TRAVELING WAVE SOLUTIONS IN COUPLED CHUA’S
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PART II: CHAOTIC SOLUTIONS
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ABSTRACT. This paper studies a singularly perturbed system of partial differential
equations which is an approximation for a system of coupled Chua’s circuits. The
PDE system is a natural generalization of the FitzHugh-Nagumo’s equation and
exhibits more complicated traveling wave solutions than the FN equation. First,
we show that in the traveling coordinate, the system can have a pair of heteroclinic
orbits that form a closed loop connecting two equilibrium points. The dominant
eigenvalues of the equilibrium points are complex numbers. Using the idea of Sil-
nikov [33], we show that in a neighborhood of the heteroclinic loop, all the solutions
are one-to-one correspond to to two sequence of symbols. Thus there are infinitely
many homoclinic, heteroclinic, periodic and chaotic orbits nearby.

First asymptotic method is used in the singularly perturbed system to construct
solutions in singular and regular layers. Then dynamical systems method is used to
obtain the exact solutions near the approximations obtained by the formal method.
Moreover, we obtain chaotic solutions for this system based on a pair of heteroclinic
solutions by a similar method as I obtain the periodic solutions.

1. INTRODUCTION AND PRELIMINARY

Complex dynamical networks are everywhere, such as the Internet, power networks,
neural networks, literature search networks, etc. With the development of the engi-
neering and biological sciences, it becomes more and more important to understand
the complicated behavior of the dynamics of the coupled networks.

Chua’s circuit is a simple electronic circuit that can have sophisticated behaviors
like traveling wave solutions, periodic and chaotic solutions. This circuit consists of a
nonlinear resistor Ny, linear inductor L, resistor R, and capacitors C;, C5. See Figure
1.1.

The coupled Chua’s Circuit is an example of CNNs, as described by Chua in his
book [6]. We notice that our system is one of the simplest generalizations of FitzHugh-
Nagumo equation, which is a second order bistable PDE coupled with linear first order
ODE and has periodic solutions in certain situation. The slow system we consider
has two complex eigenvalues while in FitzHugh-Nagumo’s system the one-dimensional
slow system has only one real eigenvalue.
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FiGURE 1.1. An 1D array of Chua’s Circuit

In this paper, we consider an array of Chua’s circuits connected by resistors R;.
We use k as the index for the kth circuit, we have a system of equations as:

dV _

Cr—t = (V& = VE)/R=G(V) = (V& =24 + VE) R
dVk

Gyt = (V4 —V&)/R+i]
di¥

where G is the conductance of Chua’s diode. By change of variables, the above system
can be transformed into the following dimensionless form, which we rewrite for each
circuit cell k as:

U = a(yp — h(ug)) + D(up—1 — 2ug + ugs1)
(1.1) Yp = Up — Y + 2k
2 = —Byk

where k = 1,21, up(t) = ui(t),w(t) = wy1(t). h is defined as the nonlinear
function h(u) = mu(u + ¢)(u — ¢),¢ > 0,m > 0 in this paper. We mainly consider
the original system with the same scaling as P.P.C. in this paper, see [31] Let € =
/o, 0 = /€, ux(t) = u(t, kAz). We approximate (1.1) by the following PDE:

eup = (y—h(u)) + € Duy,
(1.2) Yi = u—y+z
zx = —Py
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Let the traveling wave solution be w = w(x — st) = w(t), where w = (u,v,y, z) and
w = dw/dt, we have the so called slow system, in which ¢ is the slow time scale:

et =v/D
v = h(u) —sv/D —
(1.3) €0 = h(u) —sv/D =y
—Ssy=u—y-+=z
—sz=—Py

Let 7 = t/e and w’ = dw/dr, then we have the so called fast system, in which 7 is
the fast variable:

u = v/D
v'= h(u) —sv/D —
- = = s0/D
sy = e(—u+y—2)
sz = By

with equilibria Py = (u,v,y, 2) = (u+, 0,0, —u4), Py = (0,0,0,0).

In order to analyze the Oth order asymptotic solutions, we obtain the reduced
limiting problem of the dynamics of (1.3), (1.4) when € = 0 on the slow and fast time
scales, respectively:

O=w
0=~h(u) —
(1.5) ) (W) =y
—sy=u—y+=z
—sz=—Py
u =wv/D
v = h(u) — sv/D —
. = ) —sv/D
y =0
2 =0

Acosta considered the case when § < 0 in [1], in which saddle points on the slow
manifolds are studied, while in reality g should be positive as we study here. We
can show that for a suitable wave speed s and [ value, there exist unique traveling
wave solution connecting the equilibria Py. The idea of such internal layer solution is
not new in singular perturbation methods [25], [21], [20], [17], [8]. They are based on
singular perturbation and heteroclinic bifurcations. There are also geometric singular
perturbation methods, such as: [9], [10], [16]. There are works about the periodic
orbits and aperiodic orbits for a single uncoupled circuit. For example, in [13] the
Brouwer’s fixed-point theorem is applied to prove the existence of periodic solution
for a Chua’s circuit with smooth nonlinearity. In this paper, we use analytical method
in singular perturbation and obtain different types of solutions for the systems (1.3),
(1.4).
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1.1. Exponential dichotomies. We introduce some properties of exponential di-
chotomies of linear systems of differential equations. Consider the linear homogeneous
differential equation:

(1.7) &= Alt)z

Here A : I — R™" is continuous, where I € R is a finite or infinite interval. Let
(¢, s) be the principal matrix solution of (1.7).

Definition 1.1. We say that (1.7) has an exponential dichotomy on I if there exist
positive constants K, a and projections Ps(t) + P,(t) = I,, such that for ¢t,s € I we
have:

(D)D(t, 5)Ps(s) = Ps(t)D(t, s)
(i) [D(t, 5) Ps(s)| < Ke™®(t —s), s

<t
(iii)| P (¢, 8) Pu(s)| < Ke (s —t),t < s

2. FORMAL TRAVELING WAVE SOLUTIONS

We can see that the first two equations of (1.5) v = 0,u = h™!(y) give us the three
slow manifolds:
S.={w:v=0y<ym,u=h"(y)}
So={w:v=0,yn <y <ym,u=nhy (y)}
Si={w:v=0,y> ym,u=h"(y)}
which consists of the equilibrium points of the fast system (1.4). On these manifolds,
we have the equations for the y-z variables:
sy = WMy -y
—sz = —Py
Let h"'(y)—y = ky+c,k(y) =1/h'(u)—1=1/W(h~'(y)) — 1, where c is a constant,
so that we have:
y = —(ky+c+2)/s
2= Py/s
with equilibria Pyy = (0, F¢). The characteristic polynomial for y is:
212 4 ksr+ 8 =0.

Notice that the product of two roots of the characteristic polynomial is 3/s* > 0,
h'(u) > 0 on Si. Therefore, & > 0if 0 < h'(u) < 1 and —1 < k < 0 if W' (u) > 1.
Thus we have:
Case 1: Py are stable spirals if 48 > k2, sk > 0.
Case 2: Py are unstable spirals if 43 > k2, sk < 0.
Case 3: Py are stable nodes if 43 < k?, sk > 0.
Case 4: P are unstable nodes if 43 < k?, sk < 0.

We construct a fast heteroclinic solution in between Pyy = (£¢,0) when € = 0.
Consider the fast flow on the u-v plane in (1.6), where we have constants y, z. Plug
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the constant y,z values into the first two equations of (1.6), we have a system for the
fast heteroclinic flow:

uy = v/ D

2.1 , _
(2.1) vy = —svg/D — Yo + h(ug)

which can be rewritten as a second order differential equation of u:
Du" + su' — h(u)+y =0

with the characteristic equation Dr? + sr — h'(u) = 0, whose determinant A =
s2 4+ 4DM (u) is positive on Si. So we have two eigenvalues with opposite signs, i.e.
we have fast heteroclinic solution from saddle to saddle.

Lemma 2.1. There is a so > 0 such that for 0 < s < so, system (2.1) has a unique
heteroclinic solution A (i, 0) connecting (ug (y),0) to (ug (y),0) for y =y, (s), and
[ o (O
uq (yo (0))

[h(u) — 1y (0)] = 0. Also system (2.1) has a unique heteroclinic solution B
connecting (ug (y),0) to (ug (y),0) for y =1yg (s).

Proof. When s = 0, integrate the Hamiltonian system (?7) so that qu)O((fooi) [h(ug) —
o] = 0 and we can solve for a unique heteroclinic solution (4, ©) connecting (uy(—oc), 0)
and (up(00),0). Similarly, there is a unique heteroclinic solution B connecting (ug(00), 0)
and (ug(—o0),0). We can verify that (', 0') is a solution of the linear variational sys-

tem of the u-v equation of (1.6):

¢, =dy/D
(22) e
o, = h'(0)Py — s/ D

We can show that (s, y) has to satisfy a bifurcation function ¢(s,y) = 0, whose solution
near (8, y) corresponds to a unique heteroclinic solution near (u, ). Moreover, we can
compute that:

(2.3 WD) [ bt

where (W, ¥s) is the unique bounded solution to the adjoint system of (2.2). Also
we can find out:

(2.4) %9(5,9) _ / T () 2e T dr > 0

—00

0s

o0

Therefore, g(s,y) = 0 has a solution y = yo(s) locally, with 88%0 < 0 on heteroclinic
solution A, and % < 0 on heteroclinic solution B when s > 0, we can complete
the proof of the Lemma by the continuous dependence of homotopy continuation,
starting from the case when s = 0. U

2.1. Formal expansion of ¢’th order. Based on the analysis of the limiting slow
and fast system, we look for a formal solution ¢ for (1.5), (1.6) from equilibrium to

equilibrium when € = 0, in the form of ”Slow 5ot Slow” type. Here — means the
heteroclinic solution on fast flow. For example:
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2.1.1. 8 large case(4B3 > k*),s > 0. P_(stable spiral) saddie to gaddle P, (stable spiral).

There exists a unique traveling wave solution if 48 > k?,k > 0. See Figure 2.1. In

FIGURE 2.1. Traveling wave solution with positive wave speed and
stable spirals on Si

singular layer, ¢;(7) = (U;(7), Y;(eT)), where 7 € [—o00, 00,1 = 1;
In regular layer, ¢;(t) = (U;(t/€),Y:(t)), where t € [, ;] = [0, 0], 1 = 2.
q;(7) satisfies the boundary conditions:

lim ¢i(7) = P_, lim ¢o(t) = P4
T——00 T—00

and the matching conditions for the two solutions connected at the intermediate point
P,

Tlggo (1) = q(0) = P,

Notice that Y;(7) is constant and because of the above matching condition, we have
Y5(0) = (0,3) as the initial condition for Y5(¢). Because the two equilibrium points
for the slow system are the stable spirals around Py if 438 > k% sk > 0, we have
Y5(0) € W*((0,—3)), the boundary condition is satisfied. The existence of the fast
solution U; that connects the slow flows and the other equilibrium point is guaranteed
as in Lemma 2.1. There are three other similar cases of the formal solutions from
equilibrium to equilibrium when ¢ = 0.

3. CONSTRUCTION OF APPROXIMATED SOLUTION FOR TRAVELING WAVE
SOLUTION

We divide the entire domain as the following to investigate the traveling wave
solution w; when e gets sufficiently small. Let I; = {t|t € [, £;]}, 241 are singular
layers, Iy are regular layers. For any m > 0,0 < A < 1(in this paper, we have m = 0).
We define the approximation when € > 0 of order €™ to be:

w :{ D €wit(t)  teE B =
ap Z;nzo Jwf (1) 7€ |ay,fi] = [~

€, oi],z 2
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3.1. Jump errors. For any m > 0, estimates for the jump error J,,; = wgp(it1,€) —
Wap(Bi, €) = O(e™FV) can be obtained by comparing outer and inner approximations
with the inner expansion of outer layers.

3.2. Residual errors. In the outer layers, the residual errors RE*(t),7 = 2 is defined
by:

)= oD 4ol () o)
; €Vap(t) — SVap + Yap(t) — I(tgy B emtl
REW) = | ) S um(®) - vn® = | = | 0
—55(1) + By (1) 0
In the inner layers, the residual errors RE*(7),i = 1 is defined by:
) — oDl ) e
i | v (T) — svap(t + Yap(t) — P(tap(t | O(elm+bA
BEE = sy(r) = ott(7) + () = 2] | 7| O
SZ:zp(T) + €BYap(T) O(e m/\H)

4. EXISTENCE OF EXACT TRAVELING WAVE SOLUTIONS

4.1. Linear variational system for the correction function. In order to find
the linear variational system for the correction function w, such that w* = w® + w,
we define the residual error:

pZ(T) _ Ui(zp’ . F<Uiap7ymp’ 8)
q’(t) — Yiap . G<Uiap, Yiap’ 8)

with estimates:

(4.1)

Moreover |q'(t)[r,(—ex ) = O(e}),i = 1,3. We obtain the system of equations that
the correction functions w = (U, Y) satisfy:

Ulr)=FU*”, Y, s)— [F(UP, Y s)+ p(T)]
Y(t) = GU™, Y, s) — [GUP, Y, s) +q(t)]
which can be rewritten as:
(i) For i = 2,
Ui(1) = FyU; + FyY; — pi(7) + (F* = F* — FyU; — FyY))
= FyUi+ FyYi+ P, = FyV; + P,
Yi(t) = GuU; + GyY; — ¢;(t) + (G — G — GyU; — GyY))
=GuU; + GyYi + Q;

(4.2)



8 SHUI-NEE CHOW, MING JIANG AND XIAO-BIAO LIN

After change of variable: Vi(t) = Ui(1) + F;'(er)Fy (e7)Yi(er),i = 1,2,3,4, where
Fy(er) = Fy(Ugp(€T), Yop(e7)). We further reduce the above equations to be:

(43) V/(1) = Fy(er)Vi(r) + e%[F[leyY] + P, = Fy(er)Vi(r) + P,
Y; = (Gy — GuF;'Fy)Y; + GuV; + Q;
where
Qi = —q;(t) + (G — G — GyU — GyY)
=GU, Y s) — GU™, Y s) — D,GU™, Y, s)w(t)
+ [DWG(UP, Y s,€) — Dy, G(UP, Y 5,6 = 0)|w(t) — q;(t)
= O(|wil? + e|wi| + (1))
Similarly, P, = —p'(7) + (F* — F® — FyU — FyY) = O(Jwi|? + e|w;i| + |eq* (t)] + [p'])

_ 4
P, =P, + EE[FgleY]

= P+ e(F; (eT) Fy (e7))Y + e(FU_l(eT)Fy(ET))Y

= P, + ejw| + €O(GyU + GyY + Q)

= P, + e|lw| +€0(Q:) = P, +€Q; = O(P)
Theorem 4.1. Let P;,Q; be continuous and bounded in I* satisfying:

P'(—00) = Q'(~00) = 0, P*(00) = Q*(00) = 0
Consider system 4.2, with jump conditions Ju; = (Jyi, Jyi),i = 1:

(4.4) Ya(e) = Yi(e)) = =y

(45) UQ(EA_l) — Ul(E)\_l) - —le

and boundary conditions:

(4.6) U'(—00) = Y!(~00) = 0,U*(0) = Y*(c0) =0

Then there exists unique traveling wave solutions (U;,Y;) in I',i = 1,2, to the linear
variational system (4.2)with estimate:

(4.7) S Uil + S, Vi < O P+ [Po] + Q2| + @1z, + [T ]))

We outline the proof of the above theorem. We use superposition principle to find
the solution as the sum of two solutions, one with no non-homogeneous terms B, Q;,
the other one with no boundary or jump conditions. We use iteration method to deal
with the residual/jump errors in obtaining the two solutions. For technical details,
please refer to [15].

Theorem 4.2. Suppose (U* )Y ™) is given as the approximation solution that sat-

isfies (1.5), (1.6), and boundary condition (4.6). Then there exists a unique exact
solution w of (1.8), (1.4) with boundary condition (4.6) such that

(4.8) U — U%| 4 |V — Y| = O(e).
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We can prove this theorem by contraction mapping. For technical details, please
refer to [15].

5. CHAOTIC SOLUTIONS

In this chapter we construct a solution near a pair of heteroclinic solutions, the
solution spirals around the two equilibrium points with prescribed number of rotations
on Sy on the z-y plane.

5.1. A pair of heteroclinic solutions when ¢ = 0. Based on the heteroclinic
solution ¢ we obtained in section 3.1, we have a pair of heteroclinic solutions when
e = 0 by symmetry. See Figure 5.1. If we project the solution in Figure 5.1 onto the

FIGURE 5.1. A pair of heteroclinic solutions when ¢ = 0

y-z plane, we see that the stable spirals start from one equilibrium and approach the
other one as t — oo. Recall that we only consider the two slow flows on S; within
the two foldlines y = y,, and y = y);. We observe from Figure 5.2 that there are
solutions starting at a point within the two foldlines(say P_), but do not approach
equilibria points Py (say P, ) as t — Hoc0. In order to address this issue, we consider
the domain of influence of Py(or domain of attraction of P.), that contains all the
initial points (yo, 20) passing which the solutions exist for all ¢ < 0(or for all ¢t > 0),
and will approach Py as t — —oo(or as t — o0). See Figure 5.2, the domain of
attraction of stable spirals on Sy is bounded by the two foldlines.

Theorem 5.1. For different values of 5, equilibrium Py are stable spirals if 45 >
k%, sk > 0(unstable spirals if 48 > k* sk < 0). Moreover,

for s > 0,t > 0, the contour of domain of attraction of stable spirals on Sy s the
solution with initial point at Ax = (£(2v/3cm/9 + ¢/v/3), £(2v/3c*m/9)) in the z-y
plane;

for s < 0,t <0, the contour of domain of influence of unstable spirals on S+ is the
solution with initial point at Ay = (£(2v3c*m/9 + ¢/V/3), £(2v/3c*m/9)) in the z-y
plane.
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F1GURE 5.2. Domain of attraction of stable spirals on St

FIGURE 5.3. Domain of influence of unstable spirals on S. in 3D

Proof. We observe from Figure 5.2 that the vector field is horizontal on the initial
points Ay, where the solution is tangent to the foldlines. See Figure 5.3 for 3D view.
Take a point to the left of B, on the foldline y = y,,, the vector field points left and
up. But the solution starts there will go back down and hit the foldline y = y,,, it
can’t go across the foldline, therefore will not be able to go towards P,. To the right
of A, on the foldline y = v,,, the vector field points left and down. In fact, when
u=—c/V3,y =—-2v3c>m/9,z > —2/3c>m/9+¢/V/3, we have —sy = u—y+2z > 0,
therefore y < 0 for s > 0, so the solutions starting there will go below the foldlines
when ¢ > 0 and can’t approach P, as ¢t — oco. These indicate that the solutions start
on A are the contours of domain we want.

O
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Notice that it is possible that P_ is not contained in the domain of attraction of
P,. Therefore, we need the following theorem to guarantee the existence of ¢(7).

Theorem 5.2. The existence of the heteroclinic solution q(T) from an equilibrium
point P_ connected by fast flow to the stable spirals towards Py is guaranteed, if and
only if the equilibrium point P_ 1is contained in the domain of attraction on Sy in
between the foldlines when projected in y-z plane. There is a critical value 3 = [y
when the contours of domain of attraction(stable spirals) exactly hit Py, See figure
5.5. Also when 8 > By one equilibrium point is contained in the domain of attraction
of the other equilibrium point. See Figure 5./.

Proof. Consider 3 > k?/4, sk > 0 where we have stable spirals on Sy, also consider

% = ":—%’;Z in the region D = {(z,y)|lu—y+2z > 0,y < 0} such that % decreases \;vhen
vi

f increases on the point (z,y). Therefore we compare the differential equations®% =
fi(Bi,2),i = 1,2 with different vector fields, by comparison theorem in [2] we have:
if By > [y, then fo(52,2) < fi(f1,2) and yo < yi. So if the domain of attraction
doesn’t contain P_, we can increase 3 value continuously so that the contour of the

domain of attraction around P, hits the z-axis exactly at P_ when § = B. Now we
take By = max{f3, k?/4}, then when 3 > 3y one equilibrium point is contained in the
domain of attraction of the other equilibrium point. 0J

0.4 -
0.3
0.2

AR

-0k
0.2k

0.5

-0.4
4

FIGURE 5.4. The domain of attraction becomes larger as 3 increases

Now that we have the pair of heteroclinic solutions as in Figure 5.1, we can obtain
an ordered sequence of heteroclinic solutions @ (7), k € Z in between Py by repeating
the pair of heteroclinic solutions.

6. EXISTENCE OF EXACT CHAOTIC SOLUTION WHEN € > ()

6.1. Set up and Jump conditions. We first define the counting surface to be Z,,
the z-axis, in order to keep track of the intersections of the solutions with Z. around
P.. Based on the heteroclinic solution i (7) obtained from the previous section when
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FIGURE 5.5. Stable spirals around one equilibrium that exactly hit the
other equilibrium at Py

e =0, we define Q;(Q;),i > i,j > j to be the points, where the heteroclinic solution
dr(7) intersects with Z, for the i-th time, and are close enough to P_(P,). See Figure
6.1.

FIGURE 6.1. The heteroclinic solution ¢, intersects with the Z. at
points ); on S_ for the i-th time

Given symbol (j,7), we define a family of approximated solutions ¢;;(¢) that inter-
sect with the Z, exactly i times, ¢;;(t),t € [—v;, 7] starts at ¢;(—v;) = Q; on Sy and
ends at L; = ¢;(v;) € O(Q;), a neighborhood of @; on S_. Also notice that g;;(¢)
intersects with Z. i times on S_ as the perturbation of the heteroclinic solution g (7)
for e = 0. See Figure 6.2.

When we construct the exact chaotic solution, the points W;(1;) where the chaotic
solution intersects with the Z, for the i-th(j-th) time on the z-y plane must be close to
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FIGURE 6.2. The approximated solution g;;(t) near heteroclinic solu-
tion ¢(t) when € =0

the equilibria P_(P; ). Therefore, we should only consider the W;(W;) points within
the neighborhoods O(Py) = {Y|dist(Y, Py) < 0} to be relevant for counting, see Fig-
ure 6.3. Next we define the extended neighborhood: O_ = {O(Q1), O(Q2), 0(Q3), . . .,
O(Q;_1),0(P-)} such that W; € O(Q;) C O(P_), fori >ion S_. Similarly we define
Oy for W on S,.

FIGURE 6.3. The chaotic solution intersects with the Z. at points W;
on S_.

Given i(j), the number of intersections of the solution with Z. on S_(S5,), we
want to construct an exact chaotic solution w® when ¢ > 0 based on the ordered
approximated solutions ¢, (t) = q;;(t),t € [k, V&), k € Z, such that w§* = ¢, + wy,
where w = (U,Y) is the correction solution. Notice that the approximation g;;(t)
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intersects with Z. exactly 1 times, the exact solution near g;;(t) must intersect with
Z. exactly i times as well.

Before we obtain the correction solution, we figure out the jump conditions at
the junction of two adjacent solutions for the correction solutions. First we define
the jump conditions at the junction of two adjacent solutions for the approximated
solutions:

(6.1) U (= /€)= Ul (k-1 /€) = JUs,
(6.2) VP (=) = V2 (k1) = Vs
In order to obtain an exact solution where Y;**(—v;) = Y& (Jx—1), we notice that:
Yt (=) = Y (=) = Ya(=m)
Y (e-1) = Vi (1)
= [V (1) = V2 -0 + V2 (1) = Y2y (1)
= Ye1(P—1) + Y1 (7x-1)

Subtracting the above two equations gives us:

(6.3) V(=) = Yie1 (e1) = —=JYi + 0Yii (1) = —JY,
Similarly we have:
(64) Uk(—’}/k/ﬁ) — kal(’_}/kfl/E) = —JUk + (5Uk71(7k71/6) = —JAka

6.2. Introduction of the Melnikov integral for the generalized solution.
Based on the approximated solution wflp when s = sg, we want to find a correction
solution to the linearized variational system. Notice the homogeneous part of (6.5)
has exponential dichotomy on [—N, 0], [0, N] respectively, but not on [N, N| due
to the non-transversal intersection on RP!(0—) and RP!(0+) at 7 = 0 for ¢ = 1, 3.
In fact, RP!(0—) + RP!(0+) = R'. We need to take care of the non-transversal
intersection issue for the U = (u, v) equation by introducing the Melnikov integral.
Define operator F : U — H(r) with 7 € I3 = [-N, N], N = ¢! and boundary
value U(£N) given.
(6.5) H(r)=F(U)=U'(r) = A(T)U(r), A(r) = DyF (U, Y,)
We have the following lemma for the existence of a generalized solution that allows a
gap at 7 = O:

Lemma 6.1. Assume that F is of codimension one, ng(T),i = 1,3 s the unique

nonzero bounded solution to the equation U (T) — DyF(U;,, Y}, s = s0)U'(1) = 0,
and " is the unique nonzero bounded solution to the adjoint equation of the previous
homogeneous equation, then F is Fredholm with index being 0. The range of F is
of codimension one and the kernel of F is one dimensional for each H'(T). There
exists a unique generalized solution U" for system (6.5) such that U(0) L KerF, i.e.

U'(0) L UL,(0) and U' has a gap at T = 0 along the given direction d':
U(0+) — U (0-) = ¢g'd’
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Also we have estimate for g*,U* as:
(6.6) g'| < C(IPA=N)U(=N)|[e™*N + [Py(N)U'(N)|e™*" + |H'|)

(6.7) U'| < C(11] + 165] + [H')

Proof. Here we introduce the Melnikov function.
Let Si(t,s) be the principal matrix solution of the homogeneous part of equation
U" = AU’ + H', which has exponential dichotomies on (=N, 0], and [0, N), but no
exponential dichotomy on (—N, N) because:

RP:(0—) + RP/(0+) = R*!
Let ¢°(0) L RPL(0—) + RPI(0+), M" = {z| <¢'(0),z >=0},dim M’ =n — 1.
We define d' = ¢*(0)/([[¢*(0)|]*) € X, ¢} = P(=N)U'(—=N), ¢} = P,(N)U'(N) such
that < d',¢"(0) >= 1, span{d'} @ M* = R" and we define the following solution:

T

U'(t) = S'(r, —N)P;(—N)Ui(—NH/ S'(1,5)P!(s)H"(s)ds

(68) T -
+ S%(7,0—)PL(0—)U"(0—) +/ S'(1,5)P.(s)H'(s)ds, T <0
Ui(t) = S(r, N)PI(N)U'(N) + / ' Si(r,s)Pi(s)H'(s)ds
(6.9) N

+ 87, 0+) PLOH)U(0+) + /T S'(r,s)P(s)H (s)ds, T >0

We project them onto the stable and unstable spaces, and there are exponential
dichotomies on [—N, 0], [0, N] respectively:
0—

PH0-)U(0-) = S"(0—, s)Pi(s)H'(s)ds + S'(0—, —=N)P:(—=N)U'(~N)
PLO+H)U (0+) = / " S0+, s) P! (s)H'(s)ds + S*(04, N)P:(N)U*(N)

define ¢ = P (0—)U"(0—), ¢}, = PHO+)U(0+), ¥'(s) = T*(s,0)*(0), where T*(s, t)
is the adjoint of T'(¢,s). After subtracting ¢4 and ¢ we have:
¢y — ¢ = [[ = Py (0+)]U*(0+) — [I — P;(0-)]U"(0—)
= ¢'(Y,N)d' + P(0—)U'(0—) — P,(0+)U*(0+)
0—

=¢'(y'(0),5°(0), N)d' + [/ S'(0—,5)Py(s)h' (s)ds + S'(0—, —N) P;(=N)U'(—N)]

—N

— [/NO+ S' (04, 5)Pi(s)h'(s)ds + S*(0+, N)P:(N)U'(N)]

which leads to the estimate:

(6.10) '+ 165] + [@4] < Cle™V|gn| + eV |d5] + [H'|e™™)
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Based on (6.8), (6.9), (6.10), we obtain the estimate (6.7) for U’. Since ¢, — ¢} €
RP!(0—) + RP!(0+), thus < ¥%(0), ¢} — ¢4 >= 0. As a result,
(6.11)

g =<, /N S'(0—,s)P;(s)H'(s)ds > — < W,/N S0+, s)P;(s)H (s)ds >

+ < ', S (0—, —N)P{(—N)U*(—N) > — < ", S (04, N)P:(N)U*(N) >

= /_]]VV <4'(s), H'(s) > ds+ < ¢'(=N), P{(=N)U'(=N) > — < ¢'(N), Py(N)U'(N) >

Estimate (6.6) follows from (6.11) and () < e=I7l. O

Lemma 6.2. Let O = {y = (-..y-1,%0,y1--.) : |yi — v:(0)| < dys,i € Z} be a
rectangle in R*. H : Q1 — R™>

H(y)= (-0 ®).9°"W),9'¥).--)
is continuous with g' > 0(< 0) if y; = v;(0) + dy:(y; = y:(0) — dy;). Then there exists
ay € Qy with H(y) = 0.

Proof. Let Hi(y) = (..., y-1—0y-19~"(%)/197"|, yo—6%09° ) /19°[, 1 —b319' () /19", - - )
be a mapping from ; to §2;. There exists a fixed point y € €y for H; by Schauder

fixed point theorem. Therefore, there exists a § € €; with H(g) = 0. O

Lemma 6.3. In regular layers [y, B;],1 = 2,4, there exists a unique solution to the
following system of equations:

(6.12) Vi — FyV; = hi(7)

with S'(t,s) to be the principal matriz of the system above and the jump conditions:
(6.13) Jy1 = ‘/5(042/6) - Vl(ﬁl), Jvy = Vi(ar) — Vi(Ba/e€)

Jvs = Vi(as/e) — V3(Bs), Jya = Va(as) — Va(Ba/€)
and estimate:

(6.14) Vol + [Va| < Ci(lhal + [hal + Ziy | Jvil)

Proof. Because of the hyperbolicity of the coefficient matrix Fy;, we know that the
slow varying system has exponential dichotomy on I%,i = 2,4 with corresponding
projections Q%, Q);,. Also, we have the following decomposition:

RP,(f1) ® RP}(as/e) = R*, RP;(B2/€) ® RP)(a3) = R
RP;(8;) ® RP/(au/e) = R?, RP;(B1/€) ® RP} () = R?
Based on the decomposition above, we can split the jump conditions as following:
Jvi = Qivi — (—QuJv1), Jva = QiJvs — (—QiJva)
Jvs = Qgvs — (=QuJvs), Jva = Q2 Jva — (—Q3Jva)

We give the stable component of each jump as the initial value for the solution after
the jump, and the negated unstable component of the jump as the backward initial
value for the solution before the jump, as in figure 6.4. That is to say, the solution
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between two jumps takes the negated unstable component of the latter jump as the
backward initial value, and the stable component of the previous jump as the forward
initial value. Therefore we define:

il W
AL e

F1GURE 6.4. Decomposition of the jump errors for defining the solu-
tions Vj

w

T

vﬁﬂzﬁ@%ﬁmwm+//§m$@@mww

—S%(r, Bg/e)QiJvz—l—/B/ S?(7,8)Q%(s)h?(s)ds
T € [ag/€, Ba /€]

The above solutions satisfy (6.12), but satisfy the jump conditions almost accurately,
for example:

i = Vi (aafe) — Vi (By)
as/e
ﬂ@m_ymh&wﬁhﬁé/s%@%@m®ﬁ
B1
—wwmm@wu/°§@@@@ﬁ@w—%h@ﬁn
= Jy1 + E'(Jv1)
as /e
E'Y(Jv1) = —52(062/6,52/6)QZJV2+/6/ S%(aa/e, 5)Qi(s)h*(s)ds
1
—9%ﬂm%m+/Aw&w@@M®w

a1
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with the estimate:
as/e
|EY(Jy1)| < 02(6a(a2—/32)/ejv2 +/ ea(“2/€_s)|h2|ds)
Ba/e
B1
+ C’l(e*a(ﬁl*al)J‘M 4 / 6*0(51*3)|h1|d5)
«aq
Notice that e-@F2-a2)/¢ g=alfi—e1) 55 well as the two integral terms added together
are all of O(e). Thus |EY(JV})| = O(e Y21 |JV;|) is small compared to the given jump
conditions by multiplying € in each iteration process. Therefore, we can define the
solution V*(7), 7 € [ay, Bi] recursively, with —E*(JV;) as the jump condition in the
next iteration. The jump condition will be satisfied by Vi(7) = X5, V/*(7) after the
iteration process.
Next we give an estimate of the solution, for example:
as/e T
V()| < e T2/ Jyyy + |hy / e ds 4 2T Jyy - [y " ds
T B2/e
< Ci(fha| + [Jva| + [Jval)

T

a1
V)| < e ) o+ |h1] / e 8 ds 4 T I+ |h1| e“T9) s
T B1

< eia(Tial)JVzL 1 €a(7751)JV1 + (ea(ﬂ'*ﬁl) _ efa(Tfal))’hl‘/a
< Co(|Pa] + [val + [Jva])

These above estimates result in the estimates for the solution V*. O

6.3. Proof of existence of the solution to the linear variational system. We
give an outline of the proof. (1) We first obtain a generalized solution wy,k € Z,
that allows a gap at 7 = 0 but satisfies the jump conditions by Lemma 6.3 and 6.1.
During this step, we eliminate the residual error caused by dropping the e%[FJ 'Y
term with iteration method. (2) We use the Melnikov integral to eliminate the gap
by shifting the y values in the gap function ¢g* by Lemma 6.2, the change of y value
results in the updated domains for the solutions. Then we obtain solutions U, on the
updated domain as the exact solutions that satisfy the jump conditions JU; exactly
with no gap at 7 = 0. However, the JY}; on the updated domain is not satisfied
exactly. After we define the Yljﬂ, the difference of jump errors E(J Yk”l) is reduced
by a multiple of a small number in the i-th iteration, due to the contraction caused
by the stable spiral near the equilibrium points. Therefore, the exact solution can be
obtained after iterations.

Theorem 6.4. There exists unique solutions wy = (Uy(7), Yi(t)),t € [k, Ji] to the

linear variational system (4.2) with jump conditions Jy, = (JUy, JY)) according to
(6.3), (6.4):

(615) Uk(—%/e) — Uk_l(’j/k_l/E) = —JUk,
(6.16) V(=) = Yie1 (1) = —JY,
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and phase condition ¢,"(0) L wy(0). We also have the estimate:
Ul + Vel < C(IPl + Qx| + | Ji])

Proof. The linear variational system of equations is autonomous. So if w(t) is a
solution then w(t + k) is also a solution, where k is a constant. Without loss of
generality, after a proper time shift we assume that at time t=0 the solution is in a
cross section T; that is transverse to the flow as in the phase condition w;(0) € Tj,
where T; := {z|(¢;"(0),z) = 0}.

(1) We want to solve for a generalized solution (Ug(7), Yi(?)),t € [—7k, Vk]-

We first solve for Vi(7),7 € [—v/€,71/€] in (4.3) according to Lemma 6.3, with
the 6%[FJ1FYy] term dropped and Hy, = Py, Vi(—1/€) — Vie1(m/€) = —J Vi, also
we obtain estimates |V (7)] < C(JVy + | Pyl).

Next we solve for Y, () with the initial condition Yi(—y) = Yei1(7k-1) — JYi
after we plug in Vi(7) into the Y equation of (4.3). We also have the estimates
V(O] < COVA(r)| + I + | Q). )

Now we define U*(7) = Vi.(1) — F; ' (e7) Fy (eT)Y*(eT) which satisfies:

_ _ _ _ d _
(6.17) U, =FyUs+ FyYy + P, — E[FgleY]

Notice that the first equation of (4.2) is not satisfied by U* because of the error term
LIF;'FyY] in (6.17), we have the estimate of the L [F'FyY] as:
d

o I e
E[FUlFYY” = Ela[FUlFYY” = Ke(|[VF+ Q| +JY¥]) < Ke(|P*| +1Q"| + [ k])

Now we have (U, Y*) is a good approximation with residual errors O(e(| P*| + |Q¥| +
|Jk|)) in the U equation. Therefore, we can obtain the generalized solution Uy (7), Yi(t)
to (4.2) with jump conditions (6.15) by iteration process. We have the estimates for
Uk(T) as: ) )

Ukl < C(IVi| + [Ya]) < C(Pe| + |Qk| + |Jk]))-
(2) However the above solution Ug(7), Yi(t) is still a generalized solution that allows
a gap at 7 = 0 for U as:

U'(04) — U (0-) = g'd’

according to Lemma 6.1. Here the gap is defined as:

0

9" (y(0)) = / < YF(s), H*(s) > ds

Yk

+ < (=), (=) U (=) > — < " (), By () U (w) >
where y(0) = (...y71(0),4°(0),4*(0)...). Considering ¢ is the perturbation of the
heteroclinic solution ¢(t), we have G, = ZL;} is almost a diagonal matrix. Therefore
g* mainly depends on 3*(0). According to the higher dimensional Intermediate Value
Theorem Lemma 6.2, we obtain (0) with 7%(0) € [¢*(0) — 6y°, y*(0) + §°] such that
g*(5(0)) = 0,k € Z. Now we have eliminated the gaps for U at at 7 = 0 by shifting
the equal gap surface and the y values.

(3) After the change of y values, Y;(t) needs extra time At to get to the shifted
equal gap surface, which can be used to update the domain of the solutions wy/(t),
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t € [V, V), 7 = W + Aye. We repeat the procedure on [—vx, %] in step (1) to
obtain Vi(7) on the updated domain. By the change of variables, we have Uy(7),
which eliminates the gap at 7 = 0 and satisfies the jump condition:

IV = Vi(=/€) = Vier (G f€)

Next we want to obtain the Y solutions that satisfy the linear variational system and
the jump condition by iteration method. First, we compare the jump errors of two
adjacent Y solutions Y}, V! | —JY}! | = V(=) — Y.L (vk—1) with the updated
jump errors on the updating the domains:

Y =Y ) = YV (k)

We obtain the difference of the above jump errors caused by the extra time Avy;_1 to
be

E(‘]YkQ—l) = ‘]Yi—l - ‘]Ykl—l = [Yk2—1(7k—1> - Ykl—l(’Yk—l)]
In order to reduce the difference of the jump errors E(JY;? |), we define the initial
value Y2(—y,) for Y2(¢) based on Y2(—y) — Y () i= E(JY) = Y (50) = Y2 (),
where Y2(t) is the Y solution obtained in step (1).

t
Y, (1) = Y (=) Sk(t, =) + / Si(t, —’Vk>Hk(3)d57 e <t <Y
Yk

For the general iteration process, see Figure 6.5. We compare the jump errors in the
i-th iteration of two adjacent Y solutions Y}, V! |: —JY{ | = Y (—)—-Yi (vi ) (=
BD) with the updated jump errors on the updating the domains:

—JYZtll = Yki<_7k) - Ykiirll(ﬁ/lifl)(: BC)

We define the difference of the above jump errors to be:

i+1

A Tk R
i+1
Y o
E Y'k+1(rk')
B - ; Yki(l'i)
Y ) Y0 Pk
i+1
Yi {0
C i+l i
Yi-fe-1
. DY [
Ylk_ft) k £k

FIGURE 6.5. The jump errors JY (= BD) and updated jump errors
JYi (= BC) result in the difference of the jump errors E(JY; 1) (=
CD), which is to be reduced in the next iteration.
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E<JYi§j11) = JY?i - Jchifl = [Yljﬁ(’_ﬁifl) - Yljfl(’)/lifl)K: CD)

In order to reduce the difference of the jump errors E(J Y™ (= EF), we define the
initial value Y (=) for VT () based on AB = YV (=) = Yi(—n) = E(JY}) =
Yi(AE) = Y1 (4d), from the E(JY) in the i-th iteration (previous ith EF).
Vit (=) = Yi(=w) + E(JY})

Notice that the Y}’ solutions are changed to

t

V() = Y (=) St =) +/ S(t, =) H* (s)ds, =y <t <

Vi
Accordingly, the nonlinear term H in (6.5) that involves Y} is changed. Therefore, we
need to repeat step (2) to eliminate the gaps for the generalized solutions at 7 = 0

and update the domain as —vy; < t < i, where 7% = i + Avi. Now we define for
7> 1:

t
—Vk

when compared with:
t
Vit = Yi-wSelts =)+ [ Sults =) H(5)ds, 2w <t < 0f
—Tk
We take the sup norm of the difference of the jump errors and define:

Airy = sup |[E(JY; )| = sup [V (1) — V()]
keZ keZ

We give an estimate for the difference of the jump error E(JY"!)(= |EF| in Figure

(6.5)):

|EJY, ] =V ) = Vi)
=Y (=) [Sk (> =) — Sk(Ve> — )] + E(JY3) Sk (Fk, — k)
(6.18) i . . i 4 B
+ Sk(Ve» =) H" (s)ds — Sk (Y, —ve)H" (s)ds
Yk —Vk

< Ce ™ E(TYY)]

Here we use the fact that there are stable spirals near equilibria on Sy with eigenvalues
—a+1if,a > 0 for the linear variational system, so that the principal matrix solution
Si(t, =) < Ce=22t+%) for large enough t.

The existence of an exact solution wy, k € Z, follows by iteration method. In fact,
after the i-th iteration, F(JY}') gets reduced by a multiple of an exponentially small
number. Therefore, A; 11 = supyc, |E(JY™)] < C;A; by (6.18), where C; << 1.
Moreover, A; gets reduced by a multiple of an exponentially small number. There-
fore, 3, [V — Yi| < 32, A; < 00, and we have lim;_,o, ¥}/ = Y;. Now we obtain the
correction solutions (U, Y;) to the linear variational system (4.2) with jump condi-
tions (6.15) satisfied. Estimates of the correction solutions follow similarly to those
in step (1).
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O

Theorem 6.5. In a small neighborhood of qy, there exists a unique exact chaotic
solution w®, which satisfies (1.3), (1.4) with estimates:

W — g < Kt 0< A< 1

We can prove this theorem by contraction mapping.

7. SYMBOLIC DYNAMICS
We want to make correspondence of the solution w** to a sequence of symbols.

Theorem 7.1. The chaotic solution w that intersects with Z. exactly i(j) times on
S_(S4) corresponds to a sequence of symbols {(i, j)}is; 5.4, 7 can be 0o.

Proof. Given any chaotic solution near the heteroclinic solutions with W; € O_(W; €
O4), we set y = 0 and solve for the ¢ values on which W; points fall into O(P-).
We can keep track of the symbols (7, j) by putting the W; points in order according
to the orientation of the spirals. For clockwise orientation, W is defined to be the
intersection point with the largest z value within O(P-); W; is defined to be the
intersection point with the smallest z value within O(P-); W3 is defined to be the
intersection point with the second largest z value within O(P-); Wy is defined to be
the intersection point with the second smallest z value within O(P-), etc. We count
up to W;(W;).

On the other hand, given sequence of symbols {(7,7)};>i;>;, We want to obtain
a chaotic solution with W; € O_(W; € O,) which intersects with the Z. for the
prescribed number of times. We first construct the approximated solutions g¢;;(¢;;)
on S_(S4) when € = 0, which intersect with the Z. only i(j) times, then accord-
ing to Theorem 6.5, we obtain the chaotic solution near the approximated solutions

corresponding to the symbols.
OJ
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