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Abstract

EXPLOSION POINTS IN SKEW MAPS
Anne Stefanie Costolanski, MS

George Mason University, 2007
Thesis Director: Dr. Evelyn Sander

This paper describes various chaotic behavior present in skew maps. Some aspects
common in the study of dynamical systems are explored: the existence of homoclinic
orbits, the behavior of manifolds, chaotic attractors, and period doubling cascades;
and for each, the similarities and differences between the behavior for one-dimensional
maps, two-dimensional diffeomorphisms, and skew maps are given.

While it is known that chaotic attractors and period doubling cascades are present
in one-dimensional maps and two-dimensional diffeomorphisms as well as in skew
maps, the existence of bifurcations that result in drastic changes in a chaotic
attractor, namely crises and explosions, has not yet been shown for skew maps.
Numerical examples are provided to demonstrate their existence, with comparisons

to two-dimensional diffeomorphisms that exhibit similar behavior.



Chapter 1: Introduction

1.1 Dynamical Systems

At its most general, the definition of a dynamical system is a set of possible states
together with a rule that determines the present state in terms of past states. Dy-
namical systems model a variety of behavior, from simple biological systems to more
complex meteorological phenomenon, and as applications have spread into other scien-
tific disciplines, the importance of studying and quantifying the behavior of dynamical
systems has increased.

A mathematical definition of a discrete dynamical system is the process
X +— F(X) where F' : R* — R" acts on a variable X € S C R". X represents
the present state of the system, and F' represents the rule that determines future
values. Although dynamical systems can exist in any n-dimensional space, a great
deal of information has been discovered on the behavior of one-dimensional systems,
as well as two-dimensional systems for which F' is a diffeomorphism. Thus, we will
limit our analysis to these dimensions, and will detail the similarities and differences
in the behavior of maps in these dimensions.

To determine how a particular state of a dynamical system evolves over time, it
is necessary to know the asymptotic behavior of the system as a whole. It is also
useful to know how changes in the system, or changes in the initial state, will affect

future states. Our analysis of future states of a system begins by finding those whose
1



behavior is the easiest to predict.

1.2 Stability Analysis

One of the simplest rules associated with iterative maps is that which sends all initial
states to one particular state over time. Thus, there exists one initial state that stays
fixed for all time, and all nearby points converge to that state under iteration.

Mathematically, a point P € S such that F(P) = P is called a fixed point [4].
P is considered to be a stable fixed point if for any € > 0 there is a § > 0 such that
for all X € a d-neighborhood of P, |[F"(X) — P| < € for all n > 0 [7], and P is called
an attracting fixed point (or a sink) if there exists an € > 0 such that for all X € an
e-neighborhood of P, limy,_.., F*(X) = P [4]. Similarly, the fixed point P could repel
all iterates in a neighborhood of P: if there exists an ¢ > 0 such that for all X € an
e-neighborhood of P, the iterates of X (other than P itself) eventually map outside of
the neighborhood, then P is called a repelling fixed point or a source [4]. Determining
the existence and stability of fixed points is a first step in describing the behavior of
iterative maps.

To determine the stability of a fixed point P, we study a linear approximation of
F and evaluate it at P to determine the behavior of points near P. In one dimension,
the linear approximation is the derivative of F' which is then evaluated at P: F'(P).

In two dimensions, it is the Jacobian DF(P) of F' evaluated at P:

pR(P)= | T30 T 1)

The resulting eigenvalues determine the stability of P. In the one-dimensional case,



the following theorem establishes the rules for stability of a fixed point:

Theorem 1.1 (Stability of Fixed Points [4]).

Let F' be a map on R, and assume that P is a fixed point of F.
1. If |[F'(P)| < 1, then P is a stable fixed point (sink).
2. If |F'(P)| > 1, then P is an unstable fixed point (source).

Note: For |F'(P)| =1, stability is not determined by this theorem.

In the two-dimensional case, the eigenvalues of DF'(P) indicate the stability of P.

Theorem 1.2 (Stability of Fixed Points in two dimensions [4]).

Assume F : R? — R? and P is a fixed point of F.
1. If the absolute value of each eigenvalue of DF(P) is greater than 1, then P is a
source.

2. If the absolute value of each eigenvalue of DF(P) is less than 1, then P is a sink.

There is a special class of fixed points that are important in the study of dynamical
systems. Saddle points are those fixed points P for which one eigenvalue of DF(P),
A_, has absolute value less than 1, and the other eigenvalue, A, has absolute value
greater than 1. For a saddle fixed point, there exists points in an e-neighborhood
of P, N.(P), whose iterates converge to P, and there are also points in N.(P) whose
iterates leave the neighborhood after a certain period of time and never return to
N (P). Two sets of points are especially important in the study of fixed points: the
set of points that converges to P upon forward iteration, called the stable manifold,
and the set of points that converges to P upon backward iteration, or the unstable

manifold. The mathematical definitions are:



Let F be a map on k2, and let P be a saddle fixed or periodic point for F.

e The stable manifold of P is the set of points {X} C S such that |[F"(X)—P| — 0
asn — oo [4].

e A point Xj is in the unstable manifold of P if there exists a backwards orbit
{. X,y X9, X1, Xo} of F where FI(X_,,) = X_,,;; with the property that | X_, —
P| — 0asn— oo.

To find the stable and unstable manifolds of P, we can use the linear approximation
of F' at P to determine the initial directions of the stable and unstable manifolds at

P. The following theorem states this more precisely:

Theorem 1.3 (Stable Manifold Theorem [4]).

Assume F is continuously differentiable at the point P, and that F' has a saddle
fixed point P such that D F(P) has one eigenvalue A_ with |A_| < 1 and one eigenvalue
Ay with |[Ay| > 1. Let VT be an eigenvector corresponding to Ay, and V'~ be an
eigenvector corresponding to A_.

Then there exists a neighborhood of P such that both the local stable manifold S
and local unstable manifold U of F' (local means the portion of the manifold remaining
in a small neighborhood of the fixed point. See [11]) at P are one-dimensional curves

as smooth as F' that contain P, and V™ is tangent to U at P and V™ is tangent to

Sat P .

Thus in a small neighborhood around the point P, the eigenvalues and eigenvectors
of DF(P) provide valuable information for determining the local stable and unstable
manifolds, which can be used to find the global stable and unstable manifolds of F'

at P.



1.3 Chaotic Behavior

We are also interested in the behavior of iterates of points not on the stable or unstable
manifold of a fixed point P.

For a random point X € S, we can define a forward limit set, or w-limit set, as the
set of all points X; € S to which X converges under forward iteration. More formally,
a point Y is an w-limit point of X for F' provided there exists a sequence n; going to
infinity as k goes to infinity such that limy_ |f™(X) — Y| = 0 [11]. The set of all
w-limit points of X is the w-limit set of X, denoted w(X).

Similarly, for an invertible map, a point Y is an a-limit point of X for F' provided
there exists a sequence n, going to minus infinity as k goes to infinity such that
limy_o |[F™(X)—Y| =0 [11]. If F' is not invertible, then if there exists a backwards
orbit { ... X_,, ..., X o, X 1, Xo} with Xy = X and a subsequence n; going to minus
infinity as k goes to infinity such that | X, —Y| — 0 as k — oo, then Y is an a-limit
point of X. The set of all a-limit points of X is the a-limit set of X, denoted a/(X).

For a saddle fixed point P, if there is an intersection between the stable and
unstable manifolds of P, the point of intersection H is called a homoclinic point. In
this case, a homoclinic orbit exists, which is an orbit whose a- and w-limit sets are
both the same fixed point [7]. It is also possible for the unstable manifold to converge
to the stable manifold without a point of intersection. Thus, any homoclinic orbit
limits to the fixed point P under both forward and backward iteration (see Figure
1.1).

Intersections between the stable manifold of one saddle fixed point X; and the

unstable manifold of a different saddle fixed point X5 can also occur. These points



Figure 1.1: Homoclinic and heteroclinic orbits.

The graph on the left shows a homoclinic point H, with P as the fized saddle point.
The graph on the right has two heteroclinic points, with X1 and X5 as saddle fized
points and H, and Hy as heteroclinic intersection points. For both pictures, the red
lines are unstable manifolds and the green lines are stable manifolds.

are called heteroclinic points, and an orbit whose a-limit set is one fixed point and
whose w-limit set is another fixed point is called a heteroclinic orbit [7] (see Figure
1.1).

The w-limit set can be a point, several points, or an infinite set of points. If
the w-limit set attracts a set of initial values with non-zero measure, it is called an
attractor [4], and the set of initial values that limit to the attractor is called the basin
of attraction.

The main focus of this paper is on chaotic behavior in two-dimensional maps. If
Fis amap in R? and V = {V},Y;,... } is a bounded orbit of F, then the orbit is
called chaotic [4] if:

1. V is not asymptotically periodic,

2. No Lyapunov number is exactly one, and



3. The largest Lyapunov number L;(Y;) > 1.

If Y7 € V a chaotic orbit and Y7 € w(Y1), then w(Y]) is called a chaotic set, and
a chaotic attractor is defined as a chaotic set that is also an attractor [4]. Chaotic
attractors exist for both one-dimensional maps and two-dimensional diffeomorphisms.

Determining whether a particular map will generate a chaotic attractor is not
obvious. For example, the map f(x) = 4x(1-x) generates a chaotic attractor as the
w-limit set of iterates of the unit square. However, a similar map, f(x) = 2x(1-x),
generates a fixed point as the w-limit set of the same set of initial values. There is
very little difference between these two maps other than the factor multiplying x(1-x).
So it cannot be assumed that maps that appear similar in structure exhibit the same

limiting behavior.

1.4 One Parameter Families

In order to study the change in the behavior of a family of maps, such as the
f(x) = x(1-x) example above, a parameter can be introduced into the map and allowed
to vary continuously so that changes in the dynamics of the map can be identified.
Significant changes in the behavior of a map take place at a bifurcation, which is
defined as a change in the set of fixed or periodic points, or other sets of dynamic
interest [4]. The value of the parameter at which the change takes place is called the
bifurcation value. A map may have more than one bifurcation value for a set of initial
conditions; in fact, in many cases, a map has infinitely many bifurcations.

An infinite sequence of bifurcation values in which the period of the attracting

orbit doubles with each successive bifurcation is called a period-doubling cascade.



Period-doubling cascades are common in chaotic maps, and uniform properties that
hold for cascades in both one-dimensional maps and two-dimensional diffeomorphisms
have been discovered.

Chaotic attractors are also subject to bifurcations. A bifurcation of a chaotic at-
tractor indicates either their appearance or disappearance, or a change in the struc-
ture of the attractor. A discontinuous change in the size of a chaotic attractor as a
parameter is varied is called a crisis [3], and numerous examples exist in both one-
dimensional maps and two-dimensional diffeomorphisms. In particular, the logistic
map undergoes a crisis just past A &~ 3.82, when the attractor changes suddenly from
a chaotic orbit to a period three orbit.

A specific type of crisis is an explosion, which is a bifurcation in which new
recurrent points form discontinuously far from any previously recurrent points [3].
To give a more precise definition of an explosion, we must define several concepts:

For an iterated function F', there is an e-chain from X to Y when there is a finite
sequence {Zy, Z1, ..., Zn} such that Zy = X, Zy =Y, and |F(Z,-1) — Z,| < € for
0<n<N [3].

If there is an e-chain from X to itself for every € > 0 (where N > 0), then X is
sald to be chain recurrent. The chain recurrent set is the set of all chain recurrent
points. For a one-parameter family F\, we say (X, \) is chain recurrent if X is chain
recurrent for Fy [3].

A chain explosion point (X, \g) is a point such that X is chain recurrent for F),,
but there is a neighborhood N of X such that on one side of Ay, no point in N is chain
recurrent for Fy [3].

Chain explosions (or explosions) can be caused by intersections between stable



and unstable manifolds, which cause a bifurcation from no homoclinic point to a
homoclinic point. [1,3,13]. It is the purpose of this paper to show that specific bifur-
cation behaviors associated with chaotic attractors, specifically crises and explosions,
are present in a particular type of two-dimensional map called a skew map, which is

defined in the next chapter.



Chapter 2: Chaotic Behavior in Skew Maps

2.1 Skew Maps

Skew maps in R? are of the form F(z,y) = (f(z),g(x,y)) where x,y € R. Although
there are examples of piecewise continuous functions that lead to chaotic behavior
in skew maps, we will limit most of our analysis to those maps with continuously
differentiable functions f and g.

To determine the behavior of iterates near a fixed point, the linear approximation
of the system can be used to evaluate the stability of a fixed point, although it may
not always lead to a conclusive result. Since we are limiting our discussion to skew
maps that are continuously differentiable, the behavior of the linearized system at a

fixed point P = (xg,yo) can be computed using the Jacobian matrix:

_ fw(xO) 0
DF(x()’yO) B { gx(%,yo) gy($07y0) (2'1)

The eigenvalues of the system are f,(zo) and g,(xo,yo), and have corresponding

fo(20,Y0) — 9y (T0,Y0)

eigenvectors ( gx(zf7yo) ) and ( (1) ) Since saddle fixed points produce some

of the most interesting chaotic behavior, we assume that P is a saddle fixed point with

either: (i) |fi(wo)| > 1 and |g,(zo,y0)| < 1, or (i) |fz(xo)| < 1 and |gy(xo,yo)| > 1.

By the Stable Manifold Theorem, for case (i), the linear subspace in the direction of

10
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the eigenvector ( (1)

) is tangent to the stable manifold; for (ii), it is tangent to the
unstable manifold. In either case, however, the linear subspace is equal to, rather
than being merely tangent to, the stable or unstable manifold. This is due to the
restriction that x +— f(x), and thus if an iterate of a point (z,y) maps to (x¢,y*),
where (x, o) is a fixed point, all forward iterates of (zg,y*) will remain on the line
x = x. This restriction makes the stable or unstable manifold corresponding to the

eigenvalue |g, (o, yo)| very easy to compute.

fz(20,Y0) =gy (z0,Y0)

The linear subspace in the direction of the other eigenvector, V; = ( gz(szo)

is tangent to either the stable or unstable manifold (depending on the value of | f,.(z0)])
at the fixed point P. As we shall see, unstable manifolds tangent to this direction can

display some behavior different from that in two-dimensional diffeomorphisms.

2.2 Numerical Computation

To analyze the behavior of continuously differentiable skew maps, MATLAB and
Dynamics software were used to plot the behavior of iterates and analyze the stability
of fixed and periodic points.

For all graphs contained in this paper, MATLAB was used to generate the results.
Since the Dynamics software is easier to use in finding the stability of fixed points, it
was used to determine the stability of periodic points where needed.

Two main types of graphs were plotted:

e Stable and unstable manifolds of fixed points, and

e Chaotic attractors.
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2.2.1 Stable and Unstable Manifolds

To plot the stable and unstable manifolds of a fixed point (xg, yo), the fixed point was
determined analytically, as were the corresponding eigenvectors. These values were

used as the initial data to generate the graph.
The manifold in the V) = ( (1) > direction was plotted as a straight line. If the

manifold consisted of only a portion of the x = x4 line, the boundaries were computed

analytically, and graphed accordingly.

For an unstable manifold tangent to the i direction, it was plotted by partitioning
a small line segment of the linearized direction into K points, and iterating those

L and -+ of

points I times using the F' map. The line segment used was between 15 000

the distance along the Vi, depending on the amount of accuracy needed.
For a stable manifold in the ‘71 direction, the method used was similar to the

above, where a line segment in the V, direction was partitioned into K points and
iterated I times. However, the function used to iterate the partition points was the

inverse of F', which was calculated analytically.

2.2.2 Chaotic Attractors

In several cases, it was worthwhile to isolate the attractor by iteration of random
points in the basin of attraction. Thus, a number K of random points were chosen
and then iterated N times. The first I iterates of each point were dropped, and the
next N-I iterates were plotted.

For the graphs involving a two piece attractor, the plot color was alternated be-

tween red and blue based on whether the iterate was an odd or an even number. This
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allowed the two pieces of the attractor to show up distinctly on the graph.
For the graphs involving an attractor with an explosion point, the N iterate was
plotted as a large blue dot to demonstrate whether the w-limit set had changed at .
For all chaotic attractor graphs, part of the stable manifold of the fixed point X
that merges with the attractor was plotted. For both types of attractor graphs, due
to the design of f(x), the stable manifold consists of multiple vertical lines x = x,
T =, T =Ty, ... , where (zg,yo) is the fixed point and z; and z, are preimages of

either zy or another preimage of 5. The preimages were calculated analytically.

2.2.3 Additional Information

Several other functions were plotted using MATLAB, and the method for calculation
is explained as they appear in the text.

The Dynamics software was used to determine the existence and stability of several
sets of periodic points near the attractor with an explosion point. It was also used
to determine the stability of a set of periodic points that are the terminal values of
the unstable manifold of the fixed point X5 in the graph that demonstrates unstable

manifolds crossing each other.

2.3 Homoclinic Orbits

Homoclinic orbits have been studied in one-dimensional maps and two-dimensional
diffeomorphisms as well as in skew maps. In one dimension, a fixed or periodic
point with a one-dimensional unstable manifold and a non-trivial zero-dimensional
stable manifold that intersect is called a snap-back repeller [10]. The homoclinic orbit

consists of the fixed point and the measure zero set. For diffeomorphisms, not only
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do homoclinic and heteroclinic orbits exist, but tangencies between them are known
to produce complex chaotic behavior [1-3].

There are constraints for skew maps to assure the existence of a homoclinic orbit.
Since x — f(z), a homoclinic orbit must exist in the x direction in order for an orbit
to be homoclinic for the full skew map. Thus a homoclinic point of a skew map is a
snap-back repeller in the x-direction. However, the addition of another dimension in
skew maps over one-dimensional maps allows for multiple homoclinic orbits to exist

for the same set of x-values.

While homoclinic orbits have been shown to exist in skew maps, most of the recent
literature focuses on piecewise continuous functions that prove various conjectures
regarding the lack of an infinite w-limit set containing periodic orbits [5,6,9]. However,
an example of a continuously differentiable function with a homoclinic orbit can be

easily constructed using

f(x) =4z(1 —x), g(z,y)=yly+2)(1—=x). (2.2)

The point (xg,y0) = (0,0) is a fixed point of equation (2.2), and a homoclinic
orbit can be constructed by determining the preimages of xy and calculating the

corresponding values of y. A sample homoclinic orbit is shown in Table 2.1.
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Table 2.1: The first 13 iterates of a homoclinic orbit

Preimage T Ry

- 0 0

1 1.0 0.200536
2 0.5 0.183669
3 0.146447  0.102353
4 0.038060 0.051857
D 0.009607  0.025846
6 0.002408 0.012871
7 6.023 x10~* 0.006419
8 1.506 x10™* 0.003205
9 3.765 x107° 0.001601
10 9.412 x107% 0.000800
11 2.353 x107% 0.000400
12 5.883 x10~7 0.000200
13 1.471 x10~" 0.000100

The orbit was calculated using MATLAB for the preimages of © = 1. The inverse
function f~'(z) = I—T\/ﬁ} where b is the value of the preimage, is used to compute
the z-values of the homoclinic orbit. To compute the y values, a value for the 13th
iterate is chosen close to yo = 0, and the values for y are iterated forward from the
13th down to the 1st preimage.

In this example, the values of y are not unique in forming a homoclinic orbit, since
g(x,y) = xh(y) forces the orbit to be homoclinic in the y direction as soon as x = 0.

The homoclinic orbit appears as Figure 2.1.
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Homoclinic orbit
0.251

0.2f

0.15

T

y(y+2)(1-x)

g(x.y)

0.05r °

0 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1

f(x) = 4x(1-x)

Figure 2.1: Skew map homoclinic orbit.

The red dots are the values of the first 13 iterates of a homoclinic orbit. The full
homoclinic orbit is an infinite set of points.

Tangencies of homoclinic and heteroclinic orbits play a key role in determining
whether crises and explosions exist in a particular map. In two-dimensional diffeo-
morphisms, the stable and unstable manifolds must be connected; however, this is

not a requirement for other two-dimensional maps, as we shall see.

2.4 Behavior of Unstable Manifolds

This section describes the differences between the behavior of unstable manifolds for

one-dimensional maps, two-dimensional diffeomorphisms, and skew maps.

It would seem obvious that the dynamics of stable and unstable manifolds in one
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dimension would be trivial; however, that is not always the case. Snap-back repellers,
which are responsible for homoclinic orbits in one-dimensional maps, have a one-

dimensional unstable manifold and a non-trivial zero-dimensional stable manifold.

However, reversing the dimensions of the manifolds such that the stable manifold is
one-dimensional and the unstable manifold is zero-dimensional is not possible [3].
For two-dimensional diffeomorphisms, two unstable manifolds cannot cross each
other since by definition the backward iterates of a fixed point must converge to the
fixed point. If two unstable manifolds did cross, then there would exist an orbit along
the unstable manifold of the first fixed point for which the backward iterates would
converge to the other fixed point, which is contrary to the definition for unstable

manifolds.

However, since skew maps are not always diffeomorphisms, they do allow two

unstable manifolds to cross in certain cases.

Using the quadratic map
flz) =1=Xa? g(z,y) =1 - Ay* — Ba? (2.3)
with A = 0.65, A = 1 and B = 0.125, four fixed points were found. The coordinates

of the fixed points, corresponding eigenvalues, and stability are listed in Table 2.2:

Table 2.2: Fixed points of the quadratic map and their stability.

Fixed point X Yo A1 A2 Stability
X -2.2287 0.2932 | 2.8974 -0.5863 Saddle
X 0.6903 0.5911 | -0.8974 -1.1821 Saddle
X3 -2.2287 -1.2932 | 2.8974 2.5863  Source
Xy 0.6903 -1.5911 | -0.8974 3.1821  Saddle
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So X3 is a repelling fixed point, and the other fixed points are saddles.

To analyze the behavior of the stable and unstable manifolds, the fixed points and
their stable and unstable manifolds are graphed. For the source X3, the strong unsta-
ble manifold is graphed, which is the curve that is locally tangent to the eigenvector
associated with the larger eigenvalue of DF(X3). To graph the stable manifolds, the

inverse of F'is calculated:

B 1—=z B A—\y— B+ Bz
) = 55 ) =y A 2.4

The result is shown in Figure 2.2.



19

1.5
1k
0.5 S
% o
0
N ,
= of
o
>
1 -05f
I
>
b /
X3
-1.5F B¢ SR
_2 1 1 1 1 1 1 J
-2.5 -2 -15 -1 -0.5 0 0.5 1
x=1-2°2

Figure 2.2: Stable and unstable manifolds for the quadratic system.

The stable manifolds are shown in green, and the unstable manifolds in red and blue
for X1 and X5 /X4 respectively. The magenta line is the strong unstable manifold of
X3. Both branches of the unstable manifold of Xy limit to a period two orbit, denoted
Py and Py. The upper branch of the unstable manifold of X4 also limits to P.

It is clear that the restriction placed on unstable manifolds for two-dimensional
diffeomorphisms is not applicable for skew maps. The unstable manifold of X; and
the strong unstable manifold of X3 cross each other multiple times as they approach
the fixed point X5. In addition, the unstable manifold of X, is also crossed multiple
times as the unstable manifold of X; and the strong unstable manifold of X3 limit to
the attracting period two orbit.

A closer view of the fixed point X, shows this more clearly (see Figure 2.3).
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Figure 2.3: A magnification of the behavior around the fixed point Xj.

The red line is the unstable manifold of X, and the magenta line is the strong unstable
manifold of X3. The unstable manifold of X5 is shown in blue, and terminates at each
point in the period two orbit. The remaining portion of the blue line below the period
two orbit is the unstable manifold of Xy.

In addition to the unstable manifold crossings, the stable manifold of X5 is crossed
multiple times by both the unstable manifold of X; and the strong unstable manifold
of X3.

Thus the behavior allowed for stable and unstable manifolds is different for skew

maps than for two-dimensional diffeomorphisms. The behavior of this skew map
matches more closely with the behavior of manifolds in one dimension, in which a

non-trivial zero dimension stable manifold can lie within a one-dimensional unstable
manifold.

Period doubling behavior, however, is more standard for all three types of maps.
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2.5 Period Doubling

Period doubling has been extensively studied for both one-dimensional maps and two-
dimensional diffeomorphisms [4, 11]. The one-dimensional logistic map,
f(z) = Ax(1 — x), is well known for the period doubling bifurcations that take place
between 3 < A < 4. In two dimensions, there are many maps that produce period

doubling bifurcations, including the Hénon map

flay)=a—a"+by, glz,y) ==z (2.5)

In both one- and two-dimensional cases, a period doubling cascade drives the bi-
furcation values, with the difference between successive bifurcation values decreasing

more rapidly as the parameter value increases. Feigenbaum calculated the rate of

bn—l_bn—2
bn_bnfl

convergence of the bifurcation values by means of the limit 6 = lim,_,
where b, is the n'* bifurcation value. Feigenbaum discovered that the constant &
is the same for several different families of functions, and the value for those fam-
ilies, § = 4.669202..., is known as Feigenbaum’s constant [11]. Several well-known
maps, including the one-dimensional quadratic and logistic maps as well as the two-

dimensional Hénon map, have Feigenbaum’s constant as the limiting value of the

bifurcation ratio.

For skew maps, the quadratic map listed in the previous section as system (2.3)
has been shown to produce period doubling behavior for certain ranges of parameter
values, and the limit of the ratio of the change in the bifurcation values has been
shown to approach Feigenbaum’s constant [12]. Thus we are interested in knowing

whether period doubling can be found in other skew maps as well.
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This is indeed true for
f(x) :)\x(l—x)2(1+x), g(x,y) =a—a22+by (2.6)

with a = 1.4 and b = 0.3. The above system has a fixed point X, at (0,2) for any
value of the parameter \. As A is increased beyond A = 1, the number of fixed points
that the left branch of the unstable manifold of X, converges to undergoes a period
doubling cascade. The sequence of bifurcations begins when the fixed point appears

for A > 1 (see Figure 2.4).
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f(x) = Ax(1=x)%(14x)
Figure 2.4: The stable and unstable manifolds of X, for A = 1.1.
Both branches of the manifold, shown in red, converge to a fized point on either side

of the © = 0 portion of the stable manifold, shown in green. Other branches of the
stable manifold, v = 1 and x = -1, are also shown in green.
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As )\ is increased past the first bifurcation value at approximately 1.25, the sta-

bility of the fixed point changes, and an attracting period two orbit is born (see

Figure 2.5).
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Figure 2.5: The stable and unstable manifolds of X, for A = 1.3.

The left branch of the unstable manifold converges to a period two orbit.
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As )\ continues to increase, the bifurcation values appear more rapidly. The next

bifurcation from a period two orbit to a period four orbit takes place at A &~ 1.38 (see

Figure 2.6).
2r 3 .
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Figure 2.6: The stable and unstable manifolds of X, for A = 1.4.

The left branch of the unstable manifold now converges to a period four orbit.
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The period doubling cascade continues as A is increased past the next bifurcation

value at &~ 1.41, with the onset of chaos at a value of A around 1.43 (see Figure 2.7).
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Figure 2.7: The stable and unstable manifolds of X, for A = 1.5.

The left branch of the unstable manifold has become a chaotic attractor, while the
right branch continues to converge to a fixed point.

The increasing rapidity of changes in bifurcation values support the idea that the
skew map system shown as equation (2.6) satisfies Feigenbaum’s law. Some sample

data, shown in Table 2.3, also supports this view.
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Table 2.3: Bifurcation values for the skew map, and the Feigenbaum ratio

Period | b, = A ratio
2 1.247747
4 1.380406
8 1.412076 4.188791
16 1.419680 4.164913

32 points near the initial fixed point Xy were iterated 4,000 times, and the values of
the final iterates were analyzed. Starting at A = 1, X\ was increased until the number
of distinct values of the 32 final iterates no longer matched the current period.

The ratios of the bifurcation values in this small data sample average ~ 4.177
rather than the well-known constant associated with the Hénon map =~ 4.669. How-
ever, due to the low number of periods calculated as well as possible loss of precision
due to rounding, it is possible that the ratio limits to the same constant found for
the Hénon map.

Thus the system (2.6) exhibits period doubling, which is consistent with the be-

havior for one-dimensional maps and two-dimensional diffeomorphisms.

2.6 Chaotic Attractors

Since period doubling cascades are present in skew maps, it is clear that skew maps
can generate chaotic attractors. This has been shown for skew maps with quadratic
f(x) and g(x,y) [12], and for a piecewise continuous f(x) with a quadratic g(x,y) [8].
For the map defined by equation (2.6), Figure 2.7 shows that an attractor exists for
A = 1.5, and for the quadratic map given by equation (2.3), setting A = 2 changes
the w-limit set of points near the unstable manifold of fixed point X; and the strong

unstable manifold of X3 from an attracting period two orbit to a chaotic attractor
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(see Figure 2.8).

0 X3 X4e

Xx=1-2x°

Figure 2.8: The quadratic map at A = 2.

The first 1,001 to 1,250 iterates of points on the unstable manifolds of fixed points X
and X3 were plotted in red and magenta respectively. The iterates are bounded by the
stable manifold of X1, x = -1, on the left and by the line x = 1, the preimage of © =
-1, on the right.

Thus skew maps can generate chaotic attractors which are similar to two dimen-

sional attractors.

While the presence of chaotic attractors in skew maps has been studied, results
regarding the existence of more specific chaotic behavior involving attractors, such
as crises and explosions, have not been published. The remainder of this paper will
provide examples of their existence in skew maps. The similarities in the behavior of

explosions and crises between skew maps and two-dimensional diffeomorphisms are
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also discussed.

2.7 Crises

A crisis is a discontinuous change in the size of a chaotic attractor as a param-
eter is varied [3]. Their existence has been proven in one-dimensional maps and
two-dimensional diffeomorphisms; for example, in two dimensions, the Hénon map
produces a two-piece attractor which merges at a critical value to form a one-piece
attractor [4]. The merging of the two pieces of the attractor coincides with the col-
lision of the two pieces with a saddle fixed point located between them. Similar
dynamics occur in our examples.

Using two maps that are known to generate crises, the logistic map and the Hénon

map [4], a skew map system can be designed:
flz) =Xa(l —=), g(z,y)=a+dy —a* (2.7)

Setting the parameters a to 1.4, d to 0.3, and allowing A\ to vary, a two-piece

attractor forms for A just past 3.5. There is a fixed point located between the two
. . . A— A—
pieces of the attractor, which can be calculated analytically as Xo = (2%, 2—(251)?).
The stable manifold of X consists of vertical lines at the fixed point and its preimages,
namely 2 = 251 (at the fixed point), z = 1 (the first preimage), z = £ 3:\\2_4 (the

second set of preimages), etc.

At A = 3.65, the attractor shows up as two very distinct pieces (see Figure 2.9).
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Figure 2.9: The second iterate crisis map at A = 3.65.

The fized point X, is located in between the two pieces of the attractor, shown here in
red and blue. The stable manifold is shown in green.

Each piece of the attractor is a branch of the unstable manifold of the fixed point
Xp. If the dynamical system is redefined as the second iterate of the system defined

by equation (2.7), then the attractor produced for a given initial value (x,y) of the
system would be either one branch of the unstable manifold or the other: for z < %,

the attractor is the branch on the left; for x > %, the attractor is the right branch.

The new equations for the system are:
flx)=Na(1—2)(1 = Az +\2?), g(x,y) =a+d(a+dy—2?) — N2*(1—2)* (2.8)

Increasing the value of A just slightly shows each piece of the attractor expanding
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and approaching a tangency with three pieces of the stable manifold (see figure 2.10).

\V]
1

-
Y
T

-
»
T
I

-
~
T

~" __—="Fixed point

e
L

-
o
:

o
o
T

g(x,y)=1.4+0.3y - X2

0.6

0.4

0.2

0 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1

f(x) = Ax(1-x)

Figure 2.10: The second iterate crisis map at A\ = 3.678.

Each piece of the attractor is approaching a tangency with two pieces of the stable
manifold, as well as approaching the fixed point X.

As ) is increased further, it is difficult to determine whether the two pieces of the

attractor are on different sides of the x = % line. However, magnifying the area of

the graph around the fixed point, it is clear from the isolation of the two colors on

either side of the x = x( line that the two pieces are still distinct (see Figure 2.11).
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Figure 2.11: The second iterate crisis map at A\ = 3.6785735.

A magnified view of the attractor close to the fixed point.

However, just past A = 3.6785735, the two pieces of the attractor merge. Thus,
for the system defined by (2.9), each piece of the attractor increases discontinuously
in size at the critical point and incorporates the other piece of the attractor into itself.

This is shown by Figure 2.12, in which the iterates of each piece of the attractor

now appear on both sides of the x = % stable manifold.



32

1.7
160 M
Ny o
I 15
>
® S
o T
+ N S
< 1.4
‘; ,,,.p-""‘/
= 1.3r e T
[o)) g > e
e :/1// Fixed point
1.2F T
1.1
1ty 1 1 1

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
f(x) = Ax(1-x)

Figure 2.12: The second iterate crisis map at A = 3.6785736.

A slightly magnified view of the attractor close to the fized point, after the crisis value.
Red and blue points, signifying each piece of the attractor, are shown on both sides of
the stable manifold and along the length of each piece of the attractor.

At the critical value of A, both pieces of the attractor are tangent at multiple
places to the three pieces of the stable manifold. The lowest branch of each of the
two pieces of the attractor also meet at the fixed point. Once A increases past the
critical value, both pieces of the attractor cross the stable manifold, which corresponds
to the merging of the two pieces of the attractor.

This behavior is clearer at a slightly larger value of A (see Figure 2.13).
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Figure 2.13: The second iterate crisis map at A = 3.7.

The one-piece attractor, signified by red and blue iterates along the entire length. Each
branch of the attractor crosses the piece of the stable manifold to which it was tangent
at the critical value.

To summarize, the behavior of the map defined by equation (2.7) is very similar to
the original Hénon map. The behavior at the crisis value is the same, where the two
pieces of the attractor generated by the second iterates of the map merge together.
The shape of the attractor is also similar; the primary difference is the shape of the
stable manifold of the fixed point X,. For the skew map, the stable manifold is
composed of vertical lines; for the two-dimensional map, the stable manifold is a set

of curves. The difference is due to the structure of skew maps, which forces the stable

manifold in the ( (1) ) direction.
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In the next section, a similar map will be used to illustrate the existence of explo-

sions in skew maps.

2.8 Explosions

Explosions have been studied for one-dimensional maps and two-dimensional diffeo-
morphisms but not for skew maps. To determine when we might have an explosion
in a skew map, we begin by analyzing the one-dimensional case. For one-dimensional
maps, explosions can be generated via homoclinic tangencies, which are tangencies
of the graph of the map at a homoclinic point. From the discussion in [13], we can
come up with a series of assumptions that will lead to an explosion point:

1. z— fo(z) : R — Ris a C' smooth family of C? interval maps.

2. For A = )¢, the critical value, there are no intervals on which f), is constant.

3. For f,,, there is at most one of the following: (i) A non-hyperbolic fixed point

or periodic orbit, or (ii) One critical point which comprises a tangency between

stable and unstable manifolds of fixed points or periodic orbits.

4. For each A, z) is a repelling fixed point for f\, and for f,,, v is homoclinic

to ),

5. At A = )\, the homoclinic orbit containing y contains only one critical point.

6. At f\,, a point y is a homoclinic tangency point of z,, contained in (at least

one) homoclinic orbit (z_x)72,. Let L be such that y = z_j.

If f'(xy,) > 0, the left and right branches of the unstable manifold of z,, ULt

and Ug;gn: respectively, are locally disjoint. We can now define a crossing orbit:

Assume the above six conditions hold. Then for g := f/\LO_l, z_1 is a point of
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tangency. If for sufficiently large k, either (i) z_j € Ujest, and the graph of g is locally
above the horizontal line at z_y, or (ii) z_x € Uyignt, and the graph of g is locally
below the horizontal line at z_1, then the homoclinic orbit (z_j) is a crossing orbit.
Adding an additional condition:
7. At )\g, the tangency point y is contained exclusively in one manifold branch
of xy,.

leads to our desired result:

Theorem 2.1. Assume the above seven conditions. If every homoclinic orbit con-

taining y is a crossing orbit, then (y, Ag) is an explosion point.

To summarize, given certain conditions about the map « — f(x) where f : R — R,
a homoclinic tangency point y is an explosion point if it is contained in one branch of
the unstable manifold of a fixed point xq, but not in the other branch of the unstable
manifold of xy. The preimages of the explosion point will also be explosion points [3].
Figure 2.14 illustrates this situation.

For two-dimensional diffeomorphisms, a similar requirement holds for heteroclinic
tangencies that certain branches of the stable and unstable manifolds must lie across
the tangency from each other [1]. Therefore, it is very likely that explosions in skew
maps are governed by similarly restrictive conditions. Therefore, the results for one-
dimensional maps will be used to create a skew map example.

The basic shape of the graph depicted in Figure 2.14 can be replicated by
f(z) = o(14+2)(1 — x)? (2.9)

The resulting graph, however, is closer to a mirror image of Figure 2.14 reflected

across the x = 0 axis. However, equation (2.9) does display chaotic behavior similar
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Figure 2.14: Explosion point for a homoclinic tangency.

y 15 a homoclinic tangency point which is contained in Ugr but not Uy, where Ug and
Ur, are the iterates of the left and right branches of the unstable manifold of the fixed
point p. It is therefore an explosion point. The preimages of y, w and v, are also
explosion points [3].

to the logistic map for 0 < A < 6.272, with period doubling, the existence of chaotic
attractors, and the formation of a crisis between a period three orbit and a chaotic

attractor.

Since g(x,y) from our last example, g(x,y) = a + dy — *

, assisted in producing
an example of a crisis in a skew map, we shall use the g(x,y) from equation (2.7) and
set f(x) as in equation (2.9). The new system then becomes:

f(x)=Xe(1 —2)*(1 +2), g(z,y) =14+ 0.3y — 2?

which is equation (2.6).
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As shown by Figures 2.4, 2.5, and 2.6 in the section on period doubling cascades,
the map given by equation (2.6) exhibits period doubling for A > 1.24, and a chaotic

attractor appears for A > 1.43 (see Figure 2.15).
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Figure 2.15: The attractor for the explosion map at A = 1.55.

100 random points in the basin of attraction were iterated, with the first 500 iterates
dropped, and the remaining 1,000 plotted in red. The blue dots signify the 1,500t" it-
erate of each random point. The green lines represent the pieces of the stable manifold
of the fixed point X located near the attractor.
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As the value of A increases, the attractor grows in size, and begins to approach

the pieces of the stable manifold of the fixed point X, = (0,2) (see Figure 2.16).
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Figure 2.16: The attractor for the explosion map at A = 1.61

The attractor approaches the stable manifold lines x = -1 and x = 0. The blue dots
signify that the 1,500™ iterate of each initial point is still on the attractor.
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As X approaches the critical value Ay =~ 1.6137247, the attractor approaches a
tangency with the stable manifold lines x = -1 and x = 0. The uppermost branch of
the attractor also approaches an intersection with the fixed point X,.

After A = )¢, the chaotic attractor no longer exists. The orbits of points in the
basin of attraction (other than fixed or periodic points) will approach the region that
was the chaotic attractor and spend many iterations around it, but will eventually
leave the area, cross over the stable manifold at the fixed point X, and converge to

the fixed point between x = 0 and x = 1 (see Figure 2.17).

g(x,y)=1.4+0.3y - X2
&
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-1.5 -1 -0.5 0 0.5 1

f(x) = Ax(1=x)%(14x)
Figure 2.17: The attractor for the explosion map at A = 1.61373.
Orbits around the chaotic attractor eventually leave and cross the stable manifold at

Xo. The blue dot shows that the 1,500t" iterate of each of the 100 initial points has
left the region of the attractor and converged to the fized point in the x € (0, 1] range.
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The merging of the attractor with the fixed point, and the orbit that crosses the
x = 0 axis at the fixed point, are more easily shown by a magnified view close to the

fixed point Xy for A greater than but very close to \¢ (see Figure 2.18).
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Figure 2.18: A magnification of the attractor for the explosion map at A = 1.61373.

A magnification of the attractor at X = 1.61373 close to the saddle fixed point X,.
Each branch of the attractor has crossed the stable manifold at x = 0, and the orbit
crosses completely over to the x € (0, 1] region at the fized point.
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As ) is steadily increased past \g, the iterates converge more quickly to the new
fixed point and spend less time in the vicinity of the former attractor. This behavior
is called transient chaos [4].

Figures 2.19 and 2.20 demonstrate this point. At A extremely close to but greater
than \g, the iterates spend a considerable amount of time around the region of the

former attractor, as indicated by the density of the attractor shown in Figure 2.19.
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Figure 2.19: All iterates of the explosion map at A = 1.614.

100 points were randomly selected in the basin of attraction of the former attrac-
tor, and 1,000 iterates were plotted (no iterates were dropped, including the original
values). The blue dot is the value of the 1,000 iterate of all random points. The
density of the points in the region of the former attractor signify the iterates still spent
considerable time around the former attractor before converging to the fized point.
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However, as A\ is increased further past \g, the iterates spend less time around the
former attractor and converge more quickly to the attracting fixed point in the region

(0,1], as shown in Figure 2.20.
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Figure 2.20: All iterates of the explosion map at A = 1.65.

The density of the points in the region of the former attractor has decreased signifi-
cantly from the previous graph.
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To summarize the results, prior to the critical value \g, any point in the basin of
attraction with € [—1,0) will converge to the chaotic attractor. A point x € the
attractor will stay on the attractor, and thus x € w(z). Thus z is a chain recurrent
point.

After \g, any point in the basin of attraction of the former attractor will converge
to the fixed point in (0,1] rather than to the chaotic attractor, so z ¢ w(x) for all
x € [=1,0). So x is no longer chain recurrent. Thus, we have an explosion at the
parameter value \g ~ 1.6137247 and the fixed point (0,2) due to the change in the
size of the chain recurrent set for points along the attractor.

The results of this example follow closely with the dynamics of an orbit of the

Ikeda map f,(z) = r+0.9zei(0'4_%) [4, page 420], which exhibits transient chaos at
r = 1.003. For both maps, once the bifurcation value has been exceeded, the w-limit
set of the basin of attraction changes from a chaotic attractor to a fixed point. The
iterates travel close to the area of the former attractor for a period of time before
converging to the fixed point, and the further the parameter value is from the critical
value, the less time the iterates take to converge to the fixed point.

A final point: the dynamics of the map given by equation (2.6) at the critical value
Ao may be more complicated than has been shown. Using the Dynamics software,
other saddle points (other than the fixed point at Xjy) can be found extremely close
to the attractor at \g:

e A saddle fixed point located toward the lower edge of the attractor;

e A period two saddle that is located in the middle of the attractor;

e Two period three saddles located inside the attractor; and

e Three period four saddles located inside the attractor.
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Given this information, we expect that there are infinitely many periodic orbits

close to the attractor.



Chapter 3: Conclusion

3.1 Results

Smooth skew maps exhibit chaotic behavior similar to that for one-dimensional maps
and two-dimensional diffeomorphisms. However, certain behaviors are limited to the
dynamics in one dimension. Homoclinic orbits for skew maps must have a snap-back
repeller in the x-direction, and unstable manifolds may cross one another, which is
possible in one-dimensional maps but not for two-dimensional diffeomorphisms.

However, other aspects of chaotic dynamics are present in all three types of maps.
Adherence to Feigenbaum’s law for period doubling cascades is consistent for all three
maps, as is the existence and behavior of chaotic attractors.

The purpose of this thesis was to study crises and explosions and determine
whether they are present in skew maps. From the results given in this paper, we
have illustrated their existence in skew maps and have highlighted the similarities in
behavior to well known two-dimensional diffeomorphisms (the Hénon map and the
Ikeda map respectively).

However, for both sets of skew map examples that showed the existence of crises
and explosions, there was one-dimensional structure present in the f(x) function. The
logistic map f(x) = Ax(1-x) used for the crisis example undergoes several crises itself
as A varies between 3 and 4. Similarly, the quartic map given by equation (2.9) used

for the explosion example was modeled on a map known to produce explosion points.

45
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So although the results mimic those for the Hénon map and the Ikeda map, the
existence of crises and explosions in skew maps may depend more on their existence

in the one-dimensional case than on two-dimensional diffeomorphisms.

3.2 Areas for Further Study

Thus, an area for further study would be to remove the chaotic behavior present
in f(x) and look for dynamics in the g(x,y) function that would produce a crisis or
explosion point. In doing so, some of the chaotic dynamics could be kept in f(x), but
not the particular behavior we are trying to prove (for example, an f(x) that produced
a crisis but not an explosion could be tried in an effort to show whether an explosion
exists in a slightly more generic skew map.)

Since a fair amount is known about crises and explosions for one-dimensional
maps and two-dimensional diffeomorphisms, it is logical to use those assumptions
to understand how explosions are produced in skew maps. But another alternative
would be to find behavior that is unique only to skew maps, or to analytically rule

out the possibility that there is chaotic behavior unique to skew maps.
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