near the heteroclinic chain are
uniquely determined by the sequence of times . To eliminate the jumps we must solve a
system of bifurcation equations, which has the following asymptotic form,

G;(&) = Ce™2%%j sin(2Bw; +0) + 0(e7 ¥y =0, icZ. (5.8)
We now prove the following results:

Theorem 5.2 (1) Forany K > 1, assume that o satisfies (Hg), and there exists a sufficiently

large & > O such that inf{w;} > &. Also assume that w; satisfies the asymptotic limit of
1

(5.8), i.e. sin(QBw; + 0) = 0 forall i € Z. Then

(2) there exists a unique traveling wave solution, for which the time spent to move from
Yi_1 to X; is approximately 2w;. Moreover, the corresponding orbit x; approaches g;
as @ — 0o;

(3) there exists a countably infinite set of periodic traveling waves near the heteroclinic
loop;

(4) there exists an uncountable set of aperiodic traveling waves near the heteroclinic loop.

Proof Proof of (1): If w; satisfies sin(2Bw + 0) = 0, then it is a simple zero. Using
{a)l@} = {w;} as the initial approximation, by an iteration method, we can obtain a sequence

of approximations {wfk)} from (5.8). From the contraction mapping principle, the limit
0™} = lim {0
k— 00

is an exact solution of G ; ({wi(oo)}) =0, j € Z. Therefore the corresponding x;(t),i € 7Z
has no jump at # = 0, and ¢; + z; is an exact traveling wave solution for (1.2).
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Proof of (2) and (3): From zeros of the equation sin(2Bw + 0) = 0, choose a sequence
{wfo) }iez that is periodic (or aperiodic) in i, and satisfies all the conditions in Part (1). Using

the iteration method as in Part (1) to find the limiting sequence {wl.(oo)}, the latter must also
be periodic (or aperiodic) in i. Therefore the corresponding x; is periodic (or aperiodic) in 7.
[m]

Remark 5.3 We have proved the existence of periodic and chaotic traveling wave solutions to
(1.2), which is a PDE approximation to the coupled ODE system (1.1). For the PDE system,
Perez-Munuzuri, Perez-Villar and Chua showed that the traveling wave solutions may exist,
or may fail in numerical simulations [33]. We believe that the stability, or structural stability
of such waves may play a role there, which still remains to be clarified by further studies.

The existence of periodic or chaotic traveling waves for (1.1) has not been proved the-
oretically, and it does not follow from the results of Theorem 5.2 directly. However, since
systems (1.1) and (1.2) are closely related, we believe that the results obtained in this paper,
and the methods used here can help to prove the existence of periodic and chaotic solutions
of (1.1).

Letw = (u, y, z). As alattice differential equation, traveling waves to (1.1) are of the form
wi(t) = ®(k — st) for some wave profile function ®. By discretizing a periodic or chaotic
traveling wave solution of (1.2), we obtain a periodic or chaotic sequence {wy (t)},fi_oo,
which is approximately a traveling wave solution to (1.1). If the error terms can be dealt with
just like the residual and jump errors in this paper, then we will have an exact periodic or
chaotic traveling wave solution to (1.1). Notice that the theory of exponential dichotomies
and shadowing lemma for spatially discretized systems like (1.1) have been developed a long
time ago, cf. [15,28,35]. They may prove useful when working on such systems, just like
the continuous counterparts in this paper on (1.2).
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