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Abstract

This thesis focusses on the map T'(z) = (x — 1). It originates from Newton’s method of finding
the zeros of 22 + 1 on the real line. The dynamics of the dynamical system are investigated.
Different definitions of chaos are considered and we prove that T is chaotic according to some of
these definitions. Furthermore, using ergodic theory, we find the probability density function for

the invariant measure. Using Birkhoff’s ergodic theorem we determine the Lyapunov exponent.
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Introduction

This thesis investigates the dynamics of the map T(z) = (2 —1). Let us begin at the start, where
does it come from?

Tt is often useful to know the zeros of a function f(z), i.e. the values of z for which f(z) = 0. For
polynomial functions of degree 1 or 2, they are easy to compute. Even for degrees 3 and 4, there
have been methods developed to find the zeros. For degrees > 5, there is no method to find the
zeros. Luckily, in 1669, Newton found a method to approximate the zeros for any differentiable
(complex) function [19]. For this method, we need an initial value zo and recursive iterations:

L= A f'(zn) .
This sequence z, converges to a limit z, which is a zero of f. Functions can have multiple zeros
and different initial values lead to different zeros of f(z). In that case, we can define the basin
of attraction of each zero. The basin of attraction is the set of initial values converging to that
specific zero. Now let us consider:

fo(z) =22 +¢
We can find the zeros of f. by hand:

+v/—c ife<O0
fe(z)=0=2=140 ife=0
+ive ife>0

Let us also consider Newton’s method for this example. For ¢ < 0 the basins of attraction of
++/—c are respectively {z € R: 2z > 0} and {z € R: z < 0}. For ¢ = 0, the basin of attraction is
all of R, all points converge to 0 by Newton’s method. For ¢ > 0, we have imaginary zeros, and
the basins of attraction lie in the complex plane. The basin of attraction of i+/c is the upper half
complex plane {z € C: Im(z) > 0} and the basin of attraction of —iy/c is the lower half complex
plane: {z € C:Im(z) < 0}. We can for example look at the convergence of Newton’s method for
f1(z) = 22 + 1. Below are the iterations for initial value zo = 1 + 0.5i, which lies in the basin of
attraction of +i. Indeed, after 4 iterations, we are already getting close to i:

20 =1+0.5i
21 = 0.1+ 0.45¢

25 = —0.1853 + 1.2838i
23 = —0.0376 + 1.0234i
24 = —0.0009 + 0.9996i

Zn 1

A computer can determine basins of attraction by calculating the convergence for all initial values.
In the case of f., the basins of attraction are simple, but for some functions they are really com-
plicated, and give spectacular images if we colour each basin in a different colour. These images
are called fractals and they are not the focus of this paper. More information about this can be
found in, for example, these papers: [I6], [2].

Going back to our function f., we can ask the question of what happens if we apply Newton’s
method with an initial value that is not in either basin of attraction, for example zg € R for
J{e>037 In that case, the iterations do not converge, but they jump around chaotically on the real
line. To investigate this behaviour, we will consider the discrete dynamical system that arises from
this problem. From now on, we will focus on the real line, so we will change the notation from z to x.

A discrete dynamical system is an iterative procedure of a continuous function f : X — X with
initial values in X. We will denote this initial value by x¢ and the sequence of iterates will look
like:

20, [(20), F(f(®0)), .., f"(x), where 2, = [ (zo)



(a) c=5. (¢c)ec=0. (d) e=1. (e) c=5.

Figure 1: N.(z) = 3(z — £) for different values of ¢ in red and diagonal y = z in blue.

Such a sequence of iterations is called the orbit of xg. The goal of dynamical systems is to under-
stand what happens after a number of iterations. There are some preliminaries that we need to
mention. We say z is a periodic point x of period n if f™(z) = x. A periodic point of period 1 is
called a fized point. A periodic point z of period n is said to be repelling if | <= f"(z)| > 1 and attract-
ing if | f"(x)| < 1. Note that if « is a periodic point of period n, then f(z), f*(z),..., f*~!(z)
are also periodic points of period n. This set of points {z, f(z),..., f*~!(z)} is called the period
n obit. We often draw f(z) together with a diagonal line y = x such that the intersection points
show where the fixed points are. Note that intersections between the f™(z) and the diagonal give
the periodic points of period n. This diagonal is also a tool to visualize iterations. There is an
example in figure 2| the vertical lines show (z;,x;) — (a4, f(z;)) = (24, %;+1) and the horizontal
lines show (x;, xi11) = (@4, f(2:)) = (Tig1, Tit1)-

Newton method forms a dynamical system in the following way. We can write the iterations
as the so-called Newton function [20]:

f(x)
N(z)=x — ,  where z,, = N™(xg).
(@) =2 42 (a0)
In the case of f.(x) = 22 + ¢, the Newton function is given by:
22 +c
N.(z) =z — o
P
2 2z

S

Now we have our dynamical system, given by N. : R — R. Note that iterations of N, converge to
attracting fixed points of N.. These fixed points are equal to the zeros of f.. We have seen that
the zeros of f. are different, depending on c¢. As a direct result, the dynamics of N, also differ for
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(a) initial condition —4.5. (b) initial condition 0.15.

Figure 2: Iterations of N_j(z) = (2 + 2).



different values of c. Figure [I] shows N, for different values of ¢ together with the diagonal. The
fixed points are found by solving:

1 c

x=§(m—;)

= ==xv—c

For ¢ < 0, the dynamics are simple, there are two fixed points at +1/—c. We can check that they
are attracting using the derivative:

1 c
=—(14+ —).
2( +x2)

Indeed, |N’(+y/—c)| = 0 < 1. Figure [2| shows some iterations for N_;(x). The iterations converge
to the fixed points +v/—c, as expected. For ¢ = 0, N.(z) reduces to No(x) = %, which has one
attracting fixed point at x = 0. Indeed, Nj(z) = % < 1. For ¢ > 0, the fixed points of N, are
imaginary. Figure and [le] show that there are indeed no real fixed points. In both cases, the
iterations cannot converge to anything and the dynamics look very interesting. In figure we
see some iterations going from very large numbers back to small values and back to large numbers

again. In the rest of this thesis, we will focus on:

N()

Ni(z) = %(x - %) =T(x).

We will investigate the dynamics of T. We will start of with some basic properties. We will see
a topological conjugacy with the doubling map, and use this to find the periodic points and some
other properties of T. Then we will consider different definitions of chaos and we will try to prove
that T is chaotic, and finally we will look at T' from an ergodic point of view.
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(a) 27 iterations. (b) 219000 iterations.

Figure 3: Iterations of Ni(z) = 3(z — 1) with initial value 3.



1 Properties of the map

We consider the following map, shown in figure [

T(x) = % (x - 313) . (1)

Note that 7" is anti-symmetric, since T'(—z) = 3(—z + 1) =
—T(x). There is an asymptote at = 0, showing a disconti-
nuity at x = 0. The map is continuous in the rest of R.

Corollary 1. The map T : R\{0} — R\{0} is continuous.

Proof. A map f is continuous at a if lim,,, f(z) = f(a).
Clearly, T is not continuous at x = 0, as lim, o4 T'(z) = —o0
and lim,_,o- T'(z) = oo and T'(0) is undefined. For all other
a limy,T(z) = 1(a— 1) = T(a) So T is continuous at
R\{0}. O

In fact, we need to exclude not only {0} from the domain, but onal.

all points that eventually map to 0. When looking at orbits
of T', we do not want to find any discontinuities. These points
form a countable set:
Kr={x€R:T"(x) =0 for some n € N}.

Figure 4: The map T with a diag-

Taking this into account, we find that 7" : R\Ky — R\Ky is also continuous and we have a

dynamical system:
T, =T"(x), ro € R\Kr,

(2)

In this section, we will investigate the dynamics of this system. We will start with the topological
conjugacy between T' and the well-known doubling map. We will then use it to find the periodic

points of the dynamical system and to investigate the set K.

1.1 Topological Conjugacy

We want to find a way to investigate what happens to T after n it-
erations. If we look at the second iteration, we already find a long,
complicated formula:

@:T%):;(; ()())

N[

Imagine what the n'! iteration would look like! Luckily, there is another
way to express x,, [20]. Consider h : (0,7) — R, shown in figure[f] given
by:

h(0) = cot 6 (3)

Note that the cotangens is periodic with period 7, we will focus only on
(0, 7). Furthermore, note that h maps to all of R. So for all 2y € R, there
is 6 € (0,7) such that zy = cot§. We can use the simple trigonometry
double-angle formula: cot 2 = 1 (cot # — L) to find a new expression

for T™(x):
S
! 2 0 o

:1 cot6’fL = cot 260
2 cot 0

Tn =cot2"0 Vn € Zxg

Figure b5:
h(6) = cot 6.

Cotangens



If x; = h(0), then the angle 6 has doubled in the next iteration, namely x;y; = h(26). Since the
next iteration can also be written as ;41 = T'(z;), we find a relation between T' and the doubling
map ¢(f) =20 mod =
T(LL'Z) = Ti+1
T(h(0)) = h(20)
= h(g(0))

Recall that we excluded the set of points K¢ from the domain of T. As a result, the points
0 € (0,7) such that zy = cotf € Kp can be excluded from (0, 7). We will call this set of points
K. Note that T"(z) = cot 2" = 0 is equivalent to 2"0 = arccot 0 = 7. The set K is given by:

={0 € (0,7) : &, = cot 2" = 0 for some n € N}

={0e(0,7):g"0 = g for some n € N}.

This relationship between T" and the doubling map is called a topological conjugacy. It is shown
in figure [6

(0777)\Kg g (0777)\Kg
h h
R\Kr 7 R\Kr

Figure 6: Conjugacy between the doubling map g to T'.

Definition 1. Let f : X — X and g : Y — Y be dynamical systems. We say f and g are
topologically conjugate if there exists a homeomorphism h : X — Y such that ho f = go h.

Proposition 1. The map h: (0,7)\K, — R\Kr given by h(0) = cotf is a homeomorphism, i.e.
it 18 continuous, bijective and has a continuous inverse.

Proof. We can easily see that h is bijective. For continuity consider the topological space (R, 7Ty)
where 7 is the usual topology on R, namely the family of all d-open subsets of R. We use the
metric d(z,y) = |z — y|. Consider also the topological space ((0,7), 7). Then & : (0,7) — R and
h=!:R — (0,7) are continuous. See also appendix@ Then the subset (0, 7)\K,; C (0,7) gives
the subspace topology

ﬁo,w)\Kg = {(0771')\](9 NnU :U e 7;1}
The inclusion map i : (0, 7)\Ky — (0,7) is defined by i(a) = a Va € (0,7)\K,. The inclusion
map is continuous|2I]. The map h : (0,7)\K, — R is a composition h = h o4 and since h and i
are continuous, h must also be continuous. The proof of h~!(z) = arccot z being continuous in
(0,m)\ K, is similar. So h is bijective, continuous and has a continuous inverse, which makes it a
homeomorphism. O

Proposition 2. There is a conjugacy between the doubling map g(6) =20 mod 7 and T.
Proof. Following definition (1, we have two dynamical systems (R\Kr,T) and ((0,7)\Ky,g), and

a homeomorphism h(6) : (0,7) — R\Kr given by h(f) = cotf. We need to check the following
quality:

T oh(0) =hog(0)
T(cotd) = h(20 mod )
T(x1) = cot 20
T2 = T2,
so, indeed T and the doubling map g are topologically conjugate. O



Note that we can write f = hogoh~!. Then f* = hogoh to---ohogoh ' =hog"oh™!
holds for all n. As we will see, a topological conjugacy preserves many dynamical properties. In
the next section, we will use the conjugacy to find the periodic points.

1.2 Periodic points

Recall that periodic points of period n can be found where T™ intersects the diagonal line y = x.
In figure [7] we see such graphs showing the periodic points of period 1,2,3,4. Figure [Ta]shows that
there are no fixed points,

(a) T'(z) (b) T?(z

e JW/

4 6 i
2 4 6

é// i ) 2 5 & & % i r (

(c) T%(x) (d) T*(x

Figure 7: Graphs of iterations of T'(z) with a diagonal y = x.

Figure[7D]shows that there are two periodic points of period 2. We can calculate them analytically:
1(1 1 1
== (z-=-)-+—"— 1] =
(=) z(z("” x) ;@;)) g
3 (-3) 2mme(e-3)
lz——-) —2=2z(x——
2 T x

1
—r?=-ora?=-1
3
== + L
T = =
3

The two periodic points at :l:\/g are both repelling since (f—mTQ (:I:\/§> =4 > 1. For periodic

points of higher order, it becomes increasingly difficult to compute them by hand. Figure[7dshows
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Figure 8: Graphs zg in green and x1, 2, 3 in red.

6 periodic points of period 3, and figure [7d] shows 14 periodic points of period 4. This trend
suggests that T has 2" — 2 periodic points of period n. Furthermore, the graphs in figure [7] suggest
that all periodic points are repelling. A periodic point z is repelling if |%T"(m)| > 1, i.e. the
tangent line at = has a slope larger than 1. The tangent line of all periodic points is steeper than
the diagonal with slope 1, indicating that the periodic points are repelling. With the topological
conjugacy, we can prove these conjectures.

1.2.1 Using the conjugacy

We can use the conjugacy to find the periodic points. Suppose we have a periodic point of g such
that ¢g"(0) = 0. Then h(0) is a periodic point of T

T" o h(0) = hog™(b)
T"(h(8)) = h(0)

So if 0 is a periodic point of g then h(#) = cot(#) is a periodic point of T' of the same period. For

example, § = 7 and 0 = 2?” are the periodic points of period 2 of g. Indeed, cot § = \/g and

cot %’r = —\/g are exactly the periodic points of T'.
Determining the periodic points of T" was quite difficult. Fortunately, the periodic points of
g(0) = 20 mod 7 are easier to find. Note that if % is rational, then 6 is (eventually) periodic

. If £ is irrational, we have a non-periodic orbit. Non-periodic orbits can be chaotic, this will
™
be investigated later on.

Recall that z, can be written as x,, = cot2™6. A point is periodic if xg = x,, so a way to find
periodic points of period n is to look for intersections in the graphs of xy = cot 8 and x,, = cot 2"6.
In figure [8] we see such graphs. In figure [8a] we see that o and x; have no intersection points, as
expected. Figure shows that x¢g = cot# and x5 = cot 40 intersect in two points. These are the
two periodic points at 7, %” Figure shows 6 periodic points of period 3 at 7, 27”, ey 67”. These
correspond to the 6 periodic points in figure [7[d This method of comparing cot 6 with cot 26 can
be used to find all the periodic points of T"

Proposition 3. The map T = %(x - %) has 2™ — 2 points of period n. For n = 2,3,... they are

10



given by

cot il cot 2771- cot 37 cot w
oan—1)" oan—1)7 oan—1)7""" 2n —1 '

Proof. A periodic point of period n is found when x¢ = z,,. Let m := 2", then:

To = Tp
ho(0) = hn(0)

cot @ = cot mb

cos 0 sinmf = sin 6 cos mé.
By the angle sum and difference identities:

sin(mf £ 0) = sin mf cos 6 + cos mf sin 6
sin(mé + ) 4 sin(mf — 0) = 2sinmb cos 6
sin(mé + 0) — sin(mf — ) = 2cosmf sin 6.

Now we can solve:

sin(m# + 0) — sin(m#f — 0) = sin(mb + 0) + sin(mb — )
sin(m—1) =0

™ 27 (m—2)7
= 9 = e
m—-—1"m-1""" m-1
So indeed, for all n = 2,3,..., there are m — 2 = 2™ — 2 values of 6 such that =g = z,,. Finally,
x = cot # gives the periodic points of T, finishing the proof. O

We can write the set of all periodic points of T" as follows:

oo 2™—2

Per(T) = U U cot ani 7

n=2 k=1

The periodic points of g can easily be found with the conjugacy. This set can be written as:

oo 2"—-2

Per() = U U gors

n=2 k=1

Note that the periodic points of g are evenly distributed in (0, 7). We can prove that set of periodic
points is dense. First let us recall the definition:

Definition 2. A subset A C X is dense in X if for any point x € X, any neighbourhood of x
contains at least one point of A.

Proposition 4. Per(g) is dense in (0,m)\K.
Proof. Consider a point 6 € (0, 7)\K,. Let x,y be two periodic points of period n such that they
are of consecutive k. The distance between them is:

km (k+ D)m ™

h@y) =y~ oy | Tt

Note that d,(x,y) — 0 as n — oco. Let B.(f) be an open ball around 6 of radius ¢ > 0. For all
€ > 0 there exists a value of n such that d,(z,y) < €. Therefore, there exists a periodic point x
of period n, such that d,(z,0) < d,(x,y) < e. Hence, there must be at least one periodic point
inside the open ball, making Per(g) a dense subset of (0, 7)\K,. O

The periodic points of T are not evenly distributed in its domain. As we saw in figure [7] the
periodic points are mostly centered around 0. As n increases, the periodic points move away from
0, but the periodic points around 0 stay closer together than those further away. This is because
of the nature of h(#) = cot(#) and the fact that R is not bounded. We can see in figure [5| that h
maps values 6 € (Z,2%) to (—1,1), values of 6 € (0,F) are mapped to (1,00), and 6 € (2%, ) are
mapped to (—oo, —1). So if we have a certain distance d(6, é) between two periodic points 6 and
0 of g, then d(h(6), h(f)) gets larger as 6 is closer to 0 or .

11



Theorem 1. All periodic points of g and T are repelling.

Proof. Consider the doubling map ¢g. A periodic point of period n is repelling if |%g"(9)\ > 1.
This is the case since |2"| > 1 for n > 2. The topological conjugacy preserves this quality of the
periodic points, as we can see below:

d n _ d n
@T oh(f) = @hog (9)
d dh(0) d dg™(0)
T (h) —2 = h(g™(0)) - 0
If we consider this at a periodic point 8y = 6,, = ¢g"(6y), we find:
d
T™(h(09)) - ' (8p) = K (6) - 2™
dh(@o) ( ( 0)) ( 0) ( 0)
d
|£T"(:17)| = 2" for x = h(fp).
Indeed, periodic points of g and T are periodic. O

1.3 Set of points that map to zero K

Recall that the domain of T" is R\ K7 where K1 = {x € R: T"(z) = 0 for some n}. In this section
we will investigate this set K. For any @ € K we have T"(x) = 0 for some n. Such a point x is
mapped to +oo by the next iteration, and then again to oo for all future iterations:

1 1
TO) = lim =(z— )=
0= e m ) =7
. 1 1 .
T(xo0)= lim —(z——-)= lim = = +oc.
z—+oo 2 x r—+oo 2

Let us take a look at the zeros of T™ for n = 1,2,3,4 in figure [/} The points where T"(x) = 0,
are of course found on the intersections with the x—axis. Note that if 7%(x) = 0, then there is an
asymptote at = for iteration 7™ for all n > i.

The first point in K7 is 2 = 0. For n = 0, we find 7°(z) = x, which is of course 0 at x = 0. Figure
shows that T'(x) has an asymptote at © = 0 and two new zeros at +1. These new zeros can be
computed with the inverse of T' (see also appendix |A.1):

Tilz =2 +Va2 41

Note that this is a double inverse, the pre-image of any points consists of two points. To find the
points of K7, we need to look at the pre-image of 0. Indeed, we find the two zeros T~1(0) = £1.
We can do this again to find the four zeros of T2:

TEY(£1) = £1+£ V2.

Indeed, figure [7D] shows four zeros and 3 asymptotes at —1,0,1. Using the same method, we can

calculate that the zeros of T° are +(1 + v/2) £ V4 +2v/2 and +(1 — v/2) + /4 — 2¢/2. Indeed,
figure [T shows 8 zeros and 7 asymptotes. Lastly, figure [7d] shows the 16 zeros and 15 asymptotes
of T%. In theory, we can find all the zeros using the inverse, but it would take too much time. We
can however conclude how much zeros and asymptotes there are.

Proposition 5. The set Kt is countable and consists of U3 ,2" points. Each graph of T™ has
2™ — 1 asymptotes.
Proof. T™ has 2™ zeros for any n, given by 7T~"(0). The zeros turn into asymptotes in the next

iteration, so the number of asymptotes is just the sum of all previous zeros: Z?;()l 20 =142+
22 +23 4+ ... 42771 We can prove by induction that this sum equals 2" — 1 For n = 1 both are
equal to 1. Next, assume this holds for n = k: Zf;ol 2! = 2F — 1 and prove it for n = k + 1:

k

k—1
doi=ok N o
=0

1=0
=2k 4ok _1=92.9F 1 =9k1_1,

12
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Figure 9: Graphs of cot 2”6 for n =0,1,2,3

So indeed, Kp consists of a countable number of points, a collection of 2" zeros in each iteration
of T™ and each graph of T™ has 2" — 1 asymptotes. O

Figure [7] also shows that most zeros are centered around 0, but as n increases, they slowly move
further away from 0. We will consider the outer asymptotes and see how far they can move away
from 0. Since T is anti-symmetric we can focus on only the most right asymptote, which we find
by iterating the inverse with the + sign: T;lx =z ++vx2+ 1. Let a,, be the most right asymptote
for some n, and consider the sequence {a,} defined by a,,+1 = T~1(a,). Consider the ratio:

g1 |an++/1+a2
an | an
1
=1+ 724-1 >1 Vn.
a’n

According to the ratio test, this means that this sequence is divergent. This shows that as n — oo,
the outer asymptotes will move to o0o. The set of asymptotes has no bound and neither does the
set of periodic points, since all periodic points lie between the outer asymptotes. This is something
we already knew, since we computed all of the periodic points in the previous section.

1.3.1 Kp using the conjugacy.

It turned out to be very time-consuming to calculate all points in K7, but again, we can use the
conjugacy to find them. Recall that:

K,={0€(0,7):x, =cot2"0 =0 for some n € N}

={0e

—~

0,m):¢"0 = g for some n € N}.

Figure |§| shows the graphs of cot 2™0 for n = 0,1, 2, 3. Figureshows no asymptotes in (0, 7)\ Ky,
but one zero at 5. Note that this corresponds to the zero we found for n = 0 as x = cot § = 0.
Figure shows one asymptote at 7 and two zeros at 7, %’T. Indeed, cot 7 = 1 and cot %’r = -1
Figure 0 shows 3 asymptotes and 4 zeros and figure [0d] shows 7 asymptotes and 8 zeros. This

corresponds exactly to what we found for 7'

13



More generally, we can find all points for which ¢"(6) =

saying h(g™(0)) = cot 20 =

Now we know that:

and:

5 for some n. This is equivalent to

h(5) =0:
0 = cot2"0
_cos2"0
~ sin276
0 = cos2™0
é2"9:g+k7rfork€ N
b k(14 2k)7
9 = 2n+1 + 27 = 2n+1
(1+2k)m
U U 2n+1
n=0 k=0
oo 2—1
(1+2k)m
KT = U U cot TLT

1.4 Relation between T and the Logistic map

There is a link between T and the logistic map Fj,(z) = px(l — x) for p = 4. Recall that T'
comes from the Newton’s method when trying to find the zeros for 22 + 1 on the real line. The
iterations y,, = 22 + 1 show how Newton’s method moves over the vertical axis [20]. We substitute

Tn+1 = %(xn -

i) to find that:

w1
1 oy2

4y, —1

Yn+1 =

And then a second substitution z = i gives us the quadratic equation:

1y
4yn 1
Znt1 = 4z (1 — zp)

yn+1

The details of this computation and more information about the link between T' and Fj can be

found in Appendix

0.9
0.8 |
0.7 +
0.6
0.5
04 F
0.3
0.2
0.1 |

Figure 10: Feigenbaum diagram

14



Note that: 1

—_— 4
2 +1 (4)

Zn =
is not a homeomorphism, so we do not have a topological conjugacy between the logistic map and
T, but the chaotic properties of the logistic map are extensively studied and might give us an idea
of the chaotic dynamics of T'.

The logistic map has different dynamics for different values of p. In figure we find the Feigen-
baum diagram, which is the bifurcation diagram for the logistic map. On the horizontal axis we
find values for 1 and on the vertical axis values of z € [0,1]. The bifurcation diagram shows all
attracting periodic points for all values of 0 < p < 4. We can see that for 0 < p < 1, there is only
one attracting periodic point at z = 0. At p = 1, there is a bifurcation and for 1 < p < 3 there
are two periodic points. The one at x = 0 is now repelling and the other one is attracting. At
@ = 3, there is another bifurcation point and for p > 3, the situation becomes more complicated
and eventually become chaotic around p =~ 3.6. For p > 4, the logistic map is also chaotic, but it
will have a different kind of chaos.

In the next section we will investigate different definitions of chaos and try to prove that T" and
the logistic map are chaotic.

2 Chaos

In this section we will try to answer the question of whether T'(z) = %(x — 1) is chaotic. As

mentioned before, there are different definitions for chaos. We will start at the beginning. Edward
Lorenz was one of the pioneers of chaos theory. In a book written by him, "The Essence of Chaos",
he describes chaos as something looking random but not being random. In fact, in a deterministic
dynamical system there is no randomness [I3]. Every next iteration of an evolution is precisely
defined by the dynamical system. When Lorenz worked on weather predictions, he once noticed
that a slight difference in initial conditions led to a completely different outcome of his calculations.
It is interesting how a deterministic system can have behave this way. This phenomenon is known
as ’sensitive dependence on initial conditions’ and it is an important characteristic of chaos. Even
though there exist different definitions of chaos, they all agree on this.

For the map T', we can plot iterations T"x vs n to see what happens if we slightly change the initial
condition. This is shown in figure for initial conditions xy = 0.5 and xg = 0.50000001. The
iterations are similar for the first 20 iterations, but after that they start to differ and around the
58th iteration, there is a spike in the orange line but not in the blue line. If we look at the same
perturbation for initial condition zy = 20, we see that it takes longer for the iterations to differ.
The iterations are similar for the first 30 iterations and again we see that their behaviours be-

50 60
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I\
A R | \ 40
) S S NN ., SO, N . SN
0 | : DT
|/ [ 20,
|l | |
50 |
| | i}
c | [
= | <
[l 20
-100
|
|| -40
-150 |
50
200 80
] 10 20 30 40 50 60 70 80 20 100 0 10 20 30 40 50 60 70 80 90 100

n

(a) Lc. 0.5 (orange) and i.c. 0.50000001 (blue). (b) I.c. 20 (orange) and i.c. 20.00000001 (blue).

Figure 11: Iterations for different initial conditions (i.c.)
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come completely different. We will investigate different definitions of chaos and we will investigate
whether these definitions are satisfied by the map T.

2.1 Li and Yorke Chaos

In 1975, Li and Yorke published the well-known paper "Period Three Implies Chaos". They
investigated a non-periodic orbit of a continuous map f on an interval. They proved that if f has
a periodic point of period 3, then there exist periodic points of all periods. Furthermore, there will
exist an uncountable set which contains no asymptotically periodic points. If this is the case, we
say f has Li-Yorke chaos:

Theorem 2. Let J be an interval and let f : J — J be continuous. Assume there is a point a € J
for which the points b = f(a), c = f2(a) and d = f3(a), satisfy

d<a<b<c(ord>a>b>c).

Then
1. for every k =1,2,... there is a periodic point in J having period k.

2. there is an uncountable set S C J (containing no periodic points), which satisfies the following
conditions:

a) For every p,q € S with p # ¢,

limsup |f"(p) — f"(¢)| >0

n—oo
and
liminf | f*(p) — f*(q)] = 0
b) For every ¢ € S and periodic point p € J,

limsup [f"(p) — f"(q) > 0.

n—0o0

Proof. Li and Yorke [12]. O

Note that the existence of a periodic point of period 3 satisfies the condition for this theorem. The
first consequence of having periodic points of all periods is actually a special case of Sarkovskii’s
theorem. We will not prove it here, the proof can be found in [7]. Below is Sarkovskii’s theorem
written, note that if we take k = 3, then 311 for all [ and indeed, there are periodic points of all
periods [.

Theorem 3. Consider the Sarkovskii ordering of natural numbers, first list all the odd numbers
except 1, then 2 times all odd numbers except 1 etc, then left are all powers of 2, which are listed
at the end of the ordering in decreasing order:

35076 52-302-50---522-3p22. 5623522201

Suppose f : R = R is continuous. Suppose f has a periodic point of period k. If k[ in the
Sarkovskii ordering, then f also has a periodic point of period I.

The second consequence of Li and Yorke’s theorem is the existence of an uncountable set S C J
of points that are not asymptotically periodic. This set .S is also known as the scrambled set. Li
and Yorke define an asymptotically periodic point in the following way:

Definition 3. A point « € J is asymptotically periodic if there is a periodic point p for which
lf™"(z) — f"(p)] = 0 as n — oc.
This is equivalent to the better known definition of asymptotically periodicity:

Definition 4. We say that € J is asymptotically periodic if there exists a periodic point p € J,
of period k, such that

d(f™ (@) {p, f(0)- -, *(0)}) = 0 as n— oo ()
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Recall that the distance between a point « € R and a set A C R is defined as
d(z,A) =inf{|lz —a| : a € A}.
In particular, we have that

d(fn(x)v {paf(p)a < 'afkil(p)}) = mln{|f”(x) - fz(p)‘ ti= 07 ceey k— 1}

Note that taking a minimum instead of an infimum is justified since we are dealing with a finite
set. The proof is found in appendix [A221]

Property 2b of Li and Yorke’s theorem states that no point ¢ in S is asymptotically periodic.
The distance between f™(p) and f™(q) cannot converge to 0, for any periodic point p, since the
supremum of this distance is larger than 0. Property 2a states that for any two points p,q in S,
their orbits will never converge. However, at some point in the orbit, f™(p) and f™(g) might be
close together, since the infimum of this same distance is zero.

We know that T has a period 3 orbit, namely cot(Z) — cot(2F) — cot(4E) — cot(2F) = cot(Z).
This would imply Li-Yorke chaos, but unfortunately, T is only defined on R\ K7, which is not an
interval, and if we would consider 7" on all of R, it is not continuous. Therefore, we cannot use this
theorem to prove chaos.

An example of a map that we can apply this theorem to is the logistic map F),(z) = pz(1 —x) on
[0, 1], which was also investigated in Li and Yorke’s paper. The requirements of the theorem are
met, as we have a continuous map on an interval. For certain values of u, the logistic map has
Li-Yorke chaos. When writing their paper, Li and Yorke did not know exactly for which p there are
points that are not asymptotically periodic. They show that at least up till = 1 + /6 ~ 3.449,
each point in [0, 1] is asymptotically periodic [12]. Later, it was found that the onset of chaos is at
e A 3.56995... [9]. Recall that in the Feigenbaum diagram in figure the dynamics of F), seem
to become very chaotic around .

The first orbit of period 3 occurs at p = 1 + 2v/2 =~ 3.8284... [§]. Figure shows this orbit
of period 3, starting at xg = 0.159929. Figure @ shows the orbit together with F},, it shows
clearly that z3 = xg. Next to that, in figure we see the orbit together with F 5’, such that we
can see that the period 3 orbit intersects with the diagonal exactly where F 5’ also intersects the
diagonal.

According to Li and Yorke’s theorem, we need a periodic orbit of period 3 in order to have Li-
Yorke chaos, so how can we have chaos before the first period 3 orbit? There are values before
p = 1+ 2v/2 for which there is an orbit of period 6, for example at p ~ 3.627. In this case the
theorem can be applied to F) 3 . If there exist points for F? that are not asymptotically periodic,

I
then the same is true for F},. The same reasoning with Fi’, Fl‘}, ..., leads to the onset of chaos at ..

0.9 i ™ 09 Iﬁ‘ / \
[\ \ |
os AN oaf | | \

A \
\
\
\
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0.3 03 \ \
\ \
0.2 02 \

o 0.1 02 03 04 05 06 07 08 09 1 0 01 0.2 03 0.4 05 08 07 08 09 1

(a) Fiu(z). (b) Fji(x)

Figure 12: Three orbit of F),, with y =1+ 2v/2.
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For p. < p < 4, the logistic map has Li-Yorke chaos. Note that for p > 4, certain orbits
start to leave [0,1], so we cannot talk about F,, : J — J anymore. For pu. < pu < 4, there are
periodic points of all periods and drawing all these periodic points gives the very dark section
in the Feigenbaum diagram. Furthermore, there exists an uncountable scrambled set of points
that are not asymptotically periodic. It is difficult to pinpoint this scrambled set. Of course the
(eventually) periodic points are not in the scrambled set. The union of the n'" pre-images of all
periodic points form the set of eventually periodic points. Excluding this countable set from the
domain gives an uncountable set of points that could very well be the scrambled set.

2.2 Marotto

In 1978, Marotto expanded on Li and Yorke’s theorem. He defined a so-called snap-back repeller for
multi-dimensional maps and proves that if a dynamical system contains such a snap-back repeller,
then it is Li-Yorke chaotic.

Below is the exact definition of a snap-back repeller, [I5]:

Definition 5. Suppose Z is a fixed point of differentiable map f : R™ — R™ with all eigenvalues
of Df(%) exceeding 1 in magnitude, and suppose there exists a point xy # & in a repelling neigh-
bourhood of Z, such that x5, = & and det(Df(zy)) # 0 for 1 < k < M, where x), = f¥(x(). Then
Z is called a snap-back repeller of f.

This is a fascinating result as you would not expect points repelled away from a fixed point to
return to it. This result makes it possible to prove chaos for a differentiable map using a repelling
fixed point. Note that f cannot be invertible. If there exists an inverse map f~! such that
f~1(f(x)) = x, then for a fixed point, we would also find that f~!(z) = z, and the only point
in the pre-image of repelling fixed point x is x itself. If f is not injective, the pre-image consists
of multiple values, and we might be able to find a snap-back repeller. In that case, the following
propostition states:

Proposition 6. Let f : R® — R" be differentiable. If f possesses a snap-back-repeller then f is
chaotic in the sense of Li and Yorke.

Proof. [14] O

Note, that although Marotto expands on Li and Yorke’s theorem, there is a slight difference in the
function requirements. Li and Yorke require a continuous function on an interval, while Marotto
requires a differentiable function on R™. It is not a problem to consider a subset of R™, but it is
unclear if this subset needs to be an interval. In the following subsections, we will find snap-back
repellers for Fy and T.

2.2.1 Snap-back repeller of the logistic map

In this example, we will show that there exists a snap-back repeller of the logsitic map for yu = 4.
Fy(z) = 4x(1 — z) has fixed points z = 0 and z = 3, and we will focus on # = 3. Note that the
derivative |[Fj(3)| = 2 > 1 shows that this fixed point is repelling. The inverse of Fj is:

1,1
Fii(z) = 3+ 5\/1 —z.

Note that F' is not injective, as this is a double inverse, F;i(%) = 2 and F;i(%) = 1. With
the inverse function we can find a sequence of points {z_1,2_s,...}. This sequence is called the
backward orbit of xo. Note that there are many possible backward orbits {z_,}, by using F;i

and F }_ in different orders. Note that T%(z_,) = zo for all i > n. To find a backward orbit of

the fixed point %, we first have to use F_ ! to find its first value z_;. Then we use the inverse
to find more points in the backward orbit until for some M, xz_,; is close to %. In this case, the
iterations of X_j, first repell away from %, but eventually, after M iterations, the orbit reaches

the fixed point x = %, and so, the repelling fixed point % is a snap-back repeller.

Figure [13| shows such an orbit. The first dotted line is at the fixed point % and the second dotted
line is at the value at 0.761.... Note that the iterations are first clearly repelled away from 2 and

1
then are snapped back to % exactly.
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Figure 13: Snap-back repeller for Fj.

There exist snap-back repellers for more values of p. Recall from the previous section that the
logsitic map F), has Li-Yorke chaos for u > p. ~ 3.5699. Marotto shows that F), is chaotic by
finding snap-back repellers for ;> 3.680. He also applies this method to F 3 and finds chaos for
@ > 3.595. It is likely that if we continue this process for Fﬁ, FS, ... we will find the same chaos
onset at p..

2.2.2 Snap-back repeller of T’

Recall that T has no fixed points, so we will apply this theorem to T2. The fixed points of T2
are found at i%. We already know that all periodic points of T' are repelling, and we know the

inverse:
T lz=x+V22+1

Figure [14] shows that % is a snap-back repeller. The first dotted line is at the fixed point % ~
0.577. e second dotted line is at 0.594... and we see again that the iterations are first repelled
away from the fixed point and then snapped back to the fixed point.

We need to keep in mind that 7" is not defined on all of R, which is something that Marotto assumes.
So although we have found a snap-back repeller, we cannot say for sure that 7" has Li-Yorke chaos,
but we can secretly suspect it.

2.3 Devaney Chaos

In 1989, Robert L. Devaney also gave a definition for chaos. He stated that a chaotic map has the
following three properties [7]:

Definition 6. Let X be a metric space. A continuous map f : X — X is said to be chaotic on X
if

1. f has sensitive dependence on initial conditions
2. f is topologically transitive
3. periodic points of f are dense in X

Devaney says that a chaotic system has three ingredients: unpredictability, undecomposability and
an element of regularity. Sensitive dependence on initial conditions gives a sense of unpredictability.
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Figure 14: Snap back repeller at % for T?x

Topologically transitivity makes f undecomposable, which means that it cannot be broken down
into two invariant open subsets which do not interact under f. Lastly, the dense periodic points
give an element of regularity.

Definition 7. A map f : X — X has sensitive dependence on initial conditions if there exists
0 > 0 such that, for any € X and any neighborhood B(z) of z, there exists y € B(z) and n > 0
such that |f"(z) — f™(y)| > 4.

Definition 8. A map f: X — X is said to be topologically transitive if for any pair of open sets
U,V C X there exist k > 0 such that f*(U)NV # 0.

It has been proven in 1992, by Banks, that properties 2 and 3 imply property 1 [I]. Although this
means we do not have to prove sensitive dependence on initial conditions, it is such an important
characteristic of chaos that we will explore it. A map has sensitive dependence on initial conditions
if for every neighbourhood B(x) of every z, there exists y € B(x) such that for some future iteration,
the distance between the two orbits is at least . For the doubling map, this can be proven as
follows:

Take a point z € (0, 7)\K, and y in an open neighbourhood B, (z) of z, such that d(x,y) < e. The
doubling map doubles this distance in each iteration, so there exists n such that d(f"(x), f*(y)) =

|f (@) — f*(y)] = 2"z —y| > 6.

For T, it is a bit harder to prove. This is because x and y can either diverge or converge, de-
pending on their location in the domain. We can write the distance d(T'(z), T (y)) as follows:

[7(@) = T(0)| = e = ) = 50— )
— 5=+ -7
= 5le—n+ =Y

1
= eyl [1+ |
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Figure 15: Topological transitivity doubling map.

We need to distinguish between |z| < 1 and |z| > 1. If |z| < 1, there exist |y| < 1 in any
neighbourhood B(z) such that |T'(z) — T'(y)| > |z — y|, which satisfies the definition. If |z| > 1,
we will find that |T'(z) — T(y)| < |z — y|, the distance between the orbits decreases. For any
neighbourhood B.(z), there exists a point y € B(z) such that |z — y| < . As long as T%(z) > 1,
the next iteration will bring the orbits of « and y closer together, so we still have |« —y| < e. When
|z| < 1 at some point, the orbits will diverge in the next iteration, such that |T™(z) — T"(y)| < ¢
for some d > 0. The distance between the orbits after n iterations can be expressed by induction:

IT%(z) — T2(y)| = % T (x) — T(y)| ‘1 + T(a:)lT(y)‘
1/1 1 L
=3 (2|x—y| 1+ $y|) 1+ T(az)T(y)’
T () — T (y)| = Ixyl'g;‘”ﬂ(:c;ﬁ(y)" Y

The distance [T"(z) — T"(y)| is dependent on T"(x) and T%(y) for all previous i < n. From figure
we see that the orbit has |T%(z)| < 1 most of the time. Therefore, we expect this product to be
larger than 1. It is difficult to make this proof rigorous, but hopefully the reader is convinced of the
sensitive dependence on initial conditions. We will see now that T satisfies the other two properties
of definition [6] and thereby also proving that 7" has sensitive dependence on initial conditions.

To prove that T is topologically transitive, we will use the conjugacy with the doubling map. This
property is conserved by a conjugacy:

Lemma 1. Assume that the maps f: X — X and g : Y — Y are topologically conjugate. If f is
topologically transitive, then so is g.

Proof. Maps f and g are topologically conjugate. This means that there exists a homeomorphism
h: X — Y such that ho f = go h. Assume that U,V C Y are open sets. Since h is continuous,
the sets U’ = h=1(U) and V' = h=}(V) are open in X. Since f is topologically transitive, there
exists n € N such that f™(U’) NV’ # (. This implies that

0#n(f"U)NV') Ch(f"(U)) NV = g"(W(U")) NA(V') = g"(U) NV,
which shows that ¢ is also topologically transitive. O

To prove that the doubling map g is topologically transitive, take an open set U € (0, m)\K,. Fig-
ure [15| shows an example of what happens to U after a number of iterations. Suppose U = (%, 1),
then g(U) = (1,2) and ¢?(U) = (0,4 mod 7) U (2,7) and lastly, ¢3(U) = (0,8 mod 7) U (4
mod 7, ) which covers the whole interval (0,7). If U is smaller it will take more iterations, but
there will always, for any open set U, exist k such that g*(U) covers all of (0, 7)\K,. In that case,
¢™(U) must have a non-empty intersection with any other open set V' € (0, 7)\ K, and hence g is
topologically transitive. By lemmall] T is also topologically transitive.

The last property of Devaney’s definition is dense periodic points. Proposition [f] already proved
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that the periodic points of the doubling map are dense. This property is also conserved by the
topological conjugacy. Recall that a subset A C X is called dense in X if for any = € X and any
open neighborhood U of x we have that AN U # (). The following result states that maps which
are both surjective and continuous preserve dense sets. In particular, homeomorphisms preserve
dense sets.

Lemma 2. Let X and Y be topological spaces and assume that the map f : X — Y is both
surjective and continuous. If A is dense in X, then f(A) is dense in Y.

Proof. Let y € Y be arbitrary and let V' C Y be any open set containing y. We need to show that
f(A)NV # (. Since f is surjective, there exists x € X such that f(x) =y. Since f is continuous,
the set U = f=1(V) is open in X. In addition, we have that z € U. Since A is dense in X, we
have that AN U # (), which implies that

0#f(ANU) C f(ANFU) C fA)NYV.
This completes the proof [
Now we can summarize all these results in the following two propositions:

Proposition 7. If continuous maps f and g are topologically conjugate, and f is chaotic as defined
by Devaney, then so is g.

Proof. If f is chaotic, then it has sensitive dependence on initial conditions, it is topologically
transitive and it has dense periodic points. By the conjugacy, g is topologically transitive and it
has dense periodic points. These two properties imply sensitive dependence on initial conditions,
so g also satisfies all three properties, and is therefore chaotic as defined by Devaney. O

Proposition 8. The doubling map g(6) =20 mod = and the map Tx = (x— 1) are both chaotic

as defined by Devaney.

Proof. The doubling map satisfies all three properties of definition [} Because of the topological
conjugacy between g and T, as described in proposition [I.I] and proposition [7, we know that both
g and T are chaotic as defined by Devaney. O

Note that this is a different kind of chaos than Li-Yorke chaos. Devaney chaos and Li-Yorke chaos
are both well known and there are many papers on the relation between the two. We will not go
into details, more can be read in for example [I8] and [I0].

2.4 Dispersion Exponent

Yet another definition of chaos is given by Broer and Takens [4]. They define a dynamical system
as chaotic if it has a positive dispersion exponent. To explain the motivation of a dispersion
exponent, first recall that it is generally agreed upon that sensitive dependence of initial conditions
is characteristic of a chaotic system. Sensitive dependence on initial conditions means that we
cannot accurately predict the future based on the approximate initial condition. Broer and Takens
consider the so-called principle [’histoire se répéte, which works as follows: Take a segment of an
orbit {1, x,...,2,}. To predict future values of this orbit, consider m € [0, 3n], such that the
distance d(x,, ,,) is minimal. Then according to this principle, iterations in the future, denoted
by &, can be approximated like this:
i'nJrs = Tm+s-

The idea is that, because x,, and z,, are so close together, we can approximate z,+s by T ts.
Of course, in a chaotic dynamical system, this way of predicting the future will not work. From
sensitive dependence on initial conditions, we know that such a small difference does not have to
stay a small difference after a number of iterations. The principle [’histoire se répéte leads to the
following definition of the dispersion exponent:

Definition 9. Let (M, f) be a dynamical system. Assume M is a complete metric space with
metric d and that f is continuous. Consider an orbit {z,}, that is positively compact and not
(eventually) periodic.
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1. For s > 0 and for € > 0 we define

d
E(s,e) = sup A@nts Tmis)
0<n<m; d(xn,xm)<e d(xnv xm)

2. For s > 0 we define
E(s) = lir% E(s,e)
e—

3. Finally, we define the dispersion exponent

E = lim 1logE(s).
s—00 §
So to determine the dispersion exponent, we consider a single orbit of f and we try to apply
the principle lhistoire se répéte. We find points x, and x,, on the orbit such that d(z,,z,,) is
small. Then we see what the distance between the points is after s iterations. The more they have
diverged, the larger E(s,e) will be. Then, by letting € go to zero and s to infinity, we find the
dispersion exponent.

Note that we have to consider an orbit that is not (eventually) periodic. If we do try to cal-
culate E(s,¢) for a periodic orbit, we have to divide by 0 at some point, as d(z,,z,,) = 0. For a
chaotic orbit, we will have that x,,4 s and x,,+s will disperse as s increases. In that case E(z,¢e) > 1
and we will find a strictly positive disperion exponent E > 0. The more they disperse, the larger
the dispersion exponent will be. We can state that a dynamical system is more chaotic for larger
values of E.

Definition 10. Let (M, f) be a dynamical system such that M is a complete metric space and f
is continuous. An evolution z is called chaotic if the dispersion exponent F is positive.

For some maps, we can calculate the dispersion exponent by hand. In other cases, we can find
it numerically with the matlab functions in the appendix [A:2.2] First, the matlab function
compute_sup.m saves a segment of an orbit of length N with initial value xg. Then it calcu-
lates E(s,¢) for a value of s and e. The matlab function plot_Ese.m calls on compute_sup.m for
different values of s € and returns a graph of log F(s) as a function of s for different values of ¢.
Since we cannot let s really go to infinity with a computer simulation, we will have to make an
approximation. The slope is given by %If(s). Note that F(0) = 1, because for s =0, E(s,¢) the
numerator and denominator will be equal. Calculating the slope between s = 0 and a sufficiently
large s, will then approximate the limit as s — oco:

1
E = lim —InE(s)

S—00 8§
In E(s)
= T‘S:OO
N In E(s) — In E(0)
- s—0
_ AlnFE(s)
- As

In the following sections, we will try to find the dispersion exponent for the doubling map, the
logistic map and for T'.

2.4.1 The Doubling map

For the doubling map, we can calculate the dispersion exponent explicitly. The distance between
two points 6,, and 6, on an orbit is given by:

d(0n,0m) =2™ —2" mod 7.

1

55 and two points ¢, and 6, on an orbit such that d(z,.z,,) < €. Then:

Suppose we have € <

d(0y, O,
E(s,e) = sup #
0<n<m; d(0y,,0m)<e d(anJrSv 9m+8)
9m _ 9n

_ __ oS
- gm+s _ 9In+s =2
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Figure 16: For the doubling map: log E(s) for different values of .

This is not dependent on €, so E(s) =2° mod m. The limit s — oo gives:

E = lim 110g25 = log 2
s—00 §
We can also calculate the dispersion exponent numerically. The resulting graph is found in figure
[[6] Note that we see only one line, even though we calculated it for 4 values of e. This is because
the dispersion exponent is not dependent on €, as also seen in the calculation. The slope of this
line is 0.6931..., which corresponds to the dispersion exponent F = log 2.

2.4.2 The Logistic map

The dispersion exponent for the logistic map can also be calculated numerically. In figure [I7}, we
see that for 1 < s < 10, we have a nice straight line with slope 1.3858... = log4. For s > 10, the
graph is not a nice straight line anymore. This is because at some point the distance d(xy, s, Tms)
has reached its maximum, it cannot be larger than 1. As s increases, this distance can decrease
and increase a bit, but it cannot follow the same slope. This shows in figure [I7] as the line goes
up and down. Note that matlab has a limit for how small we can make . If we take £ smaller, it
will take longer for d(z,+s, Tm+s) to reach its maximum.

We can explain this value for the dispersion exponent. The derivative of the logistic map is
Fj(z) = 4 — 8z and |Fj(z)| < 4Vx € [0,1]. By the mean value theorem, for any closed interval
[a,b] C [0,1], there exists ¢ € [a, b] such that:

R R

|f(b) = f(a)] < 4[b -
[£2(0) = f*(a)| < 4771 (b) = £~ (a)

<< 4°b—al
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Now consider one orbit of f and let |f™(x) — f™(x)| < € and let b = f"(z) and a = f™(z) such
that [a,b] (or [b,a]) is a closed interval. Then we can find an upper bound for E:

[f772(0) = f7 2 (a)| < 4711 (b) — f™ ()]
E(s,e) < 4°

E < lim 110g4s = log 4.
s§—0oC 8§

Now all we have to show is that a dispersion exponent smaller than log4 cannot be the case.
Consider x, and x,, close to 0. The distance between them will expand by almost a factor 4.
For example z,, = 0.001 and z,, = 0.0011 will give d(z,,, z,,) = 0.0001 and in the next iteration
d(Tnt1, Tm+1) = 0.000399. As these points move closer to 0, this expansion factor will converge to
4. Recall that the logistic map is chaotic in Devaney’s sense. The logistic map has a dense orbit
[7]. This means that there must exist a point x, on this dense orbit such that d(z,,0) < e. If
e — 0, this expansion factor will converge to 4 and thus, E' < log4 is not possible, and log 4 really
is the dispersion exponent.

2.4.3 Map T.

Now it is time to turn our attention to our map T'(x) = 5(z — ). We were able to determine the

dispersion exponent of the doubling map and logistic map. Unfortunately, the dispersion exponent
is not generally conserved by topological conjugacies. For example, there exists a topological con-
jugacy between the doubling map and Fj [7], while they have a different dispersion exponent. We
cannot use the conjugacy with the doubling map to determine the dispersion exponent of 7T'.

We can use equation |§| to express the distance between z,., and z,,+s and find an expression
for E(s,¢):
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Note that for this map, F(s,e) does depend on ¢. Changing ¢ has an effect on which z,, and z,,
are chosen on the orbit which again has an effect on E(s,¢). Because of this, it seems we cannot
determine the limit lim._,o E(s,e). Note that we have seen this product before for sensitive de-
pendence on initial conditions in section In that case, we expected this product to larger than
1. In that case, the logarithm will be larger than 0, and the dispersion exponent will be positive.

Let us see if this expectation is confirmed by the numerical results. Figure [I§ shows some nu-
merical results for different initial conditions and different values of . As expected, € has a great
effect on the results. Furthermore, there is not a neat straight line to calculate the slope from.
This can be explained by the nature of the map. If two points are close together, the distance
between them blows up by the % term, but then it decreases by the 5 term until it is small
enough to be blown up again. Indeed, as s increases, E(s) goes up and down. Even though we
cannot determine the exact dispersion exponent, it is clear that there is a positive slope. In fact,
the slope of graphs for ¢ = 0.0002 and ¢ = 0.000008 seem to all have approximately the same slope.

To conclude, we cannot determine the dispersion exponent for 7" exactly. Note that we ignored
the requirement of a complete metric space, as it is not really needed in the calculations. However,
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a complete domain for 7" might have solved the problem. The real problem is that the domain
is not compact. As a result, T7"(z) can become arbitrarily large in the domain. Recall that for
the doubling map, any iteration is at most twice as large as the one before. For the logistic map,
each iteration is at most four times as large as the one before. The derivative of T" has no upper
bound, which shows that iterations can get arbitrarily large, which makes calculating the limit as
s — oo difficult. The good news is that we were able to write an expression for E(s,¢). It was not
helpful in calculating the dispersion exponent for 7', but led to the expectation that the dispersion
exponent must be positive. This expectation was confirmed by the numerical results. This positive
dispersion exponent shows that T is chaotic.

3 Ergodic theory

So far, we have looked at dynamical systems from a topological viewpoint. Now we are going to
investigate it using ergodic theory. Ergodic theory concerns the statistical properties of determin-
istic dynamical systems, in particular, the behavior of time averages of various functions along
trajectories of dynamical systems. We will study (invariant) measures, the Birkhoff’s ergodic the-
orem and Lyapunov exponents. We will do so for T and the logistic map for ;= 4. From now on
we will drop the subscript and just denote it F.

3.1 Invariant measure

A measure is a function that measures the size of a given (sub)set. For a set X, it is not always
possible to measure the size of every subset in a consistent and meaningful way. Instead, we
consider a collection of subsets. These subsets are called measurable sets and together form the
o—algebra A. It satisfies the following three conditions:

1. 0, X € A,
2. if A€ A, then X\A € A,
3. if Al,Ag,. .. ,An S A, then UzozlAn € A.

A measure is a function p : A — R> that "measures" the size of a measurable set by assigning a
real, nonnegative number to it. A measure satisfies the following conditions:

1. pu(A) €1]0,00) U {oo}
2. u(@ =0
3. if Ay, As, ... are pairwise disjoint measurable subsets, then p(US2,A,) = > | u(Ay)

An example of a measure is the Lebesgue measure. It is the standard way of measuring subsets of
R™. For n = 1,2, 3, the Lebesgue measure is equal to the length, area and volume of R™.

We say that a map S : X; — X, is measurable if S~'(E) C X; is measurable for every mea-
surable F C Xs. It is possible to have different measures for X; and X5. Let u; be a measure
on the space X;. We say that S is measure preserving if ui(S™H(E)) = u2(E). If X; = X5 and
U1 = po, we say that S is a transformation. Lastly, if a measurable transformation S : X — X
preserves p, then p is S-invariant.

The map T and the logistic map are measurable transformations. There exist invariant measures
pr and pp such that for all measurable sets E in R\K7 and [0, 1] respectively, these measures
satisfy:

pr(T~HE)) = pr(E),  pr(F~H(E)) = pr(E).

To find these invariant measures we need the following definition of a probability density function:

Definition 11. If a measurable function p(z) > 0 satisfies u(E) = [, p(x)dx for any measurable
subset £ C X, then p is called a density function. If p is a probability measure (i.e. u(X)=1), p
is a probability density function (pdf).

A probability density function p(x) says something about the probability that an orbit of a map
will be at value z. If p(x) is large for some value of x, we would expect an orbit to visit « more
often than some point y with a smaller p(y). Let us consider an orbit of length N and let us
divide the domain in a number of equal parts ("npins’). Then we will count how many times the
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Figure 19: Histogram and density functions in the same figure for N = 10000 and zy = 0.38.
orbit visits each ’bin’ and make a histogram. As N — oo, and npins — 00, the histogram will take
on the shape of the density function. Such histograms are found in figure For T, the orbit

has most points around 0. For the logistic map, the orbit has most points close to 0 and 1. The
figures also show the density functions, and indeed, we see that the histograms have the same shape.

The pdf and invariant measure of T are given by [6]:

pT(I) = 7T(.’1721+ 1)
b
pr(a) = [ —gye

1
= —(arctanb — arctana)
™

The pdf and invariant measure for F' are given by:
1

=

b 1
pr(la,b]) = / W\/ﬁdl‘
= —%(arcsin V1—b— arcsinV1 — a).

The computations to check that these are indeed pdf’s, and to check that these measures are
invariant can be found in the appendix [A:3.1] Now that we have these invariant measures, we need
to consider ergodicity:

Definition 12. Let (X, A, 1) be a probability space. Suppose S : X — X is p—invariant. Then
S is said to be ergodic if for every measurbale E € A satisfying S™'E = E, we have u(E) = 0 or

w(E) =1.

The logistic map is ergodic [17]. Intuitively, a set E with F~}(E) = E can be the whole domain
[0,1] or a set of periodic points. The whole domain has measure pp[0,1] = 1. Recall that F has
a double inverse, every point has a pre-image of two points. So the pre-image of each periodic
point = consists of this point x and another point not equal to x. Suppose we take the union
U, Fi%(z). Then the pre-image of this union equals this union. The measure of this set is
pr(UR Fri(z)) = S0 u(FL'(z)) = 350 = 0. Indeed, F is ergodic. The same reasoning can
be applied to the map 7. We can also prove that these two maps are ergodic using the following
proposition:

Proposition 9. If S has a unique probability density function p and has p(x) > 0 almost every-
where, then S is ergodic.
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Proof. [11] O

The map T has a unique pdf. To derive it, we first need to use the Perron-Frobenius operator to
find the pdf of the doubling map and then use a change of coordinates to find the pdf of T". This
Perron-Frobenius operator P defines a sequence of density functions:

n(y)
pni1=Plpn) = > Pl
" e T W)

The density function of f is then found with the limit £ — oo:

k—1
() = Jim =" (o). (7)
n=0

To find the pdf of the doubling map, let pg = 1. The pre-image of 6 is {%9, %(9 + m)}. Then the
density function is easily found:

1
m= > =1
vel30.3(0+m))

pn=1 Vn
1k:1
= lim — 1=1.
Jm 2

Note that p can be any constant to be a density function for the doubling map, but there is one
unique pdf. Normalizing p such that it is a pdf gives us p, = % A change of variable [5] then
gives us the pdf of T.

©
|

Theorem 4. Let X and Y be random variables such that ¥ = ¢(X), where ¢ is a monotonic
function. Define X = {z : px(x) > 0} and Y = {y : y = ¢(z) for some x € X'}. Suppose pdf px
is continuous on X and that ¢ ~!(y) has a continuous derivative on ). Then the pdf of Y is given
by:

0 otherwise

i) = {px<w<y>> i )| vey

Proof. 5] O

Consider random variables X = g and ¥ = T. Function ¢ = h(d) = cot is monotonic and
continuous. Since p; > 0 everywhere, X is the whole domain of g and ) is the whole domain of
T. All requirements of the theorem are met, so the pdf of T is given by:

d
pr(e) = py(h 7 @) | Ch )| @ e R\ ®)
We know that h=1(x) = arccotz, and its derivative is —x%ﬂ. Combining everything gives us

exactly the pdf:
1 1

T oa2+1
The map T is ergodic, since its density function is unique and larger than 0 everywhere. We can
apply Birkhoff’s ergodic theorem to ergodic functions. This will be investigated in the next section.

pr =

3.2 Birkhoff’s ergodic theorem

Recall that the density function has the same shape as the histogram produced by one orbit. One
important consequence of this is that if we want to calculate the average of a map along an orbit,
we may instead calculate the average over the whole space X. That is, for a map f, we have that
for almost all z;, the average of f(T"(x)) as i runs from 1 to n converges to the integral of f(z)pr(x)
over X, where pp(z) is the invariant density function. Note that [, f(z)pr(z)dz = [y f(x)dur.
This is written more formally as the Birkhoff Ergodic theorem, which, according to [6], is the most
fundamental fact in ergodic theory:
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Theorem 5. Let (X, ) be a probability space. If S is y—invariant and f is integrable, then
1 n—1
: - k — f
nlggon];)f(s z) = f*(x)

for some f* € LY(X, p) with f*(Tx) = f*(x) for almost every x. Furthermore, if S is ergodic, then
f* is constant and

1 n—1
lim — k) =
Jim =3 (s¥a) = [ g )
k=0
Recall that f is integrable if:
/ | fldp < oo.
b'e

Let f(z) = 1g be the indicator function of a measurable set E, such that f(z) =1 if x € E and
f(z) = 0 otherwise. Clearly, f is integrable. With this f, the left-hand side of equation |§| is a
time-average, it says how often the orbit of x lies in E. The right-hand side is the average of f in
the state space X. This means that for any pu—invariant, ergodic function S we have:

n—1

im kp) = = .
"lﬁmkzzolE(S ) /XlEd,u 1(E) (10)

In other words, the sequence {2 Z;; 1g(s*z)} converges to p(E) as n goes to infinity. An

example of this is shown in figure For T'(z) = §(x — 1), this convergence is seen for E = (0, 1).

The measure pr(0,1) = %, and indeed, we see the sequence converging nicely to it.

3.3 Lyapunov exponent

An application of Birkhoff’s theorem is the computation of the Lyapunov exponent. It is a way to
measure sensitive dependence on initial conditions. Let x,y be two points close together. Then:

1S(x) = S(y)| = |5 ()] - [« — yl,
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which gives by induction:
n—1
1S™(z) = 5" ()| ~ [] 15 (S"@)| - |= — y].
i=0
Then we can write this as:
1 n n 1 = / 0
~log| 5" (x) = §"(y)| = — > _log|S'(S')).
i=0

Note that we can drop the term %log | — y| since it converges to 0 as n — oco. Using Birkhoff’s
ergodic theorem, the right-hand side converges to [ + log|S’|dp for ergodic, p—invariant transfor-
mations S.

Definition 13. The number [, log|S’|dyu is called the Lyapunov exponent of S.

This Lyapunov exponent measures the exponent of the speed of divergence of x and y [6]. A positive
Lyapunov exponent usually indicates that a map has sensitive dependence on initial conditions [3].
The logistic map and the map T are ergodic p—invariant transformations so we can determine
their Lyapunov exponents. In appendix [A.4] are the computations for the Lyapunov exponent for
F and T. Both have a lyapunov exponent of A = log 2. The convergence of - Z?:_Ol log |T"(T"(x))|
also shows that the Lyapunov exponent for T is equal to log2. Figure [21| shows this convergence
for initial conditions zy = 0.34 and zy = 23. Both converge nicely to the orange line at log 2.

4 Family N,

Up till now, we have investigated the dynamics of T'. Recall that T'(x) = Ni(z) is one member of
this family:
N(x)—l(x—g) c>0
(& - 2 T k)
In this section, we will return to this family. Figure [22] shows that N, has the same shape for all
c. None of these maps have fixed points, and we expect to see chaotic iterations for all values of c.
For T, we found a topological conjugacy, with the doubling map. This topological conjugacy can

be extended to all N, with a /¢ factor:

he(0) = \/ccot O
Indeed:

C
c c = _—_——
N.oh <ﬁcot0 ﬁcot&)

G 1
T2 cot d cot @

=+/ccot20 = h.og.

N —
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Figure 22: Map N, for ¢ = 1,1, 5, 10, 20.

Because of this conjugacy, we will indeed find similar dynamics for N.. For example, if 6 is a
periodic point of the doubling map, then x = y/ccot 0 is a periodic point of N,. For ergodic theory,
we also find similar results. The pdf and invariant measure for N, are:

pn.(z) = W(CE\Q[Z_C),
b
MNC([avbD:/ W(x\z[j_c)d%

b
(arctan — — arctan i).

Ve Ve

Surprisingly, the Lyapunov exponent of N, is equal to log2 for all ¢, see appendix [A74] This
indicates that all maps N, are equally sensitive to initial conditions.

S
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Conclusion

The Newton function of the family 22 + ¢ is given by N.(z) = 1(z — £). In this thesis, the dynam-
ics of the map Np(z) = T(z) have been investigated. There is a topological conjugacy with the
well-known doubling map. Using this conjugacy, we were able to find all the periodic points and

prove that they are repelling. Furthermore, the exact domain of T has been identified.

The iterations of the map seemed chaotic. They do not converge to any attracting periodic point.
Different definitions of chaos have been considered, starting with Li-Yorke chaos. The map T is not
defined on an interval, which was a requirement for this theorem. For the logistic map, this theo-
rem can be applied and indeed, there is Li-Yorke chaos for parameters larger than p. ~ 3.56995.
Next, we considered an expansion on Li-Yorke chaos, namely Marotto’s snap-back repeller. The
requirements for the domain were a bit unclear as Marotto does not mention the need for an in-
terval. As expected, the logistic map has a snap-back repeller. For T, we also found a snap-back
repeller.

Another well-known definition for chaos is the one by Devaney. Using the conjugacy with the
doubling map, we were able to prove that T is chaotic according to Devaney’s definition. The last
definition of chaos that we considered was the dispersion exponent. The dispersion exponent works
with the I'historire se répéte principle. This way of predicting future prediction does not work for
a chaotic dynamical system. For the doubling map and the logistic map, we were able to calculate
the dispersion exponent. For the map T, it was a bit harder. Iterations of 7' can move from very
small values to very large values, which gives very irregular numerical results. However, there was
a clear upward trend that suggests a positive dispersion exponent.

From these four notions of chaos, we can conclude that the map T is chaotic. It was not al-
ways easy to prove this. For Devaney, we gave an exact proof, and for the other notions of chaos,
we have made it likely that T is chaotic. A compact domain would have been more convenient. In
that case, Li and Yorke’s theorem and Marotto can be applied with no problem. For the dispersion
exponent, a compact domain would mean that the increase between iterations is bounded.

After the topological approach to the map T, we turned to ergodic theory. We found a prob-
ability density function for the logistic map and for the map 7. This led to an invariant measure
with which we proved that the maps are ergodic. Next, we took a look at Birkhoff’s ergodic the-
orem. This important theorem of ergodic theory was used to calculate the Lyapunov exponent.
The Lyapunov exponent of both 7" and the logistic map is log 2. In fact, we were able to calculate
the Lyapunov exponent for all N.. It is equal to log2 for all ¢. This positive Lyapunov exponent
implies sensitive dependence on initial conditions.

This thesis covered many aspects of the dynamics of T, but there is always much left to be
investigated. For instance, other notions of chaos, or the link between the different notions of
chaos. There is for example an overlap between Li and Yorke’s chaos and Devaney’s chaos. It
would be interesting to find out what this overlap is. There are also more ergodic properties that
can be investigated, like entropy and mixing.
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A Appendix

A.1 Inverse functions
A.1.1 Inverse T!
T has a double inverse, see figure 23at

Tz =z 422 +1

For an inverse T~ 1o T(z) = ToT~!(z) = z has to be true. Identities ToT; ' (z) =T 'oT(z) ==
and T o T~*(z) = x are easily checked. For T~' o Tz, we need to be careful:
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(a) Green is T, ' (z) and blue is T~ ' (z) (b) arccot 6

Figure 23: Inverse functions.

1 lz+31) fr>0
x4+ =) = 2 T
( ) {—%(m—i—;) ifz<0

So T~-' and T_:l act as a right-inverse to 7. For = > (0, we can use T_:l as a left-inverse and for

z < 0 we can use T~! as a left-inverse.

A.1.2 Inverse cotangent

The inverse cotangent is a function h=% : R — (0, 7) given by:

h~!(z) = arccot z.

By definition cot o arccot § = arccot ocot§ = §. We will consider arccot : R — [0, 7]. Figure
shows this function. Note that lim, .., arccot x = 0 and lim,_, ., arccot z = w. This function is

everywhere continuous.

A.1.3 T and the logistic map

In this section, we find the more elaborate computations of the relation between T and Fy. The

fist substitution is z,,41 = T(z,,) into y, = 22 + 1:
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2
= n 1
4(x :1:") +
1, ., 1
1 1
_l(@n+1)°
4 a2
1 oy
4y, —1
The second substitution z = % gives us exactly Fjy:
1y
Yn+1 = Ayn —1
1 _ 4(yn - 1)
Yn+1 ya
4 1
= —(1-—)
Yn Yn

Znt1 =4z, (1 — z5,)

This relation between T and F}, given by z, = ﬁ is not a topological conjugacy, since z,, is not

injective. The relation is shown below in figure DLZ] and in this equation:

znoT = Fyoz,
1 1 1

=4 1-—
1(n — 22+ 1 (:c,%Jrl)( x%+1)
4 422 4
(tn+ )2 @2+1? (zn+ %)
R R
T
Zn Zn
0,1 0,1
0.1] o 0.1]

Figure 24: Link with the Logistic map

A.2 Chaos
A.2.1 Li and Yorke

Lemma 3. A point x € J is asymptotically periodic if and only if there exists a periodic point

p € J such that |[F"(z) — F"(p)] — 0 as n — oo.

Proof. Assume that x € J is periodic, which means that there exists a period-k point p € J such
that equation holds. We claim that there exists an integer 0 < ¢ < k — 1 such that

F" () — F"(F(p))| — 0.
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If such an integer does not exist, then there exists €; > 0 such that |F™(x) — F*(Fi(p))| > ¢; for
infinitely many n € N. For ¢ = min{eg,e1,...,e5_1} we then have

[F"(x) = F"(F'(p)| > €

for infinitely many n € N and all integers 0 < ¢ < k — 1. But this con‘gradicts equation .
Therefore, we have that |F"(x) — F™(q)| — 0 for some periodic point ¢ = F*(p).
Conversely, let p € J be a period-k point such that |F"™(z) — F™(p)| — 0 as n — oo. Using division
with remainder we can write any n € N as n =dk + r with d € N and 0 <r < k — 1. This gives
|F" (z) = F™(p)| = |F"(z) — F™*"(p)
= [F"(z) = F"(p)|
> d(F"(x),{F'(p);i=0,...,k—1}).

We conclude that equation holds, which means that z is asymptotically periodic. O

A.2.2 Dispersion Exponent Matlab

doubling.m:

function g=doubling(x)
% doubling map on interval [0, pi)

g = 2%xx;

while (g > pi)

g = g - pi;
end;
while (g < 0)
g =g + pi;
end ;
funcT.m:

function y=funcT(x)
y=1/2.%(x-1/%x);

logistic.m:

function y=logistic(mu,x)
y=4*x.%(1-x);

line distance.m:

function d=1line_distance(x, y)
% compute distance between two points on the real line

d = abs(x-y);

circle distance.m:

function d=circle_distance(x, y)
% compute distance between two points on a circle of length pi

dl = abs(x-y);
d2 = pi-di;
d = min([dl, d2]);

compute sup.m:

function Ese = compute_sup(x0, N, epsilon, s)
%function to calculate E(s,epsilon)
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% compute orbit of length N+s (note: not length N!)
xarray = zeros(1l,N+s);
xarray (1) = x0;
for i = 2:(N+s)
xarray (i) = doubling(xarray(i-1));
end

% approximate E(s, epsilon) over a finite orbit segment
Ese=0;
for i =

1:N
for j =
d

(i+1):N
0 = circle_distance(xarray (i), xarray(j));
if (d0 < epsilon)
ds = circle_distance (xarray(i+s), xarray(j+s));
q = ds/do0;
% find the supremum
if (q > Ese)
Ese = q;
end
end
end
end

% for the logistic map or T change the following
% 1) change "circle_distance" into "line_distance"
% 2) change "doubling" into the appropriate function name

plot Ese.m:

function y=plot_Ese(x0, N, eps_array, s_array)
%function to make a graph of s vs log(E(s))

for i = 1:length(eps_array)

epsilon = eps_array(i);

y = zeros(l, length(s_array));

for j = 1l:length(s_array) % y is sup of ratio so y=E(s,
epsilon)
s = s_array(j);
y(j) = compute_sup(x0, N, epsilon, s);

end

% plot log(E(s,epsilon)) as a function of s
% for different fixed choices of epsilon
plot (s_array, log(y))
hold on

end

hold off

A.3 Ergodic Theory
A.3.1 Density functions and invariant measure T’
The pdf of the map T is:

1
pr(z) = m
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To show that this is in fact a pdf, its integral over the entire domain must equal 1. Note that K
is a set of single points, and therefore fKT plx)de =3 ek, [, p(x)de =370=0:

/R e, Pl = /R p(@)de — /K s

> 1 1 0o
————dx = — arctanx|
oo T(22 4+ 1) ™ —oo

Furthermore, pr(T~*([a, b])) must equal pr([a,b]) for an invariant measure:

pr (T~ ([a,0])) =p(la — Va2 + 1,0 — V02 +1]) + p(la + Va? +1,b+ Vb2 + 1])
:l(arctan(b — Vb2 + 1) +arctan(b+ /b2 + 1))
77
- l(au‘ctan(a —+va?+ 1)+ arctan(a + Va? + 1))
™
:l(arctanb — arctana).
77

This last equality holds due tot the arctan sum rule. Let « = b— b2+ 1 and 8 =b+Vb% +1
(The same works for a):

arctan o + arctan 8 = arctan ( atp )
1—ap

20
arctan(b — /b2 + 1) + arctan(b + /b2 + 1) = arctan ( ) = arctanb.

1— (2 — (12 +1))

A.3.2 Density function and invariant measure F
For the logistic map F'(z) = 4z(1 — x), we have pdf:
1

pr(x) = m

The integral over the whole domain is 1:

2 2
—— in0 — inl)=——0-5)=1
(arcsin arcsin 1) ( )

/01 md -

The inverse of F' is given by Fy'(z) = 3 £ /T — 2.

-2
To check that this measure is invariant, we need to check that:

pr(a,b]) = pr(Fpp(la, ).
1

Note that [a,b] is mapped by the inverse to two intervals, namely F~!([a,b]) = [3 — 1v/1—a, % —

LVI=B UL+ LvVT=b,3 + 1T —a]. This gives:
. 11 11 11 11
p(Fe ! ([0, b) = plly = 5VI— a5 = gVI=B) +ully + 5VI= b5 + 5 VI —a)

= —% (arcsin \/1 - (% - %M) — arcsin \/1 - (% - ;mo

(\o}

™

2 / 1 1 1
= —— | arcsin + =v1—b—arcsiny/=- — =vV1—->
T 2 2 2
.1 /11
- — (ar051 5~ v1—a — arcsin 3 + 5\/1 —a)
T
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We will apply the arcsin difference rule with o = % + %\/1 —band g = % — %\/1 — b, note
that V1 — a? = 8 and /1 — 82 = « so:

arcsin o — arcsin 8 = arcsin(ay/1 — 82 — 8V/1 — a?)

= arcsin(a? — 3?)

1 1 1 1 1 1 1 1
arcsin §+§\/1—b—arcsin 5—5\/1—b:arcsin (2+2\/1—b—2+2\/1—b) =arcsinyv1 —b

Apply the arcsin difference rule again with o = %—% 1—a. Again, v1—a2 = 8 and

v1—p2=q, so:

/11 /11 1 1 1 1
arcsin 3~ 5\/1 — a — arcsin 5 + 5\/1 — a = arcsin (2 - 5\/1 —a- 5 5\/1 —a) = arcsin(—v'1 — a)

= —arcsinv1 — a.

And then finally:

w(F~([a,b])) = —%(arcsin V1 —b—arcsinv1 —a) = p([a,b]).

A.4 Lyapunov Exponent
A.4.1 Logistic map F

The Lyapunov exponent of the logistic map F' is given by the following integral. In this section it
is solved.

)\F:/ log |F'| dur
b'e
1
:/ log |4 — 8z|dup
0
1
:/ log4 +log |1 — 2z|dup
0

1
= 210g2+/ log |1 — 2z|dur
0

! log|1 — 2z
0o m/z(l—1x)

The part in the integral is symmetric around x = %, S0:

=2log2 + dx

3 log |1 — 2z|
o m™/x(l—1x)

Now put 1-2z =sing, 0 < ¢ < 5. Thenz = —% sin (b—i—% and dx = —% cos ¢ d¢. Note furthermore

that:
Va(l—z)= \/(—;singb—i— %)(1 + %sinqﬁ) = \/411 cos? ¢ = %cosd).

Ap =2 dx + 2log 2

2
Lastly, 1 =0= ¢ =7 and z = % = ¢ = 0 and sin ¢ > 0 for these values of ¢, so we find:

Ap = 2 /0 log(sin ¢)

1
I -——=cos¢do + 2log 2
T Jz 5cCo8Q 2
2

™

2 2
=— / log(sin ¢) d¢ + 21log 2
™

0
Using the mean value theorem for harmonic functions we find [6]:

2 2
/ log(sin ¢) dp = ——log 2
0 T
== A\p = —log2+ 2log2 = log 2.
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A.4.2 Family N,

The Lyapunov exponent of the family N, is given by the following integral. Note that ¢ = 1 gives
the Lyapunov for T'.

)\NZ/ log |N¢| dpn
o0
=/ 10g|7(1+ )IduN
& 1 & c
:/ log = dﬂN"’/ 1og|1+ 2|d;uv

> log |1+
10g2+—/ gx|2+;2|dx

Use the transformation

_ e
" tan(—y/ct)
Note that we get new bounds at xr =coatt=0andx=0at t = _QL\/E' Also:
c
dr =
sin ( \[t)
log |1 + tan?(—y/ct
Ay = _log2 4 2V° og | +Can( vet)| ¢ gt
NG tan?(—+/ct) tc s1n (_\ﬁt)
log |1+t t
= log2+ / og |1+ tan?(—/ct)| dt
0052 (\/ct) +sin?(y/ct)
:—log2—|——/ log\1+tan2(—ﬁt)|dt
T
_ cos (—+/ct) + sin (—\/Et)|dt
B cos?(—/ct)
= —log 2——/ log\cos( Vet)| dt
Another quick transformation: ¢ = —7 gives new bounds at s =0 and s = § and dt = —\%ds:
dyfe [2 1
Ay = —log2+ —— log | cos(s)| - ——=ds
™ Jo Ve

™

4 (3
=—log2— 7/ log | cos(s)|ds
T Jo

Now consider the analytic function f(z) = log(1 + z). Its real part u(z) = log|1 + z| is harmonic.
Then by the Mean value theorem for harmonic functions:

1 27 . 1 27 i
u(0) = %/O u(0 4 re'®) do = %/0 log |1 4 re'®| de.

Let r — 1, then we find that |1 + ¢'®| = 2| cos(2)|:
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1 2m )
0:7/ log|1 + €| d¢

2T 0
1 2m

:%/0 log2|cos§|d¢
1 2 1 27 ¢

= — log2d¢ + — 1 =|d
- || ow2do+ - [ oo o

1 2w
—log2 = %/0 log|cos§|d¢

Let ¢ = 2t, then d¢ = 2dt. If ¢ = 0, then ¢ = 0, and if ¢ = 2m, then t = 7:

1 27
_Ingzﬂ/o log|cos§|d¢
—7710g2:/ log | cos(t)| dt

0

T 3
——log2 = / log | cost| dt
2 0
Combining this with our earlier result gives us:

4 —
/\N:710g277~i10g2:log2
T 2
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