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Abstract

In this thesis we study a number of systems with varying degrees of hyperbolicity,
including uniform and non-uniform hyperbolicity, and discuss the calculation of
Lyapunov exponents in these cases. We derive and construct explicit, elementary
bounds on the Lyapunov exponents of a collection of systems, which are collectively
formed via the composition of shear mappings, upon the 2-torus. These bounds
utilise the existence of invariant cones in tangent space to restrict the range of
vectors considered in the calculations.

The bounds, with appropriate modifications, are (primarily) used to bound the
Lyapunov exponents of two types of system in which their explicit calculation is not
possible: a random dynamical system formed by choosing at random a hyperbolic
toral automorphism, formed via shear composition, at each iterate, and the linked
twist map, a deterministic system which has been used to model various physical
phenomena in fluid mixing.

Following the derivation of the bounds, we discuss ways in which their accuracy
can be improved. These improvements largely focus on finding a way to narrow
the invariant cones used in the bounds, by considering possible preceding matrices
within the orbit. We also investigate the practicality of the bounds, and how they

compare to other bounds and methods of estimation for Lyapunov exponents.
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1 Introduction

This thesis concerns the study of the Lyapunov exponents of a dynamical system,
quantities which describe the rate of separation between infinitesimally close tra-
jectories. These exponents categorise the tangent space of a system into regions
within which vectors will expand (or contract) exponentially quickly, allowing many
of the dynamical characteristics of a system to be studied in a tractable way. The
presence of trajectories which separate from each other upon iteration is a necessary
condition for chaotic behaviour, known as sensitive dependence on initial conditions,
and as such the study of Lyapunov exponents typically concerns systems of a chaotic
nature.

The first instance of the use of Lyapunov exponents is found in the doctoral thesis
of their namesake, Aleksandr Mikhailovich Lyapunov [33], concerning the stability
of motion. Specifically, given a function z(t) with z(¢)e* unbounded for A > Ay and
z(t)eM — 0ast — oo for A < Ay, then the critical value g is called the characteristic
number of z(t). These characteristic numbers are in fact the negative of the largest
(or mazimal) Lyapunov exponent as is typically defined in the literature. Positive
characteristic numbers indicate that the function z(¢) diminishes at an exponential
rate, while negative numbers indicate exponential growth; this intuition is reversed
in the case of Lyapunov exponents, but the concept is identical. If, for example,
the function z(t) yielded the length of a vector v in tangent space after time ¢, then
a negative (positive) characteristic number would tell us that v is being stretched
(contracted) as t increases; the notions of stretching and contracting of tangent
vectors will be key throughout this thesis. Following Lyapunov, further work into
the theory of Lyapunov exponents can be attributed to Perron [38] in the context
of linear differential equations, and Bylov et al. [13] regarding problems of stability.

It should be noted that Lyapunov exponents are not a prior: guaranteed to exist,

as they require the convergence of an infinite limit. Conditions for the existence of



Lyapunov exponents are given by Oseledec’s Multiplicative Ergodic Theorem [35]
(see Theorem 2.1), which guarantees the existence of a collection of Lyapunov ex-
ponents (known as the Lyapunov spectrum) in the presence of an invariant measure
for the system. The theorem also guarantees that the number of distinct Lyapunov
exponents cannot exceed the dimension of the system. In other words, the char-
acterisation of the system described above into expanding, contracting and neutral
regions will not return an infinite partitioning of tangent space, but rather a concise
summary of the aggregate behaviour (at least in terms of growth rates) of vectors

oriented in certain directions.

Another key concept we will discuss in this thesis is that of hyperbolicity. A wide
variety of systems are encompassed by the term hyperbolic, from simple expanding
and contracting maps, which are not chaotic, to more complex constructions, such
as the linked twist map which we study in Chapters 3 and 5, which can display
more interesting behaviours. In this thesis we will encounter different forms of

hyperbolicity, with varying degrees of strictness.

The first, and most strict, form of hyperbolicity is known as uniform hyperbol-
icity; systems with this property are often referred to as Anosov diffeomorphisms,
owing to the work of Anosov [3]. The archetypal example of such a system is the
Arnold’s Cat Map [6]. These systems fulfil a rigorous set of conditions (see Defin-
ition 2.7), including uniform bounds on minimum expansion/contraction rates and
the existence of invariant subspaces in tangent space, and their behaviour has been
well studied and understood; however, proving whether a system is uniformly hy-
perbolic can be tricky, and examples of such systems in practical applications are
rare. In particular, Anosov diffeomorphisms have only been shown to exist on cer-
tain types of manifolds, and the question of which manifolds can admit them is still
an open one; for example, it has been shown that no Anosov diffeomorphisms can

exist upon a sphere [48].



By loosening the restrictions on the expansion and contraction rates for uniform
hyperbolicity, one arrives at a more general property: non-uniform hyperbolicity.
Due to the relaxation of these stringent conditions, non-uniform hyperbolicity en-
compasses a wider variety of systems, and subsequently a wider diversity of beha-
viours. The conditions for non-uniform hyperbolicity, at first glance, appear to be
just as complex (and nearly as restrictive) as those of an Anosov diffeomorphism
(see Section 3.2); in particular, one is still required to find invariant expanding and
contracting subspaces within tangent space, and show that the expansion and con-
traction rates within those subspaces are non-zero. However, due to work by Pesin
[39], referred to as Pesin theory, it is possible to prove that a system is non-uniformly
hyperbolic by means of its Lyapunov exponents; specifically, one shows that the
Lyapunov exponents of the system are non-vanishing. Non-uniformly hyperbolic
systems can exist on a wider variety of manifolds than Anosov diffeomorphisms,
and so their applications are more wide-ranging in practice; the key example of a
non-uniformly hyperbolic system we will study in this thesis is the toral linked twist
map (see Section 3.2); this map is a generalization of systems such as Arnold’s Cat

Map, allowing for regions with linear growth rates.

The requirement of finding systems with non-zero Lyapunov exponents seems
simple in principle; however, Lyapunov exponents are notoriously difficult quantities
to calculate in practice. Explicit calculation is only possible in rare cases, examples of
which include Anosov diffeomorphisms such as Arnold’s Cat Map (see Section 2.4).
Typically an approximation is made instead, often involving finite-time Lyapunov
exponents; finite truncations of the infinite limit one uses to calculate the Lyapunov
exponents. Such approximations can vary in reliability and accuracy from system to
system, as Oseledec’s theorem does not say anything about the rate of convergence
of finite-time Lyapunov exponents; we demonstrate this distinction for two systems

in Chapter 5, and characteristic distributions of finite-time Lyapunov exponents



have been studied in a more general context [43].

An alternative approach to approximating the Lyapunov exponents is to instead
find a way to bound them. If one can find a quantity which bounds the Lyapunov
exponent, and this bound is non-zero (in the relevant direction), then it follows
that the Lyapunov exponent itself is non-vanishing, and thus the results of Pesin
theory apply. This thesis describes a method, building on the method proposed
by Sturman and Thiffeault [54] for random products of shear matrices, which can
provide both an upper and lower bound on systems formed via the composition of
shears; such systems include the aforementioned linked twist map. Note that the
Lyapunov exponents of the linked twist map have been shown to be non-vanishing
(see [12]), however the bounds we obtain narrow the range of values much further

than this.

Calculation (or estimation) of the (maximal) Lyapunov exponent of a system
is important in many fields, as it is a solid indicator of the existence of chaotic
behaviour and gives an idea of the time-scale upon which such behaviour takes place.
In order to model real-world systems a random element is often utilised to modify
otherwise deterministic systems, possibly through the addition of stochastic noise,
or random choices of initial conditions. Similarly, one may study a system which is
itself random, and indeed bounds on the Lyapunov exponents have been investigated
substantially in the case of random products of matrices; see, for example, [42], [30].
Applications for the Lyapunov exponent of random products of matrices exist in
areas such as physics (e.g. Schrodinger operators [11]), biology and ecology (e.g.
population invasion models [24]), among many others; for further examples, see
[15]. On the deterministic side, systems such as Arnold’s Cat Map are viewed as
simple, analytically-extractable, models of fluid mixing; in particular where two
flows, or streamlines, of fluid cross one another. An example of such an application

is given by the linked twist map, a generalization of such systems, which has been
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used to model the Aref blinking vortex flow [4]. We discuss a method for bounding
the Lyapunov exponents of random products of hyperbolic matrices in Chapter 4,

and the linked twist map (and other similar deterministic systems) in Chapter 5.

In addition to establishing a close link between Lyapunov exponents and hyper-
bolicity in measure-preserving systems, Pesin theory also bridges the gap between
hyperbolicity and measure theoretic properties such as ergodicity and mixing; this
theory has been extended to the case of systems with singularities by Katok and
Strelcyn [29]. The systems we study in this thesis are all Lebesgue measure-preserving,
thus providing the link between the work of Pesin and the theorem of Oseledec in

these cases.

Ergodicity is the notion of indecomposability of a dynamical system; the entire
domain is involved in the dynamics, leaving no (non-trivial) invariant islands which
fail to interact with other areas. Mixing encapsulates the idea of a deterministic
system becoming independent of its initial state over time. Central to both of these
concepts is the notion of recurrence, a phenomenon that exists within measure-
preserving systems with a finite domain. Specifically, the Poincaré recurrence the-
orem [40] states that in such systems almost every orbit must return arbitrarily
close to its initial condition (or indeed any other point on the orbit) infinitely many
times; one way to think of this is to divide phase space into finitely-many regions of
non-zero measure. Once you have visited each distinct region, you must return to a

region you have previously visited.

The existence of ergodicity and mixing in the systems we study is important, as
it tells us that the choice of initial condition does not matter in the evaluation of the
Lyapunov exponent; by this we mean that a randomly chosen initial condition will
return the same Lyapunov exponent as another with probability one. Additionally,
the notion of recurrence is incorporated into the bounds we obtain for deterministic

systems (i.e. the linked twist map), via the calculation of a return time distribution
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- a construction which tells us the frequency with which points return to a particular

reference region along their orbits.

Theory tells us that the Lyapunov exponents of an ergodic system are independ-
ent of the choice of initial condition. Seeing this from experimental /simulated data
is not always easy however, as this independence can occur on long time scales;
this can be particularly evident when the growth rate of vectors varies significantly
from iterate to iterate, such as in the linked twist map. A quantity which gives
an estimate of the time required to observe chaotic behaviour in a system is the
Lyapunov time, given by the inverse of the maximal Lyapunov exponent; however,
the Lyapunov exponent is a global property of the system, and so the Lyapunov
time is better seen as an average time for which chaotic behaviour can occur for a

typical orbit.

Alternatively, one may wish to measure this transition to independence via the
time it takes for a system to achieve a certain level of homogeneity of observable
functions (e.g. temperature, pressure); this is given by the rate of decay of cor-
relations, which can be thought of as the rate of mixing of a system (see Section
2.9). This decay rate has been studied, using similar techniques and concepts to
those we use in Chapters 4 and 5, by Ayyer and Stenlund [7], who found an upper
bound on the decay rate depending upon a lower bound on the maximal Lyapunov
exponent; note that the lower bounds we will obtain are an improvement upon the
lower bound used by Ayyer and Stenlund. It should also be noted that while the
Lyapunov exponent(s) and the rate of decay of correlations are seemingly related
quantities, they are not intrinsically tied to each other; specifically, the choice of ob-
servable function can cause arbitrarily small correlation decay, despite the existence

of a positive maximal Lyapunov exponent [50].

The format of the thesis is as follows: we begin in Chapter 2 by giving the

background and definitions we will require for the methods later in the thesis. This
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includes the (explicit) introduction of the concepts of uniform hyperbolicity, Lya-
punov exponents, and invariant cones. In Chapter 3 we study a select few systems
of interest, and define the notions of non-uniform hyperbolicity, with the motivating
example of the linked twist map, and pseudo-Anosov maps, an alternative generaliz-
ation of uniform hyperbolicity. In Chapter 4, we study and describe the formulation
of bounds for random products of the composition of shear matrices, resulting in four
of the main results of this thesis, Theorems 4.2 - 4.5. In Chapter 5, we apply this
method to linked twist maps, with minor alterations, as well as an alternative map
introduced in Chapter 3; this chapter contains the remaining three novel theorems
of this thesis, Theorems 5.1 - 5.3, which concern bounds on Lyapunov exponents in
linked twist maps. Finally, in Chapter 6, we summarise our findings and consider

possible extensions to the theory.
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2 Fundamental Properties of Measure-Preserving

Dynamical Systems

The aim of this thesis is to study the quantities known as the Lyapunov exponents
of a dynamical system - the growth rate of the separation between infinitesimally
close trajectories - and to find methods to bound them in certain systems where
explicit calculation is difficult or impossible. The Lyapunov exponents of a system
are indicators of chaotic behaviour; positive Lyapunov exponents indicate expanding
directions in tangent space, while negative Lyapunov exponents indicate contracting
directions. We begin by giving definitions of the various mathematical objects we

will require throughout the thesis in order to clarify the notations we will use.

2.1 Basic definitions

We will be concerning ourselves exclusively with systems which are measure-preserving

for a measure p which is defined on a (Borel) o-algebra over a metric space M.
Definition 2.1. A o-algebra, o, is a collection of subsets of M such that:

(i) M € o,

(i1) M\A € o for A€ o,

(111) UnZO A, € o for all A, € o forming a finite or infinite sequence A, of subsets
of M.

We call o the Borel o-algebra if it is the smallest o-algebra containing all open

subsets of M (i.e. if o is generated by the collection of all open subsets of M ).

Note that we refer to a set in the Borel o-algebra as a Borel set.
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Definition 2.2. A map H : M — M s said to be u-preserving (or u is an H

invariant measure) if, for all A € o,

p(H N (A)) = p(A). (1)

If (M) =1, then p is a (Borel) probability measure. If in addition (1) holds,
then u is an invariant (Borel) probability measure. In the case of the maps we will
study, the preserved measure u is the Lebesgue measure. Note that u is assumed to
be the Lebesgue measure unless otherwise specified; in all cases, the measure used
will be an invariant Borel probability measure.

Most of the systems we study will be invertible (with the exception of random

dynamical systems, see Chapter 3); in these cases, we can rewrite (1) as

We now clarify the notation we will use for a measure-preserving dynamical system.

Definition 2.3. A dynamical system is a quadruple (M, o, H, i) where M is a
metric space, o is a Borel o-algebra over M, H : M — M s a transformation (or

map), and p is an H-invariant measure.

As mentioned earlier, Lyapunov exponents are a quantity with close ties to chaos.
Various definitions of chaotic behaviour in dynamical systems exist, and so we specify
the definition of chaos as it will be understood in this thesis - that is, the definition

given by Devaney.

Definition 2.4 ([20]). A continuous map H : M — M is said to be chaotic if:
(i) H displays sensitive dependence on initial conditions.
(i1) H is topologically transitive.

(iii) the periodic points of H are dense in M.
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In particular, positivity of the Lyapunov exponents of a system is indicative of
the first of these conditions, and as such is a necessary, but not sufficient, component

for chaos.

2.2 Maps formed from shear composition

The systems we study over the course of this thesis will all exhibit chaotic behaviour,
and the mechanism we will use to give rise to this behaviour is the composition of

shear maps on the 2-torus!, given by
T?=[0,1) x [0,1) mod 1.

Note that from this point forward if a map is defined upon T? it will be considered
to be mod 1, and the notation for this will be dropped. In general, let F : T? — T?
be given by

x 1 oy )\

F = if (z,y) € B, (2)

Y 0 1 Y
where i € [1,...,n] and P, = [0,1) X [p;_1, p;) are horizontal annuli with py = 0 and
pn =1, and let G : T2 — T? be given by

x 1 0 x

G = if (z,y) € Q;, (3)
Yy B; 1) \y

where j € [1,...,m] and Q; = [g;—1,¢;) x [0,1) are vertical annuli with ¢o = 0 and

¢m = 1, and the o; and j3; are constants in R. To ensure continuity, we require that

ai(pi — pi-1), Bi(a; — ¢;-1) € Z. (4)

We will study the dynamical system (T?, o, H, 1), where H = GoF : T? — T? and p

is either the Lebesgue measure or a probability measure derived from the Lebesgue

Tn some cases we also consider subsets of the 2-torus.
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measure. By convention we will always apply the horizontal shear first, however the
behaviour and properties of the system are qualitatively identical with the order of
application switched. We refer to the Jacobian matrixz of the map H at the point
x € T? as DH, - when the Jacobian is identical for any choice of z, we will instead

use DH. We now prove that H is measure-preserving.
Lemma 2.1. F', G and H are Lebesgue measure-preserving.

Proof. By the Kolmogorov Extension Theorem [31], we need only check that F' and
G preserve the Lebesgue measure of A = (z1,12) X (y1,y2) C T?, since the set of
all possible A generates o; that is, we can form any open set A’ € o via a possibly
infinite number of unions/intersections/relative complements of sets of the form A.

We have that
M(A) = (iU2 - 1’1) : (?JQ - yl)'

F~1(A) is a collection of parallelograms, continuously stacked upon each other,
with the bottom corners at (x; — auy1,41) and (x2 — agy1,y1), and top corners
at (x1 — apye,y2) and (T2 — apya, yo), where a,b € [1,...,m], and without loss of

generality a < b. Then

w(F(A)) = (22 — aayn — (31 — 1)) - (Y2 — y1) = p(A).

Hence F'is Lebesgue measure-preserving. The proof for G is identical, with x and

y reversed. Hence

and thus H is Lebesgue measure-preserving. ]

The fact that the systems we study are measure-preserving means that their

Lyapunov exponents will sum to zero - if a vector is expanded by some factor in one
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direction, it must be contracted by this factor in another direction in order for meas-
ures to be preserved. Furthermore, many important results for measure-preserving
dynamical systems are useful in the calculation and bounding of Lyapunov expo-

nents. We will cover these results in detail over the next few sections.

2.3 Arnold’s Cat Map

The archetypal example of a system formed by shear composition is Arnold’s Cat
Map [6]. Note that Arnold demonstrated some of the properties of this system (e.g.
Poincaré recurrence) by iterating the polygons of a picture of a cat forwards, leading
to the system obtaining its oft-used moniker. Let F': T? — T? and G : T?> — T? be

shears given by

x 1 1 T
F = ) (5)
(] 0 1 Yy
and
T 1 0 T
G = : (6)
Yy 1 1) \y

then Arnold’s Cat Map, H = G o F, is given by

T 11
H| ] = . (7)

y I 2) \y

8

We will use the Cat Map to demonstrate the fundamental properties of measure-
preserving dynamical systems. The action of the Cat Map on the unit square is
shown in Figure 1. Note that the Cat Map is similarly defined by the composition
of (2) and (3), withi=j=0a; = = 1.

2.4 Lyapunov exponents

We now discuss the Lyapunov exponents, which for z,v € R™ are given by

1 .
Aelz,0) = Tim = log||DHv] (5)
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Figure 1: The action of Arnold’s Cat Map on the unit square. The partition P is mapped
to H(P). H(P) is shown on R? before being reduced modulo 1.

provided the limit exists. Note that, in general, this formula yields a number of
distinct Lyapunov exponents, known as the Lyapunov spectrum, corresponding to
different choices of z,v € R™. In the two dimensional measure-preserving case, there

are two distinct Lyapunov exponents, A; 2, where A\; = — .

In two dimensions, the matrix DH, is the Jacobian of the map H at the point
x € R?, however in the case of the Cat Map DH, = DH for all z, and so the
Lyapunov exponents do not depend on x. In general this may not be true, however
under certain conditions (see Theorem 2.1) Ay can be equal for py-almost all z. Note
that the Lyapunov exponents are independent of the choice of norm ||.||; we will

show this explicitly for the Cat Map.

The Lyapunov exponents quantify the rate at which infinitesimally close traject-
ories separate under application of the map H. In other words, Lyapunov exponents
are the average rate at which the space (or vector) between two points expands or

contracts as we iterate them forwards in the case of A; or backwards in the case of
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Ag. A positive Lyapunov exponent in the direction v tells us that two trajectories,
initially separated by the vector v, will separate exponentially quickly as we iterate
H. On the other hand, a negative Lyapunov exponent tells us that the two traject-
ories will begin to converge upon one another at an exponential rate as we iterate H.
Finally, Lyapunov exponents equal to zero indicate regions of tangent space where
less than exponential (or no) growth of vectors occur.

A necessary (though not sufficient) condition for chaotic behaviour is sensitive
dependence on initial conditions; no matter how close two trajectories are, given
enough iterates, they will be separated by some minimum distance. A system which
possesses only negative Lyapunov exponents cannot exhibit chaotic behaviour, since
in such a system all trajectories will ultimately converge upon one another. On
the other hand, a system with only positive Lyapunov exponents - known as an
expansive system - will exhibit sensitive dependence on initial conditions; all orbits
will separate from each other under iteration by H. Note that expansive systems
can fail other conditions necessary for chaos, such as the existence of dense orbits
(topological transitivity).

Let us consider the Lyapunov exponents \; o of the Cat Map H. In order to cal-
culate \; o we require DH™", which we obtain by diagonalising DH. The eigenvalues

of DH are
3++5

)\u s — ) 9
== 9
with corresponding eigenvectors

2

Uy s = : (10)
1+5

Let

2 2

P = (vy,vs) =

1+v5 1—-v5
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then

DH — PAP- — -1 2 2 A O 1—+v5 =2

W5 \1+v5 1-5 0 A “1-v5 1

and

DH"™ = PA\"P~'.
We can now rewrite (8) with v = (z,y) as

1
Ai(v) = lim —log||PA"P~'v]|,

n—Foco N
lm L1 (21 = VBN = 2(1 + VB)AD)z + (—4X] + 40y
= 1im — Og
n—+oo N <_4)\Z + 4)\?)1’ + (—2(1 + \/3)/\2 + 2<1 - \/g))\?)y
(21 = V) — dy)Xj — (2(1 + VB)z + dy) XL
= lim —log
n—s+oco M, —(4z + 2(1 + V5B)y)A* + (4o + 2(1 — /B)y)A?

Let n — 400, then A\ — 0 as n — +o00, and for v # v, we have

e = log Ay + lim ~ log 2(1_\/3)x_4y_(2(1+\/_x+4y( 2’ ,
oo 7 —(4z +2(1+V5)y) + (4o +2(1 —VB)y) (32)"
= log Ay = 0.962,
(11)
and for v = v, we have
—8v5

1
A =log Ay + lim —log

n—oo M,

?

20 — 44/5

(12)
= log A\s = —0.962,

Similar calculations for n — —oo yield A\_ = log A* for v # vy and A_ = log A" for

v = vs. We have found a total of two Lyapunov exponents for the Cat Map, with the

exponent we obtain depending on the choice of initial vector v, but not the choice of

x. This indicates that this map possesses both expanding and contracting directions,
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although we could have noted this from the eigenvector equations DHuv,, s = Ay, sUy.s
- clearly v, is an expanding direction and v, is a contracting direction.

We now know that Lyapunov exponents exist in the case of the Cat Map; how-
ever, for an arbitrary choice of dynamical system there is no guarantee a priori that
A+ will converge at all, nor that A, = A_ for any x. The following theorem by Osele-
dec [35] guarantees that these limits exist for almost all z, provided there exists an

invariant measure.

Theorem 2.1 (Oseledec Multiplicative Ergodic Theorem [35]). Let M be a
compact manifold of dimension m, o be the Borel o-algebra on M, and H : M — M
be a C? diffeomorphism, and let M(H) be the set of all invariant probability measures
for H. Then there exists an invariant set oy € o of full measure for every p € M(H)
such that the Lyapunov exponents exist for all points x € og. Specifically, the

following properties are true.

(a) The set oy is invariant, H(oy) = oy, and of full measure, u(oy) =1 for all

pe M(H).

(b) For each x € oy, the tangent space at x can be written as an increasing set of

subspaces

{0}=vlcvic..cv®@=1M

such that for v € VI\VI=1 the limit defining \(x,v) exists and \;(z) = Az, v)

is the same value for all such v, and the bundle of subspaces
{VI:z € oy and s(x) > j}
are invariant in the sense that DH,VJ = Vé(x) forall1 < j < s(x).

(¢c) The function s : og — {1,...,m} is a measurable function and invariant,

so H =s.
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(d) If x € oy, the Lyapunov exponents satisfy
—00 < A\ (2) < Ao() < ... < Ag(g)(2).
For 1 < j <m, the function \;(.) is defined and measurable on the set
{reou:s(x) =7},
and is invariant, 1.e. \jo H = \;.

This theorem guarantees that for an m-dimensional dynamical system there are
at most m distinct Lyapunov exponents. In the case of the two-dimensional Cat
Map, the Lebesgue measure is invariant, and we found two distinct Lyapunov expo-
nents, A\; = log A\, and Ay = log A, thus adhering to the theorem.

Calculation of Lyapunov exponents is, in general, not as simple as was the case
for the Cat Map, where we obtained explicit expressions for A ; in fact, for systems
where the Jacobian matrix is spatially dependent, obtaining an explicit expression
may be impossible, outside of certain special cases (see Section 3.3). When explicit
calculation is not possible, Lyapunov exponents are estimated numerically; however,
problems arise when trying to evaluate these quantities by using (8) directly.

One such problem with a ‘brute force’ calculation is that the matrices DH' can
become ill-conditioned. When n is large?, the columns of the matrix DH” will tend
to align themselves with the unstable eigenvector. This can lead to a small relative
error in the calculation of the largest eigenvalue of DH' having a large affect on the
calculation of the smaller eigenvalues.

A widely used method for estimating the entire spectrum of Lyapunov exponents
involves periodic Gram-Schmidt orthonormalization of vectors [36]; essentially, after
each iterate, the algorithm ‘resets’ the orientation and length (norm) of the vectors,

which removes the issue of the matrices becoming ill-conditioned.

2The number of iterates which constitutes large may vary from system to system.
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The algorithm for this method in 2-dimensions is as follows (in this case, we

orthonormalize after each iterate):

(i) Begin with the matrix U = Iy = (uq,usg), a vector v € T, M, and ¥ = 0, where

I, is the 2 x 2 identity matrix, and u; and us are column vectors.
(ii) Obtain DH - U and set v = DHw.
(iii) Let V.= DH - U = (v, vy), where v; and v are column vectors.

(iv) Set vy = vy — (vg - uy)uy.

(v) Set U = (7, rt2-).

[[va][? [lvz2]

(vi) Set ¥ =3+ log[v1]] + log |[v2]].

(vii) Repeat steps (ii) through (vi) n times, where n is your desired number of

iterates of H you wish to take for your estimate.

(viii) The Lyapunov exponent estimate is A = X/n. Note that this step can be
performed after each repetition of (ii) through (vi) to obtain a plot of the

estimate for increasing n.

Typically the approximation improves in accuracy as n increases, with the trade-
off being increased computing time. In essence this method calculates finite-time

Lyapunov exponents, which for x € M and v in the i** Lyapunov space are given by
1 n
Ain(z,v) = —log || D, H"v||. (13)
n

Finite-time Lyapunov exponents (FTLESs) are local properties of a system, whereas
the Lyapunov exponents are global properties - that is, the FTLE’s can depend on
the choice of initial condition z. Clearly A;,, tends to the true Lyapunov exponent

A; as n — 00, however the rate at which this convergence occurs can vary from
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system to system. In spatially dependent systems, different initial conditions can
lead to varied FTLESs, even if the true Lyapunov exponents of the trajectories are
in fact equal. These varying convergence rates are, in part, the motivation for
finding bounds for the Lyapunov exponents of linked twist maps, which we discuss
in Chapter 5.

Non-zero Lyapunov exponents are indicators of expanding or contracting regions
in tangent space. As such, they are closely related to the idea of hyperbolicity and
the study of hyperbolic dynamics. Hyperbolic measure-preserving systems exhibit
both expanding and contracting behaviour, and are one of the most well understood
ways of obtaining chaotic dynamics. In particular, due to the work of Pesin, non-
zero Lyapunov exponents can imply various types of hyperbolicity under certain
conditions. The strongest type of hyperbolicity, uniform hyperbolicity, is a property
possessed by the Cat Map, and is the subject of the next section.

2.5 Uniform Hyperbolicity

We begin by defining what it means for a point x to be a hyperbolic point.

Definition 2.5. A point x € M is a hyperbolic point of H : M — M if none of

the eigenvalues of DH,, lie on the unit circle.
This leads to the definition of what it means for a linear map to be hyperbolic.

Definition 2.6. A linear map H : M — M is hyperbolic if none of the eigenvalues
of DH lie on the unit circle.

That is, a linear map is hyperbolic if every point in its domain is hyperbolic.
Clearly the Cat Map is a hyperbolic map - its Jacobian DH has eigenvalues AL =
%ﬁ for any x € T?, neither of which lie on the unit circle. The Cat Map exhibits

expanding and contracting behaviour - the phase portrait of each point in the domain
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8

Figure 2: The phase portrait of a hyperbolic point x. The term hyperbolic arises due to

the paths of nearby trajectories being hyperbolas relative to the orbit of x.

looks like that of a saddle point - however this is not necessarily indicative of a
hyperbolic map; a hyperbolic map which is not measure-preserving may only exhibit
one of these behaviours. For example, consider the expansive map H : R? — R?

given by

2
1 = . (14)

DH has repeated eigenvalues, A = 2, and since neither of these is on the unit
circle, ‘H is by definition hyperbolic. However, we see no contracting behaviour
whatsoever in this map; instead, all orbits diverge from each other as we iterate.
In a measure-preserving system, such as the Cat Map, if expansion occurs in one
direction, contraction must occur in another to compensate. In particular, we see
this behaviour at all points in the domain, not just at fixed/periodic points. Figure
2 shows an example of a local phase portrait of a point in a hyperbolic system such
as the Cat Map.

In a map which possesses both expanding and contracting behaviour, one might

wish to describe the expanding and contracting directions in a rigorous way. For
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simplicity, let us consider a linear map F : R® — R™ (not necessarily hyperbolic),
with eigenvalues \; for @ = 1,...,n, each with a corresponding eigenvector v; (or
generalised eigenvector in the case of repeated eigenvalues). There are 3 options for
each i: |\| > 1, |\ =1or |\ < 1.

We define a subspace E*® of R" (since the map is linear, we can drop the x
dependence of the tangent space) given by the span of all eigenvectors v; with a
corresponding eigenvalue |\;| < 1. E® is known as the contracting or stable subspace;
it contains all vectors which contract under the action of /. We define the expanding
(unstable) subspace E* in a similar way, except it contains all vectors which expand
under F, and is given by the span of all eigenvectors with corresponding eigenvalue
|\i| > 1. The remaining vectors are grouped into E°; this neutral subspace contains
all of the vectors which undergo expansion or contraction at a rate which is less than
exponential and is given by the span of the eigenvectors corresponding to |\;| = 1.

The three subspaces E*, E* and E° contain all possible vectors, that is
E*® E*e E’=R",

and are known as a splitting of tangent space. If F is a hyperbolic map, then E° = ()
and all vectors undergo either exponential expansion or contraction upon iteration.
In the case of the Cat Map, E° = span(v_) and E* = span(v; ), and vy and v_ form
a basis for R™; hence F* @ E" = R" as desired. The Cat Map is hyperbolic, and so
we do not obtain a neutral subspace E°.

The above construction was for a linear map, which allowed for the splitting of
tangent space to be defined globally (i.e. independently of the point x € R™). In
general this is not possible; if the Jacobian matrix DJF, of our map does depend
on x, we instead need to find a splitting of tangent space at each point z. This
idea leads to the definition of uniform hyperbolicity, which is the strongest form
of hyperbolicity; uniformly hyperbolic systems are also commonly referred to as

Anosov diffeomorphisms.
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Definition 2.7 ([27]). Let A\ < p. A sequence of invertible linear maps H,, :
R™ — R™, m € Z, is said to admit a (A, p)-splitting if there exist decompositions
R" = Ef ® E, such that H,,EZ = E_, and

[ oy (<A (H L ([ <n7h

| o+
Em+1

We say that {H,,}mez admits an exponential splitting if it admits a (\, u)-
splitting for some \, p and X\ < 1, dim E, > 1 or p > 1, dim E, > 1. We call
{H, }mez uniformly hyperbolic if it admits a (A, p)-splitting for some A < 1 < p.

In other words, a map is uniformly hyperbolic if its Jacobian at each point admits
a splitting of tangent space, upon which the growth and contraction rates of vectors
are uniformly bound away from 1. The sequence of linear maps in the definition
can be thought of as the linearisation at each point x on a trajectory of a possibly
non-linear map H. In the case where H is linear, the H,,’s are equal for all m. We
now define what it means for a set of points (typically thought of as a trajectory)

to be hyperbolic.

Definition 2.8 ([27]). Let M be a smooth manifold, U C M an open subset,
H:U— M aC" diffeomorphism, and A C U a compact H-invariant set. A is a
hyperbolic set for H if there exists a Riemannian metric, known as a Lyapunov
metric, in an open neighbourhood U of A and A < 1 < p such that for any point

x € A the sequence of differentials
(DH)Hn(m) : TH"(g:)M — TH"+1(x)M7
n € Z, admits a (A, p)-splitting.

In other words, a set of points is hyperbolic if it is a trajectory of our map H,
and the Jacobian at each point on the trajectory admits a splitting of tangent space

upon which expansion and contraction rates are bound away from one.
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Definition 2.9 ([27]). A transitive, C' diffeomorphism H : M — M of a compact
manifold M is called an Anosov diffeomorphism if M is a hyperbolic set for H.

Hence a dynamical system (or map) is uniformly hyperbolic (or Anosov) if we
can obtain a splitting of tangent space at every point x in the domain upon which
expansion and contraction rates are bound away from one, and we can find constants
which uniformly bound these rates away from one for all . The conditions for a
system to be uniformly hyperbolic are very strict - in practical applications one
may find some hyperbolic sets in a system, but rarely is the entire domain so nicely
behaved. As such, other less stringent forms of hyperbolicity exist, such as non-
uniform hyperbolicity and pseudo-Anosov systems, where one or more of the strict
conditions required for the system to be Anosov is relaxed. We will discuss these
properties, and some examples of systems which possess them, in Chapter 3. Note
that the transitivity of H, while not always included in the definition of an Anosov
diffeomorphism, is required in order to construct Markov partitions, which we discuss

in Section 2.8.

The Cat Map is an Anosov diffeomorphism - we already know we can obtain
a splitting of tangent space for each x, and the constants A and p are simply the
eigenvalues A\, and A, respectively. It is a special example of a family of Anosov

diffeomorphisms, which can be defined as follows: let F': T? — T? and G : T? — T?

be shears given by

T 1l o T
LT = , (15)
Yy 0 1 (0
and
T 1 0 T
G = : (16)

<

=™
—_

<
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then our family of maps, H = G o F', is given by

T 1 e} T
H = , (17)

y B 1+tab) \y
where «, 8 € Z such that aff > 0 or aff < —4. We require these conditions on «
and S in order to ensure hyperbolicity of the map and the ability to construct a
suitable splitting of tangent space. To see this, consider the eigenvalues of H, which

are given by

\ :2+Ozﬁ:t\/ozﬁ(4+ozﬁ). (18)

2

If -4 < af < 0, then af(4+a3) < 0 and we therefore have complex eigenvalues, and
no real eigenvectors. For example, if we let « = 1 and 3 = —1 then we find that H® =
II,; all points are periodic with period 6, hence no chaotic behaviour is observed. Note
that A, and )y denote the unstable and stable eigenvalues respectively, and the sign
in front of the square root can switch in certain cases.

Provided that oo and 3 adhere to the aforementioned conditions, the behaviour of
these maps is qualitatively identical to that of the Cat Map; we find expanding and
contracting subspaces which correspond to the eigenvectors v, and v, and we can
find constants which uniformly bound the expansion and contraction rates away from
one (again these are the eigenvalues \, ). We also find that the Lyapunov exponents
of H are A2 = log\, s via a similar calculation to the Lyapunov exponents of the
Cat Map.

When considering expanding and contracting directions, one may wish to know
which points approach or move away from each other (i.e. the vectors between them
contract or expand) for all iterates. This gives rise to the idea of local and global
stable and unstable manifolds. We first define what we mean by a local stable (or
unstable) manifold of a fixed point x,. Note that in the following definition the use

of the inverse H~! is justified since the map H is assumed to be a diffecomorphism.
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Definition 2.10. The local stable manifold of a fized point x, of a diffeomorph-

ism H: M — M in a neighbourhood B(x,,r) of z. is given by
vs(xy) = {x € B(x,,r) : d(H"(z),z.) — 0 as n — oo},
and its local unstable manifold by
Yu(zy) = {x € B(zy,r) : d(H " (2),2,) = 0 as n — oo},
where B(x,,r) is the open ball of radius r about x.,.

The following theorem guarantees the existence of such manifolds provided that

x4 is a hyperbolic fixed point.

Theorem 2.2 ([27]). Let z. be a hyperbolic fixed point of a local C™ diffeomorphism
H:U— M, r >1, for some Borel subset U of M. Then there exist C" embedded
discs vy Yy, C U such that:

(i) Tp,ve = E“(DH,,) and T,,v; = E°*(DH,,) (the unstable and stable sub-

spaces under the respective Jacobian,),
(is) H ' (%) C % and H(v:,) C 5.
Also, there exists C(0) such that for anyy € v5 , z € v, m >0,
(i) d(H™(y), x.) < C(O)(MDHz,) + 6)"d(y, x.),
(iv) d(H™"(2),2.) < C(0)(n~ (DHy,) + 6)"d(2, z.),
Furthermore, there exists 0o > 0 such that
(a) if d(H™(y),x.) < do for m =0, then y € ;.

(b) if d(H™(2),2.) < &y form <0, then z € 72 .
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The discs v, and v, are local stable and unstable manifolds of the fixed point,
and may not be unique. Note that, by definition, H (72 ) and H (") are also
local stable and unstable manifolds. We use this fact to define the global stable and

unstable manifolds of a hyperbolic fixed point z,.

Definition 2.11. The manifolds

and

re = JH" ()

m>0

are the global stable and unstable manifolds of H at the point x, respectively.

Equivalently, the global stable (unstable) manifold contains all points which tend

to z, for all forward (backward) iterates of H, that is
I ={zeU:dH(x),z,) = 0 as m — oo}, (19)

and

Iy ={zeU:dH ™(x),x.) = 0asm — oo}. (20)

In the case of the fixed point (0,0) of the Cat Map (and indeed any map given
by (17)), the global stable and unstable manifolds are simply the eigenvectors v_
and v, stretched to an infinite length; subsequently, the global stable and unstable
manifolds are dense in T? in these cases, each consisting of a vector wrapping around
T? an infinite number of times. In general, however, I'y and I'* are much more
complicated, often forming structures called homoclinic tangles in non-linear maps
([41], see also [27]).

We noted earlier that the Cat Map possesses stable and unstable subspaces
not only at its fixed point(s), but at every point in its domain. As such, we may

consider whether stable and unstable manifolds exist for any point in the domain.
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The extension of these ideas to non-fixed points is justified by the Hadamard-Perron
theorem, which gives us the local stable and unstable manifolds for hyperbolic maps,

as well as more general C" diffeomorphisms under the specified conditions.

Theorem 2.3 (Hadamard-Perron Theorem [27]). Let A\ < u, r > 1 and for
each m € Z let H,, : R" — R" be a (surjective) C™ diffeomorphism such that for
(z,y) e REPR"*

Hy(z,y) = (A () + am(2,y), Bu(y) + Bm(2,y))

for some linear maps A,, : R¥ — R* and B, : R"* — R * with ||A Y| < p~t,
1Bl < A, am(0) = 0 and 5, (0) = 0.
Then for 0 < w < min(1, /u/A — 1) and

pw—A = (14 w)X >

0<d< '< ,
B wH2+1/w (1+w)(w?+2w+2)

we have: If ||am||cr < 6 and ||Bml||lcr < 6 for all m € Z then there is
(a) a unique family {v" }mez of k-dimensional C* manifolds
Y = {(@, 0} (2)) s x € R},
and
(b) a unique family {72 Ymez of (n — k)-dimensional C' manifolds
Yo = {(@, 05, (2)) s x € R},

where ¢, : R¥ — R* ¢35 R — R" % sup,.., [|Do%*|| < w, and the following

properties hold:
(1) Hu(Vn) = Va1 and Hu(75) = Y-
(i1) || Hn(2)|| < N|2]| for 2 € vy, and ||HZLy ()| < ()7 Y|2|| for = € 4, where

/ H '
= (1 1 _— = .
A= 1+ w)(A+( +w))<1+w §:=u
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(iii) Let N <v < p'. If ||Hpmyp-10...0H,(2)|| < Cvl|z|| for all L > 0 and some
C >0 then z € 7;,.
Similarly, if ||H'; o... o H,1(2)|| < Cv7L||2|| for all L > 0 and some
C >0 then z € v;1..

This theorem is analogous to Theorem 2.2, except we have to take care that the
points which we aim to analyse are no longer fixed, and so we need to calculate their
motion relative to each other. In the case of hyperbolic maps, we have A < 1 < p,
and the families of manifolds instead consist of C" manifolds - in other words, they
are at least as smooth as the map itself. The proof of the theorem (see [27]) involves
the construction of families of invariant cones - these are an important concept in
hyperbolic dynamics, and we will ultimately use invariant cones in the construction
of rigorous bounds upon the Lyapunov exponent of specific families of maps in
Chapters 4 and 5. Furthermore, due to results by Alekseev [2], the existence of
invariant cones under certain conditions can imply the (uniform) hyperbolicity of a

given map.

2.6 Invariant Cones

Determining whether a given map is (uniformly) hyperbolic can be difficult. In the
case of the Cat Map and similar systems, the stable and unstable subspaces are
relatively easy to obtain; however, in the case of non-linear maps, these subspaces
can be much more difficult to find. A way of sidestepping this problem is provided
by the Alekseev Cone Criterion, which states that the subspaces are given by the
intersection of a family of invariant cones - if we can find these cones, we can
subsequently calculate the subspaces. First, we define what it means for a bundle

of tangent vectors to be called a cone.
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Figure 3: An example of a horizontal (blue) and vertical (red) cone.

Definition 2.12 ([27]). The standard horizontal w-cone at x € R" is defined by

af = {(u,v) € R" - [[v]| < wl[ull}.

x

The standard vertical w-cone at x € R" is defined by

By = A{(u,v) € R" - [Jv]| < wllull}.

T

In general, a cone C € R" is the image of one of these standard cones under an

wnvertible linear map.

All of the cones we study in this thesis will be two-dimensional, and hence will
look similar to those depicted in Figure 3. We define a cone field to be a map that
associates each z € R" with a cone C, C R", and a cone family to be a sequence
of cone fields K. A sequence of diffeomorphisms H = {H,,},,cz can act on a cone
family by

(H(K))zm = (DHmfl)H;il(x)(KH

l(x),m—l)‘

Definition 2.13. A cone family K is called (strictly) invariant if

(H(K))zm C Int(K,,,) U{0}.
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In other words, a cone is invariant if it is mapped within itself by the map H.

We say that a cone C' is a minimal invariant cone for the map H if
H(C) = Int(C)U{0}. (21)

That is, a minimal invariant cone is the smallest cone which is left invariant by H.
Note that this cone can be obtained by intersecting all other invariant cones for H.
With these definitions, we are now ready to state the Alekseev Cone Criterion [2].

We state the specific version given in [27].

Proposition 2.1 (Alekseev Cone Criterion [27]). Let N < i/ and wy,,w), >0
form € Z. Let L, : R¥ x R"* — R* x R"* be a sequence of invertible maps such

that
(1) Lo C Int(a®m+1);
(i) Ly, B+t C Int(5m);
(iii) || Lin(u, v)[| > [ (u, 0)[| for (u,v) € a®m;
(iv) || Lin(u, 0)|| < N||(w,0)|| for (u,v) € Ly!3m+.

Then

(o]
E! = ﬂ Ly10Ly,_90...0L,_ ;%"
i=0

is a k-dimensional (unstable) subspace inside o™ and
E: = ﬂ L1lo L;ll_H 0...0 L;liiﬁw;nﬂﬂ
i=0
is an (n— k)-dimensional (stable) subspace inside 3. Furthermore, if N < 1 < i/,
then { L.} is a hyperbolic family of linear maps which admits a (N u')-splitting.

In other words, the cone criterion tells us that if we can find invariant cones for a

map H and H~! (conditions (i) and (ii)), one containing vectors which contract by
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a factor of at least \' (the contracting cone) and the other containing vectors which
expand by a factor of at least p' (the expanding cone) (conditions (iii) and (iv)),
then the stable and unstable subspaces can be found by simply finding the images of
these cones under repeated applications of the map H upon the expanding cone for
the unstable subspace, and H~! upon the contracting cone for the stable subspace.

In the case of the Cat Map (or any map of the form (17)), repeated applications
of DH to a vector v # v_ will begin to align the vector with v, . Hence an invariant
cone C" for H is given by any cone which contains v, but does not contain v_.
Similarly, repeated applications of DH ! align the vector v # v, with v_, and so any
cone C*° which contains v_ but not v, is an invariant cone for H~!. The intersection
of all such possible cones (of each particular case) yields the minimal invariant cones,
which are the subspaces given by E* = span(vy) and E* = span(v_). Note that
E* @ E* = R?, as required. In fact, an invariant cone (and by the intersection of all
such cones, the minimal invariant cone) for any 2 x 2 diagonalizable matrix (with

positive, distinct eigenvalues) is given by the following theorem by Rodman et al.

Theorem 2.4 ([46]). Let a 2 x 2 matriz A be diagonalizable, with eigenvalues
A1 > Ay > 0. Then a proper cone C C R? is A-invariant if and only if it contains an
eigenvector of A corresponding to A1 and its interior does not intersect the eigenline

of A corresponding to \s.

Thus the eigenvectors vy and v_ are the minimal invariant expansion and con-
traction cones respectively for any map H given by (17). We will discuss the invari-
ant cones for the map given by the composition of (2) and (3) in Chapter 4.

We will use invariant cones to aid us in bounding the Lyapunov exponents of
maps which, while not Anosov themselves, possess orbits that can be split up into
chains of Jacobian matrices which yield Anosov maps, and therefore possess invariant
cones. The difficulty in these calculations comes first in finding the invariant cone

itself, and second in finding the frequency with which certain chains of matrices
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occur. We will look at two specific cases for these bounds: Anosov maps of the form
(17) chosen at random on each iterate in Chapter 4, and linked twist maps under
specific parameter values in Chapter 5.

In the case of the linked twist map, the issue of calculating the frequency of cer-
tain orbits requires the partitioning of the domain in a special way in order to guar-
antee uniformly hyperbolic chains of matrices - a return time partition/distribution.
This idea is made possible due to important results for general measure-preserving
systems, as well as the fact that the linked twist map possesses a quality called
ergodicity. Essentially, in an ergodic system, almost every orbit must visit every set
of positive measure within the domain, and must do so an infinite number of times.
In particular, a result called the Poincaré recurrence theorem [40] guarantees that,
in a measure-preserving system, almost every point must return to a neighbourhood
of itself, however small it may be, infinitely often; this guarantees that, in the case
of the linked twist map, an (appropriately chosen) orbit will return to a reference
set in the domain in a finite number of iterates, which allows for the construction of
a return time partition. We discuss the topics of recurrence in measure-preserving

systems and ergodicity in the next section.

2.7 Recurrence and ergodicity

An important notion in the context of measure-preserving systems is that of re-
currence: the idea that a typical point will return arbitrarily close to where it
started under iteration. An important result that tells us this fact is the Poin-
caré recurrence theorem, which states that not only must (almost every) point in a
measure-preserving system return within a neighbourhood of itself in a finite num-
ber of iterates, but it must do so infinitely many times on its orbit. A proof of this

theorem is given in [27].
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Theorem 2.5 (Poincaré recurrence theorem [40]). Let H be a measure-preserving
transformation of a probability space (M, p) and let A C M be a measurable set
(u(A) > 0). Then for any N € N

u({r € A: {H"(@)},on C X\A}) = 0.

Another important result for measure-preserving systems is the Birkhoff ergodic
theorem [10]. In applications, one may be interested in measuring a quantity - known
as an observable - at each particular point on an orbit; examples of observables in-
clude temperature, pressure, concentration or a characteristic function of a subset
of the domain. From a theoretical standpoint, these quantities are space-dependent
functions ¢(x), which may be measurable, integrable, differentiable and/or continu-
ous. The Birkhoff ergodic theorem tells us that in a measure-preserving system, for
a typical (u-almost every) initial condition, we can obtain a time average, ¢*(x),

and the spatial average of this time average is equal to the spatial average of ¢.

Theorem 2.6 (Birkhoff ergodic theorem [10]). Let H : (M,pu) — (M, pn) be
a measure-preserving transformation of a probability space and ¢ € LY(M, 1) be an
observable function. Then for p-almost every x € M the following time average

exists:

¢t (x) := lim — Z¢ (H'(x (22)

[ ot @dn= [ otan

The theorem can be restated to find that the backward time average

Moreover,

¢~ (z) := lim — Zqﬁ H( (23)

n—oo M,

also exists for p-almost every x € M, and

| o @dn= [ sy



39

An immediate corollary of Theorem 2.6 is that forward time averages equal backward

time averages for p-almost every z € M, since

[ ot @in= [ swn= [ o @an

via two applications of Theorem 2.6, or equivalently by finding that the measure of
the set A = {x € M : ¢"(x) > ¢ (x)} is zero. Note that this theorem does not
say that spatial averages equal time averages - in other words, that the average of
¢ over a single orbit is the same as the average over the entire domain - for this, we

require ergodicity.

Definition 2.14. A measure-preserving transformation H : M — M of a probability

space (M, o, 1) is ergodic if for any A € o,
H ' A)=A = u(A) =0 oru(A) =1. (24)

Equivalently, one may also say that u is an ergodic measure for H. The
definition tells us that the only invariant sets under the action of an ergodic map
are of measure zero or one; any set A with 0 < p(A) < 1 is not invariant under
an ergodic map. The following are alternative, equivalent definitions of ergodicity,

which demonstrate various properties ergodic systems must possess.

Proposition 2.2 ([21]). Under the conditions of Definition 2.14, the following

statements are equivalent:
(1) H is ergodic.
(ii) For any A € o, p(H ' (A)AA) = 0 implies that u(A) =0 or u(A) =1.3

(iii) For A € o, u(A) > 0 implies that p(|J;~, H "(A)) = 1.

3AAB = (A\B) U (B\A) denotes the symmetric difference of the sets A and B.
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(iv) For A, B € o, n(A)u(B) > 0 implies that there exists n > 1 with p(H"(A) N
B) > 0.

(v) For measurable f : M — C, fo H = [ almost everywhere implies that [ is

equal to a constant almost everywhere.

For a proof of the above proposition, see [21]. Statement (iii) highlights the idea
of indecomposability of ergodic systems; it states that, if we look back far enough,
the pre-image of A will intersect any set of positive measure in M. In other words,
eventually the orbit of almost every point in the system will enter A, so we cannot
split the domain into two or more sub-domains which are self-invariant. If a system
is not ergodic, it may possess what is know as an ergodic decomposition - that is, a
partitioning of the domain into subregions M;, where the restriction of the map H

to each M; is an ergodic map.

Example 2.1. Theorem 2.5 tells us that in a measure-preserving system (of finite
measure), an orbit must return to near where it started. It does not, however, tell us
that an orbit must visit any set of positive measure - ergodicity. To illustrate this,
consider the dynamical system (M,o, H, i) where M = My U My, M; and My are
separate, distinct copies of the 2-torus, and the restriction of H to M;, 1 = 1,2, is
the Cat Map; clearly, H is measure-preserving. The orbit of a point x € M; can

never enter My, and as such cannot visit any region of positive measure in Ms.

In addition to sensitive dependence on initial conditions, another required con-

dition for chaotic behaviour is topological transitivity.

Definition 2.15. A dynamical system H : M — M is topologically transitive

if for every pair of non-empty, open sets A, B C M, there exists an integer n such

that H"(A) N B # 0.

In the case of homeomorphisms on a compact metric space (which encompasses

all systems we study in this thesis), this property is equivalent to the existence of a
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dense orbit (this is the Birkhoff Transitivity Theorem, see [45]). Ergodicity implies
topological transitivity, provided p(A) > 0 for all non-empty, open A C M. If; in
addition, such ergodic systems have positive Lyapunov exponents, then they possess
(at least) two of the three conditions required for chaotic behaviour. We now show

that the Cat Map (and its generalization (17)) are ergodic systems.

Lemma 2.2. Let H : T? — T? be given by (17). Then H is ergodic w.r.t. Lebesque

measure.

Proof. (See, for example, [27]) We use Condition (v) of Proposition 2.2, and show
that all H-invariant functions f are constant almost everywhere. Let us consider a
function f € L? with fo H = H, i.e. H is invariant under f. Since f € L?, it has a

Fourier series given by

f(l', y) _ Z Cm7n€27rimz€27riny7

m,nel
where ¢, , € C. We have that
T r+ o
H = Y ,
y Br+ (14 aB)y

hence

foH(x,y) = Z Cyn €2 AR 2mi{amt (14 aB)n)y

mneL

By assumption we must have that f o H and f are equal, hence

§ : CmmeQmmermny: E : Cmme2m(m+6n)x€2m(am+(l+a6)n)y’

mne” mne”L

which can only happen for all (z,y) € T? if

Crm,n = Cm+Bn,am+(1+aB)ns

for all m,n € 7Z, or in other words if

Cy = CHvy
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for all v € Z2. By subsequent iteration, we therefore also have ¢, = cgn, for n € Z.
H is hyperbolic, so we know that for v # v_ (the stable eigenvector of DH) and
v # 0, we have lim,, ., ||[H"v|| — co. We know further that v_ # v € Z? since v_
has an irrational slope. We thus have either v = 0 or lim,,_, || H™v|| — 0.

For f € L? ¢, — 0 as ||v|]| = oo by the Riemann-Lebesgue lemma, and so we
have

Cy = Cppny — 0.

Hence ¢, is only non-zero when v = 0, and the Fourier series of f is given by
f(I, y) = Co-
Hence f is a constant function almost everywhere, and therefore H is ergodic. [

Example 2.2. Consider again the system described in Example 2.1. We now know
that the Cat Map is ergodic, and so the restriction of H to each M; is ergodic. Hence,
the ergodic decomposition of this map is given by { My, Ms}.

The following corollary states that in ergodic systems, time averages and spatial

averages of observable functions are equal.

Corollary 2.1. Let H : M — M be an ergodic p-preserving transformation with
w(M) =1, and let ¢ € L*(M, ). Then for every x outside of a set of measure zero,

bula gggonZMZ :/M¢du.

Proof. H is ergodic and ¢y is H-invariant, hence, by Proposition 2.2(v), ¢y is
constant almost everywhere. By Birkhoft’s Ergodic Theorem, that constant must

be [,, ¢ du. O

We now know that the Cat map and its generalization are ergodic; a typical orbit

in these systems will visit any region of positive measure in the domain. A useful
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tool for studying orbits in dynamical systems is symbolic dynamics, which involves
partitioning the domain into various (finitely-many) regions (partition elements),
assigning to each region a number, and then encoding orbits as a sequence of num-
bers corresponding to the regions that they visit. However, the choice of partition
elements is important - a ‘poor’ choice of partition can lead to a single point being
coded in multiple ways, or many points being coded by the same sequence. In an
ergodic system, we would expect typical orbits to visit each of these regions in their
own unique way, and as such we would want our coding to reflect that.

In the case of Anosov diffeomorphisms, such as the Cat Map, a partitioning of
the domain exists which allows us to encode p-almost all points uniquely - a Markov
partition [49]. Furthermore, this partitioning of phase space possesses the Markov
property; the future coding of a particular orbit depends only upon the region it finds
itself in currently, and not what has come before. Note that Markov partitions can
exist for non-Anosov systems, although finding them can be difficult. We discuss

Markov partitions in the next section.

2.8 Markov partitions

In this section we will define what we mean by a Markov partition, and find a Markov
partition for the Cat Map. We begin by describing the structure of the partition

elements.

Definition 2.16 ([45], [1]). Let H : M — M be a diffeomorphism which possesses
a hyperbolic invariant set A with a local product structure (in the case of an Anosov

diffeomorphism, A = M ). A non-empty set R C A is a (proper) rectangle if
(1) R = Cl(Int(R)), and

(i) x,y € R implies that (v; Nv,) N R is eractly one point.
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In other words, a set R is a rectangle if it is closed, and the stable manifold for
any point in R intersects exactly once, within R, with the unstable manifold of any
other point in R (in the case of non-Anosov systems, these may instead be stable
and unstable foliations, see Section 3.3). We say a point z € R is a boundary point of
R if there exists y € B(z,r) such that y ¢ R for any r > 0. We label the boundary
of R, the set of all boundary points x € R, as OR. Note that Int(R) = R\OR. We

now define what it means for a collection of rectangles to be a Markov partition.

Definition 2.17 ([45]). Let H : M — M be a diffeomorphism which possesses
a hyperbolic invariant set A with a local product structure. A Markov partition
for H is a finite collection of rectangles, R = {R;},, that satisfies the following

conditions.

(i) R covers A, that is, A = ;" R;.

(ii) If i # j, then Int(R;) N Int(R;) = 0.
(i17) If x € Int(R;) and H(z) € Int(R;), then

H(vy N Ri) D Vi N Ry, and

H(v; N Ri) C Yy N Ry
(iv) (Optional) If x € Int(R;) N H~'(Int(R;)), then
Int(R;) N H (v, NInt(R;)) = Vi) N Int(R;), and

Int(R;) N H’l(*yil(x) NInt(R;)) = 5 N Int(R;).
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Condition (iii) ensures that if the image of a rectangle R; intersects the interior of
another rectangle R;, then it must stretch all the way across R; in the unstable dir-
ection and be a subset in the stable direction. In other words, applying H stretches
the partition elements in the unstable direction, mapping unstable boundaries onto
unstable boundaries, and contracts the partition elements in the stable direction.
Conversely, applying H~! flips the roles of the unstable and stable directions, caus-
ing the images to stretch across fully in the stable direction, and be a subset in the
unstable direction.

Condition (iv) ensures that the transition matrix (see Definition 2.19 below) is
well defined, by preventing the images of rectangles from stretching over the same
rectangle more than once - that is, to prevent two points which may undergo the
same sequence of rectangles to be indistinguishable from each other. We can still
obtain a Markov partition without this condition - however, we must instead consider
an adjacency matriz which takes into account the number of times various partition
elements wrap around each other upon iteration.

Note that Markov partitions may not be unique; in fact, different Markov par-
titions for a particular system may contain different numbers of elements. We refer
to a partition with the minimum possible number of elements as a minimal Markov

partition. The symbolic dynamics upon the Markov partition are that of a subshift

of finite type.

Definition 2.18. For each natural number N > 2, let
Oy ={w=_(..,w_1,wp,wr,...):w; €{0,1,...,N =1} fori e Z}

be the space of two-sided sequences of N symbols, and let oy : Qn — Qn be the left
shift in Qp, that is

on(w)=w' = (..., wjwi,...),

where W], = Wy41-
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Let A = (aij)f\fj_:% be an N x N matriz, where a;; € {0,1} for alli,j, and let

On ={weQy:ap,w,., =1 fornecZ}.

Then the restriction
O-N\QA .04

1s called a subshift of finite type.

In other words, the matrix A tells us all admissible transitions between the
symbols 0,1,..., N — 1, and the subshift of finite type is the shift transformation
resulting from these transitions. In the case of a Markov partition, the N symbols
each represent a partition element, and the matrix A is a transition matriz which
tells which elements the image of any particular element intersects under iteration

of the map H.

Definition 2.19. Let R = {R;}", be a Markov partition of the map H, then its
transition matrix A = (a;;) is given by
1 4f Int(H(R;)) NInt(R;) # 0,

CLZ'j =
0 4f Int(H(R;))NInt(R;) = 0.
A is an adjacency matrix if (a;;) instead takes the value of the number of times

H(R;) wraps around (stretches fully across) R; in the unstable direction.

If none of the eigenvalues of the transition (or adjacency) matrix are one, then
the Markov partition is minimal. If not, then it may be possible to merge two
or more of the partition elements or find an entirely new Markov partition which
contains fewer elements.

We will now discuss how to construct a Markov partition for the Cat Map (or, in
principle, any Anosov diffeomorphism on T?). We begin at a fixed point of H, (0,0)

say, and from here we extend v, until it intersects with vs extended from (1, 1), which
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P

| ©

Figure 4: (a) Extending the eigenvectors of the Cat Map, v, (red) and v, (blue), to find
appropriate Markov partition elements. (b) A two-element Markov partition for the Cat

Map. The partition element P; is yellow, and P; is green.

we extend until it intersects with v, extending from (0,1). We then extend v, from
both (0,1) and (1,0) until they intersect with v, extended from (0,0), and vs from
(0,0) and (0, 1) until they intersect with v, extended from (—1,0). These give us all
the intersections of v, and v, we need to form a two-element Markov partition for
the Cat map. The intersections are shown in Figure 4(a), and the Markov partition
is shown on T? in Figure 4(b). We will refer to the Markov partition as P, and
the partition elements as P, and P,. Note that the boundaries of these partition
elements, 0P, and 0P,, are composed of two stable and two unstable manifolds each.

Now that we have found a Markov partition for H, we can find the adjacency
matrix of this partition. To do this we need to calculate the images P; and P, and
see how these intersect with P, and P,. We can see the images of these partition

elements in Figure 5(a). For this particular partition, the adjacency matrix is

21
Padj = ’
1
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Figure 5: (a) The image of the Markov partition P of the Cat Map, where HP; (yellow)
is the image of P; and H P, (green) is the image of P». (b) A Markov partition of the Cat

Map with three partition elements.

since both images intersect P, and P,, and H P, wraps around P; twice. Since
P = DHg , its eigenvalues are A, 5. Neither of these are equal to one, which tells
us that this Markov partition is minimal. An example of a Markov partition for the
Cat Map with three elements is shown in Figure 5(b). We will discuss the Markov
partition found by Mackay [34] for a particular system, originally studied by Cerbelli

and Giona [14], which belongs to the class of maps known as pseudo-Anosov in the

next chapter.

In the previous section, we discussed ergodicity, which encapsulates the idea of
indecomposability of a dynamical system - that is, no non-trivial ‘islands’ (invariant
sets of positive measure) exist in the domain which remain self-contained. A stronger
notion than this is mizing; in a mixing system, the long term (i.e. infinite limit)
state of the system is independent of its initial state. We discuss mixing in the next

section.



49

2.9 Mixing and Decay of Correlations

To motivate the notion of mixing, we consider stirring milk into a cup of coffee.
Ideally, as we stir, we would like the milk and coffee to distribute themselves evenly
throughout the cup. This would ensure that any sip we were to take would contain
the same proportions of milk and coffee as any other, no matter where we took the
sip from - for example, we would obtain the same ‘sip” whether we sipped the coffee
from the top of the cup, or used a straw to sip from the bottom. Furthermore, we
would want this distribution to depend only upon the proportions of milk and coffee
found within the cup, and not on the original distribution before (or during) the
stirring process; that is, no matter where we pour the milk into the cup of coffee,
the stirring process should lead us to a state where the liquids in the cup are evenly

distributed.

The notion of the limiting distribution being independent of the initial state of
the system is clearly linked to the idea of ergodicity; if any pockets of liquid within
the cup remain self-contained under the stirring process, then the sips taken from
these pockets may differ from other regions. Consider our cup before we pour in the
milk, and a stirring process which leaves a region within the cup invariant. If we do
not pour any milk into this region, then due to invariance, none will ever enter it,

and any sip we were to take from this region would contain only coffee and no milk.

Let us try to define these ideas in the context of a dynamical system (M, o, H, j1).
M is the region within the cup collectively encompassed by both the milk and the
coffee, and H is the stirring process. Let the milk in the cup be given by the set
A, then the proportion of milk in the cup is given by pu(A)/u(M). The amount of
milk contained in a region B, the ‘sip’, after n applications of the stirring process is

given by

p(H"(A) N B),
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and the proportion of milk in B is given by

p(H"(A)N B)
(B)

Given enough applications of the stirring process, we would like for each sip to

contain the same proportion of milk: the proportion of milk that is contained within

the cup. Hence, we would like

lim — =0.

n—oo  p(B) p(M)

If we assume that p is a probability measure (u(M) = 1), this leads us to the

definition of what it means for a measure-preserving dynamical system to be mixing.

Definition 2.20. A measure-preserving dynamical system is called mixing if for

any two measurable sets A, B

lim p(H™"(A)N B) = p(A)u(B).

n—oo

If H is invertible, then we can replace H~! with H in the definition. Mixing
implies ergodicity; let H(A) = A and replace B with M\ A, then

p(H™"(A) N (M\A)) =0
for every n, hence Definition 2.20 implies
p(A)p(M\A) = 0.

Thus we have either u(A) =0, or u(M\A) =0 (and thus u(A) = 1), and hence all
H-invariant sets are measure zero or one — H is ergodic.

A map H of the form (17) is mixing. In fact, maps of this form possess an
even stronger property, known as the Bernoulli property, specifically, this means
they are isomorphic to a Bernoulli shift on the set of all sequences of symbols (in

our case, the symbols could refer to the different elements of the Markov partition
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of H). In practice, a system which possesses the Bernoulli property is statistically
indistinguishable from a sequence of random coin or dice tosses.

Heuristically, any measurable A C M gets stretched in the direction of the
unstable subspace E* and contracted in the direction of the stable subspace E*
under iteration by H. Repeated iteration yields the images H"(A), which on R? are
increasingly longer and thinner strips, with any original details of the set A (e.g.
the structure of its boundary set JA) becoming less and less significant with each
iterate. On T?, we see these strips wrapping around the domain in bands, with the
number of wrappings increasing and the width of the bands decreasing as we iterate.

Formally, one must appeal to Pesin theory [39] to find a link between the stretch-
ing and contracting of the manifolds of H with ergodicity, and subsequently mixing.
Loosely, Pesin theory tells us that the set of points with non-zero Lyapunov expo-
nents form a finite or countable partitioning of ergodic components — regions upon
which the map H, when restricted to a single component, is ergodic. We refer to
a particular theorem to demonstrate the Bernoulli property (and therefore mixing)
in H, but first we define what it means for a map H to be topologically mixing - a

form of mixing which does not require the definition of a measure.

Definition 2.21. An invertible, continuous map H : M — M is said to be topolo-
gically mixing if, given any pair of non-empty, open sets A, B C M, there exists

an integer N, such that, for alln > N,
H"(A)N B # 0.

Note that mixing and topological mixing are separate properties, and do not
imply one another. We can see that H is topologically mixing by simply considering
a line, from one side of A to another, in the direction of the unstable eigenvector.
As H is iterated, this line will be stretched without altering its direction. Since the

slope of the eigenvector is irrational, its images H"(A) will wrap around the torus
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more and more with each iterate, never overlapping, and slowly filling the entire
torus. Given enough iterates, H"(A) will eventually intersect B. We now refer to

the following theorem to demonstrate the presence of the Bernoulli property for H.

Theorem 2.7 ([3]). Let H : M — M be a measure-preserving Anosov diffeomorph-
ism on a connected compact Riemannian manifold, and let H be topologically mixing.

Then H has the Bernoulli property.

After determining that a system is mixing, one may wish to quantify the rate at
which mixing occurs. A typical way of quantifying the rate of mixing is by studying
the rate of decay of correlations of a scalar field; this is done via the study of the
correlation function C,(¢, 1), where ¢ and 1 are observable functions. We motivate

this correlation function by first rewriting Definition 2.20 (assuming an invertible

H) as

n—oo

lim | xwna)npdie = / Xadp - / xBdu, (25)

where x x is the characteristic function of the set X C M. A point x is in H"(A)NB
if it is in both H"(A) and B, hence

XHm(A)NB = XB * XH"(A)-
Furthermore, since x gn(4) consists of all points which map to A under H ™", we have
XHn(4) = Xxao H™".
We can now rewrite (25) as
Jim / xB(xao H ")dp = / Xadp - / xpdp. (26)

In general, we can replace the characteristic functions with observable functions for

the system, which yields the following definition.



53

Definition 2.22. For observable functions ¢, € L3,, the correlation function

s given by

Culw,0) = [otworran— [oau- [ v

In applications one will often study C., (¢, ¢), i.e. ¢ = 1, in order to study the
rate of decay of correlations of a particular observable (scalar field) of interest - for
example, temperature or pressure. If H is mixing, C),(¢, ) — 0 as n — oo, and the
rate of decay of C,, as n increases gives us an idea of how quickly the observable is

being mixed. Specifically, one studies the exponential decay rate
Qpp =sup{a : lim sup e C, (¢, )| < oo}. (27)
n—oo

The link between Lyapunov exponents and (exponential) decay of correlations
has been studied for decades. Crawford and Cary [16] found that the decay rate o
depends on the choice of observables for the Cat Map; for various observables, they
found algebraic, exponential and faster than exponential decay rates. Slipantschuk
et al. [50] showed that arbitrarily slow decay rates can be obtained by choosing non-
regular observables. Ayyer and Stenlund [7] found explicit upper bounds upon the
rate of decay of correlations in random products of hyperbolic toral automorphisms,
which depend upon the maximal Lyapunov exponent. We will discuss a method for
finding upper and lower bounds of such matrix products, and subsequently provide
bounds on the maximal Lyapunov exponent which improve upon those given by

Ayyer and Stenlund, in Chapter 4.

2.10 Summary

In this chapter, we have given the basic definitions we will need throughout this
thesis, including that of the Lyapunov exponent of a dynamical system. We have

discussed some fundamental properties of measure-preserving systems, including
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uniform hyperbolicity, the existence of invariant cones and Markov partitions, er-
godicity, and mixing. We have demonstrated that the Cat Map (and maps of the
form (17)) possess these properties, and have shown a method for constructing
Markov partitions for these maps. Furthermore, we have discussed a theorem which
yields the invariant cones for diagonalizable matrices with positive eigenvalues, which
we will use to find the invariant cones needed for our bounds upon the Lyapunov

exponents of random products of matrices of this form.
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3 Examples of non-uniform and non-Anosov sys-

tems

In this chapter we discuss several examples of non-uniform, non-Anosov systems
upon the torus, with the intent of demonstrating why each system fails the conditions
needed to be Anosov and/or uniformly hyperbolic. In addition to this, we will
describe some examples of the different forms of hyperbolicity which arise when
the strict conditions required for uniform hyperbolicity are loosened. We will also
discuss random dynamical systems, focusing on those formed via compositions of

shears, and the differences which arise between random and deterministic systems.

In the previous chapter we discussed and defined the notion of uniform hy-
perbolicity, with examples given by Arnold’s Cat Map and more general Anosov
diffeomorphisms upon the torus. These systems all have the property of being uni-
form upon the torus; that is, their Jacobian matrix DH has no spatial dependence.
The deterministic systems we study in this chapter are all non-uniform, and so the
Jacobian varies across the torus; furthermore, the systems will not be smooth, and

thus their Jacobian matrix is not continuous across the entire domain.

Note that, to avoid confusion, the words uniform and non-uniform, when stated
alone, are used to indicate the spatial dependence of the Jacobian matrix, while
statements meant to regard the hyperbolicity of a system will always specify as
such. For example, in Section 3.1, we will study a family of maps which are non-
uniform, but uniformly hyperbolic; the systems themselves are not smooth (and

hence are non-Anosov), but they do fulfil the requirements for Definition 2.7.

In Section 3.1, we study a generalisation of the Anosov diffeomorphisms studied
in the previous chapter, and show that, in general, these maps are uniformly hyper-
bolic, but non-Anosov. In Section 3.2, we discuss the idea of non-uniform hyperbol-

icity, a looser form of hyperbolicity than uniform hyperbolicity, and a paradigmatic
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example of such a system, the linked twist map. In Section 3.3, we discuss a gen-
eralization of Anosov diffeomorphisms, known as pseudo-Anosov maps, as well as
discussing an interesting example of a (non-Anosov) pseudo-Anosov map, originally
studied by Cerbelli and Giona [14]. Finally, in Section 3.6, we discuss random dy-
namical systems, and explain how (explicit) calculation of the Lyapunov exponent
is complicated by randomness; in particular, we provide an example in the form of

random products of toral Anosov diffeomorphisms, as studied in Chapter 2.

3.1 Non-uniform compositions of shears

In Sections 2.3 and 2.5 we discussed Arnold’s Cat map and the family of Anosov
systems to which it belongs. These maps are uniform upon T?; that is, the Jacobian
matrix D, H of each map is identical for all choices of x € T?2. We now consider a

generalisation of these systems, where uniformity across T? is lost.

Let us first consider a simple example of such a system. Consider the system
(T2, 0, H, 1) where o is the Borel o-algebra for T? u is Lebesgue measure, and

H :T? — T?, given by H = G o F, where F' : T? — T? is given by

1 2 T T
=F , forygé,

x 0 1 y Yy

F =

Y 1 4 T T
= I , fory>%,

\ 01 Yy Y

and G : T? — T? is given by
x 10 T
a —
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Figure 6: The shear maps F' and G, which are composed to form the map H in (28).

Hence,
.
1 2 x x
= H; , fory < %,
x 1 3/ \y y
H = (28)
Y 1 4 T x
= H, ,  fory> %
15 Y Y

\

The maps F' and G are shown in Figure 6, and the action of H is shown in Figure
7. Note that this system is continuous, as F; = F5, mod 1 along y = %; specifically,
the slopes of F} and F5 are a multiple of % = 2.

The Jacobian matrix D,H of H is dependent on the choice of z € T?, and

therefore so are the eigenvalues and eigenvectors of D,H. When y < %, we have

2

)\HIi:Qi\/gand VH+ =
1+3

and when y > %, we have

1
1++v2

We wish to determine whether or not H is uniformly hyperbolic. Intuitively,

)\Hg:l: =3+ 2\/5 and VHy,+ =

uniform hyperbolicity seems like a natural consequence of the systems H; and H,
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Figure 7: The action of the map H in (28). The region acted on by H; and its image are

in red, while the region affected by Hy and its image are in blue.

each being Anosov diffeomorphisms when extended to the entirety of T?; in particu-
lar, given this knowledge, it would seem (and in this case is true) that we could find
uniform constants to bound the expansion and contractions rates away from one,
perhaps by taking the minimum rates of expansion/contraction found in either maps
unstable/stable subspace. However, the issue here is not these rates, but instead
the subspaces themselves.

In order to determine if H is uniformly hyperbolic, we first need to find appro-

priate subspaces £ and EY such that

D,HE; = By,

z)’

and

for any choice of x € T2. It is worth noting that H is not a diffeomorphism, as clearly

it is not differentiable on the lines y = 0 and y = % However, this set of points
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has measure 0, and so has little effect on the overall dynamics of the system [29].
As such, though H is not an Anosov diffeomorphism, we are considering whether
it possesses all the qualities of such a system (i.e. uniform hyperbolicity), with the
exception of differentiability for all x € T2,

Consider the subspace E;", the unstable subspace for the map H; : T? — T2,
given by the span of the unstable eigenvector vy, of D, H;. By the of definition an
eigenvector we have that

Dle . El; - El’;fl(l')

Now instead consider H. In this case, we instead require

D,H; - E\" = By,

x)’

for any choice of # € T?. In particular, this means that if H;(x) lies in the region
y > %, then we require

D.Hy - Ev, = Evp, )

since H = H, for y > % This is only possible if H; = H,, and the problem is reduced
to an Anosov diffeomorphism of the form studied in Section 2.5. However, if H; #
H,, we can find neither an unstable subspace nor, through a similar argument, a
stable subspace of this form, which will satisfy the definition of uniform hyperbolicity
for H. A sketch of this argument is shown in Figure 8.

A further result of the above argument is that constructing a Markov partition for
H is not possible, since it is not possible to map boundaries of partition elements
onto boundaries of other partition elements. This can make the calculation of a
return-time distribution much trickier for maps of this form; we will see this in
Chapter 5, where the calculation of such a distribution will be needed to evaluate
upper and lower bounds for the Lyapunov exponents of H.

However, despite the above, it is possible to find subspaces which do produce

a (A, u) splitting of R? for H (for some A, u). To do this, we use invariant cones,
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w
E 1y

Figure 8: This sketch shows how we cannot use eigenvectors alone to satisfy the definition
of uniform hyperbolicity for a map such as H in (28). The green lines represent E;% and

the yellow lines represent Es} for other choices of x in the respective regions.

which we discussed in Section 2.6; specifically, we find two cones, an expansion and
a contraction cone, which are mutually invariant under H; and Hs. We study such
cones in detail in Chapter 4, where we discuss their form and for which systems they
exist.

For H, an expansion cone, corresponding to the unstable subspace EY, is given

by

1 T 2
CE - T,Y) € R2 : S - S )
o) 1+v2 7y 1+ﬁ}
and a contraction cone, corresponding to the stable subspace E?, is given by
2 x 1
Co = {(z,y) e R?: <Z< .
C {( y) 1— \/g y 1— \/ﬁ}

Note that the cone C'y has boundaries given by the unstable eigenvectors of H; and
H,, whilst the boundaries of C¢ are given by their stable eigenvectors. Furthermore,

for almost every orbit, all vectors v € R? satisfy

H"v € Cg for all N > n for some n € N, (29)
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since the stable eigenvectors vy, — and vy, are not invariant under H. The remain-
ing orbits consist of fixed and periodic points; in particular, the Jacobian of H is
undefined at the fixed points, and so (29) cannot apply in these cases.

In order to verify uniform hyperbolicity of H we require a (A, p)-splitting, for
which we need to find constants A and p such that

IHie | <A< [[H I <p™h <1

In this case, using the spectral norm [52] given by

[ Huvll
IH|| = S,
0]l
suitable constants A and p are given by
H H.
A = max { [Hw] | ZUHQ} — 0.8931,
veCo U lofla vl
H H
4 = min { LN 2””2} = 3.6655.
veCp U [|v]l2 [v]l2

We therefore have that A < 1 < p, and so H is uniformly hyperbolic. Note that
when calculating p we are able to consider forward iterates of the map as opposed
to pre-images as H is invertible.

We can generalise systems such as these to allow for multiple shears in both the
horizontal and vertical directions. Consider partitioning the interval [0, 1) into the
intervals P; = [y;_1,y;) fori =1, . . . ,n, where yo = 0 and y,, = 1. The length - or
height for reasons that will soon become clear - of the interval P; is therefore given
by

hi = yi — yi-1.

We assign to each P; a wrapping number «;, which determines the number of times
our shear map on P; will wrap around T?. We require that 7+ € Z so that our
Jacobian matrices contain only integer values, and to ensure continuity. One can

define continuous systems similar to these in which the Jacobian matrices do not
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contain integer values; in this case, the torus is partitioned into annuli, and the
maps I’ and G take the form of Dehn twists ([18], see also [32]) on these annuli (an
explicit example of this is studied in Section 5.6).

We define F; : [0,1) x P, = [0,1) x P; by

x I x
F, = i , (30)

Y 0 1/ \v
and F' : T? — T? as the collection of all of the F}. In other words, F' = F; when
F is restricted to [0,1) x P;. We define G : T?> — T? in a similar way, instead

partitioning the interval (0, 1] into the intervals Q); = [z;_1,z;), for j =1, . . . ,m,

where 2y = 0 and z,, = 1. Each @); has length (or width)
wj = Zlfj — {L‘j_l,

and is assigned a wrapping number (3;, where g—fj € Z. We define G, : Q; x [0,1) —
Q; % [0,1) as

T 1 0 T
y w 1)\

G : T? — T? is then defined as the collection of all the G;, so G = G; where G
is restricted to @; x [0,1). Essentially, F' is a collection of n horizontal shears of
varying slopes, laid on top of each other in such a way that they are continuous. G
is similar, however we instead have m vertical shears placed side by side. Figure 9
shows a sketch of the maps F' and G.

We consider the system (T?, o, H, 1), where H = G o F. In other words, we have

Q

T 1 > x Qi
Hi; | 5 0B, fory e Fand ot oty € Q5 (32)
Y w—’J 1+ hz_wi Y ¢

Note that there are now m + n lines upon which H is not differentiable; however,
these still amount to a set of measure zero, and so again do not affect the dynamics

of the system as a whole.
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Yn—1

Yn—2

Y2

91/ /

0 1 0 T T2 Tm—2 Tm—1 1

Figure 9: An example of the maps F' and G from equations (30) and (31) respectively,
with positive wrapping numbers «; and ; for all 7 and j. P; is the region between y = y; 1

and y = y;, and (); is the region between x = x;_1 and = = x;.

We will consider the cases where all the o; are of the same sign, and all the ;
are of the same sign. When this is not the case, the analysis is much harder. A
particular example where much progress has been made is the case where n = 2,
m =1, a; =2, ay = —2 and f; = 1, which was studied by Cerbelli and Giona [14],
and later Mackay [34]; we will discuss this example in detail in Section 3.3.

Assuming all o; share the same sign and all 8; share the same sign, we have two

main cases to consider:
1. Oéi,ﬁj > 0 for all 1,7.
2. o; < O,ﬁj > 0, and Oéiﬁj < —4 for all 1, 5.

Note that the cases where we have «;,3; < 0 and o; > 0, 8; < 0 are equivalent to
the above cases up to rotation. The requirement of ;3; < —4 ensures hyperbolicity
(though not necessarily uniform hyperbolicity) of H in the second case.

As earlier, we require both stable and unstable subspaces, with uniform bounds
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upon the expansion and contraction rates of vectors therein, in order to infer uniform
hyperbolicity of H. We again turn to mutually invariant cones in an attempt to yield
such subspaces, and we construct these cones in the same way as we did before, by
using the eigenvectors of the various Jacobian matrices of H as boundaries for the
cones. We require such a cone to be invariant for any Jacobian we may choose, and
so to obtain an invariant cone for H, we pick the widest possible cone that can be

obtained from these eigenvectors.

However, an issue arises for general systems of the form given by (32), in that
mutually invariant cones need not always exist; we will study this problem in more
detail in Chapter 4, where we provide an explicit example of a random dynamical
system for which invariant cones cannot be constructed (see Figure 22b). The cases
for which invariant cones do exist are those in which none of the stable eigenvectors
of H;; lie amongst the unstable eigenvectors of H;;, for all ¢, j. In essence, we require
a ‘neat’ partitioning of tangent space, where all the stable eigenvectors are located
in one region, all of the unstable eigenvectors are located in another region, and

there is no overlap between the two.

With the above in mind, we find that the cases where «;, 3; > 0 for all ¢, j (and
similarly, o, 5; < 0 for all 7, j) do possess invariant cones, as all unstable (stable)
eigenvectors are located in the region {(x,y) € R? : % > 0}, and all stable (unstable)

eigenvectors are located in the region {(z,y) € R? : =< 0}.

The cases where o;8; < —4 are not as simple, and typically need to be studied
on a case by case basis to determine whether invariant cones exist, and thus if the
system is uniformly hyperbolic. An example of such a system where invariant cones
do exist occurs when a; = a < 0 for all ¢, with 3; such that o8, < —4 for all
J. This results in a partitioning of the quadrant {(x,y) € R? : % > 0}, with all
unstable eigenvectors located between the vectors (0,1) and (—«,2), and all stable

eigenvectors located between (—a,2) and (1,0).
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It is fairly simply to establish numerically whether invariant cones exist for a
particular choice of matrices. This particular scheme only checks whether an invari-
ant cone exists for a pair of matrices, but could be easily expanded upon to allow for
more matrices. Once invariant cones have been obtained, it is a matter of checking
the constants A\ and p to determine if the system is uniformly hyperbolic. Again
labelling the cones which yield our stable and unstable subspaces as Cc and Cg

respectively, and noting that H is invertible, we check if

H H
)\:maX{H 1717J||2’“.7 H n’mUHQ} <1,
veCe |v]]2 [v]|2
and if
H H
N {Wartll o)
veCe U o]l [v][2

If these conditions hold, then H is uniformly hyperbolic. If not, H may possess
a less strict form of hyperbolicity, known as non-uniform hyperbolicity, which we

discuss in the next section.

3.2 Linked Twist Maps and non-uniform hyperbolicity

We now discuss toral linked twist maps (LTMs), which are a realization of the idea
of intersecting flows in various models of fluid dynamics; in particular, linked twist
maps are connected to the notion of streamlines crossing, examples of which include
the Aref blinking vortex flow [4], which has been used to model tidal advection along
a headland (see [55] and references therein). We will see that these systems differ
from those studied in the previous section, as their Jacobian matrix is not hyperbolic
in certain regions of the domain, and orbits can become trapped in non-hyperbolic
regions for long periods of time. As in the previous section, we begin by studying a
specific, simple example of a LTM, before moving on to the general case.

Consider the map H : PUQ — PUQ given by H = Go F, where F': P — P



is given by

x
F
Y
and G : QQ — @ is given by
x
G
Y

‘. (33)
Yy
‘. (34)
Yy

where P = {(z,y) € T?: y < 1} and Q = {(z,y) € T? : & < 3} are annuli. Let

1 1

A={zy) eTy<j o+ <y
, 1 1

B{(@y) eTiy< s ot2y> 2

C={(xy el y>

then we can write H as

2

\

1

T

Y

_27

_27
1
7x§§};

for (z,y) € A,
for (z,y) € B, (35)

for (z,y) € C.

In other words, we first apply a horizontal shear with a slope of 2 onto the annulus

P, and then a vertical shear with a slope of 2 onto the annulus (). The map H

is a linked twist map. Note that while we discuss this map, instead of the usual

Lebesgue measure py,, we will instead consider a normalized measure over the annuli

P and @, given by

uﬂ@=§/d dﬂmwmwzgmwy (36)
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Figure 10: The regions A, B and C and their images under H: A’, B’ and C’ respectively.
Note that B’ intersects B, and C” intersects both B and C. This tells us that it is possible

to have multiple iterates in a row without landing in the hyperbolic region A.

From the definition of H, we can immediately see that its Jacobian matrix D, H
is not hyperbolic when (x,y) € B or C, as in both cases H is a shear map. However,
D, H is hyperbolic for (z,y) € A, and the iterates for which this is the case are the
iterates when vectors in tangent space will undergo exponential expansion. In other
words, the positivity of the Lyapunov exponent of this map will derive entirely from
the points on the orbit which lie in A.

A, B, and C, as well as their images under H, are shown in Figure 10. We can
see from the figure that B’ intersects B and C’ intersects both B and C. This means
it is possible for orbits to spend consecutive iterates in the non-hyperbolic region of
the map; when this happens, vectors in tangent space will undergo sub-exponential
expansion for two consecutive iterates. In fact, if we sketch H™"(B) and H"(C') for a
given n, we find that they both intersect the non-hyperbolic region of the map, and
the intersection has positive measure.

In order to find the set of points which remain in the shear regions for at least 2

iterates, we need to find
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1. H-Y(H(B)N B).
2. H-\(H(B)NC).
3. H-'(H(C)N B).
4. HY(H(C)NC).

The union of all of these sets is the set of points which do not undergo exponential
expansion for at least two iterates. In this case, we know that ugy(H'(H(B)NC)) =
0 since puy(H(B)NC) =0, and H is measure-preserving. If we find H(H(B) N B),
H(H(B)NnC), HH(C)N B) and H(H(C)NC) and see how they intersect B and
C, then by calculating the 2nd pre-image H 2 of these intersections we can find the
set of points which do not enter the hyperbolic region A for at least three iterates of
H. Repeating this process for n steps requires calculating the n'®* pre-image of 2*!
sets. The measure of the union of the pre-images of these sets is the proportion of
points which do not enter the hyperbolic region A for at least n iterates. The sets

we find are defined inductively by

B,=H(B,_1)NT,, (37)

C, = H(Cpy)NT,, (38)

forn e N, I'; = B or C, and Cy = {C}. Note that both (37) and (38) describe 2"
different sets. Let
W, = H"(B,) UH"(C,). (39)

Then gy (W,,) is the proportion of points which do not enter A for at least n iterates.
We can find a W, of positive measure for any n € N, though pg(W,,) will decrease

as n increases. Figure 11 shows the sets W; and Ws.



69

= -

Figure 11: (a) Wi and (b) Wa, the sets of points which spend at least 1 and 2 consecutive
iterates in non-hyperbolic regions respectively, for the map H given by (32). The red
region is H~*(B;) and the yellow region is H~¢(C;), for i = 1,2.

The fact that W,, has positive measure for any n affects the calculation of Lya-
punov exponents of this map; specifically, finite-time Lyapunov exponents (FTLES)
can vary significantly depending on the choice of initial condition. If, by chance,
we chose a point in Wips, then the iterates would remain entirely in non-hyperbolic
regions? for 10° iterates; a FTLE calculated over 10° iterates of H would be zero, as
tangent vectors would have undergone sub-exponential expansion on each iterate.
Similarly, choosing a point which begins or whose orbit intersects a W,,,, where m is
a significant fraction of the 10° iterates, will also affect the FTLE. In contrast, if we
performed a similar calculation for Arnold’s Cat Map, we would find that our choice
of initial condition zy € T? does not affect our estimate at all, since the Jacobian

matrix is uniform on T2.

The spatial dependence of FTLEs in LTMs is a problem, since seemingly sim-

4This assumes our computer can calculate to a sufficient degree of accuracy such that any error

in calculation does not cause the orbit to intersect a hyperbolic region.
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ilar, nearby, randomly chosen initial conditions can return significantly different
estimations for A\, with possible estimates of zero in rare cases; however, due to the
arguments put forth by Burton and Easton [12], we know that LTMs are ergodic and
have non-zero Lyapunov exponents almost everywhere, precluding the usefulness of
such an estimate.

From the above argument we can conclude that H fails the conditions required
for uniform hyperbolicity; we cannot find constants A < 1 and p < 1 for which H is
uniformly hyperbolic by Definition 2.7. Instead, suitable bounds upon the expansion
and contraction rates will depend upon z; in the case of a LTM, for the iterates spent
in the shear regions, A = y = 1, whereas for those spent in the hyperbolic regions,
A <1 < p, as in the uniformly hyperbolic case. Systems with this property, which
is a relaxation of the conditions required for uniform hyperbolicity, are called non-

uniformly hyperbolic.

Definition 3.1 ([8]). Let H : M — M be a diffeomorphism of a compact smooth
Riemannian manifold M. An H-invariant Borel subset R C M s said to be non-

uniformly hyperbolic if there exist:
(a) numbers X and p such that 0 < X\ <1 < p;
(b) a number € and Borel functions C, K : R — (0, 00);
(c) subspaces E*(x) and E*(z) for each x € R,

which satisfy the following conditions:

1. the subspaces E*(x) and E*(x) depend measurably on x and form an invariant

splitting of the tangent space, i.e.,
T.M = E*(z) ® E*(z),

D,HE*(z) = E*(H(x)), D,HE"(z) = E“(H(x));
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2. forv e E*(x) and n > 0,

1D H" ol < C(z)A"e™ [o];

3. forv e E*(x) and n <0,

1D, H"0|| < C(z)ue™|v]|;
4. L(E(x), B"(x)) = K(x);

5. forn € Z,
C(H"(x)) < C(z)e™™, K(H"(2)) 2 K(z)e .

Non-uniformly hyperbolic systems differ from uniformly hyperbolic systems (and
Anosov diffeomorphisms) due to the inability to guarantee exponential expansion
(or contraction) of vectors within a subspace of tangent space. In the case of the
linked twist map H given by (35), almost every orbit will eventually fall into the
shear regions B and C' of the map, and during these iterates exponential expansion
will not occur. This is due to the fact that H is ergodic, and so a typical orbit will
visit every region (of positive measure) within the domain; furthermore, all LTMs
of the general form we discuss next are also ergodic (see [12], [44]). In fact, LTMs
possess even stronger properties than this, such as mixing and the K-property (see
[59])-

Note that we can still obtain invariant expanding and contracting subspaces
for H, again by finding invariant cones, although we cannot guarantee exponential
expansion or contraction of vectors within those subspaces on all iterates. The
subspaces are required to be invariant under the shear maps F' and G, since it is
possible for H to take either as its Jacobian on a single iterate. We study the cones
which are invariant for LTMs such as H in Chapter 5; note that these cones are
also used by Sturman and Thiffeault [54] when finding bounds upon the Lyapunov

exponents for random products of shear matrices.
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In order to define a LTM in general, we first define annuli P, and @;, where

ie{l,...,n},and j € {1,...,m}, given by
P ={(z,y) € T*: Yogi—1) <Y < Y2i-1},

Qj ={(z,y) € T : 231) S < wgj1},

where 0 < zg < ... <91 < 1,and 0 < yp < ... < Yop_1 < 1. In other words,
the sets P; are mutually disjoint horizontal annuli, ordered so that P; is below P,
which is below P3, and so on. Similarly, the sets ); are mutually disjoint vertical
annuli, ordered so that (); is the furthest to the left, and @,, the furthest to the
right, of T2.

On each P; we define a horizontal shear with wrapping number «; and, similarly,
on each @); we define a vertical shear with wrapping number ;. Specifically, letting
hi = ya2i—1 — Yya(i—1) be the height of P; and w; = w1 — T9(;—1) be the width of @),

we define horizontal shears F; : P, — P, as

x I & x 0
ElT)={ " + ,
Yy 0 1 Y Y2(i—1)
and vertical shears G : Q; — @, as
T 1 0 T To(i_1
G, -, 1 (G-1)
Yy w—J] 1 Y 0

We define the maps F': T? — T? and G : T? — T? as follows:

(
x
F; for (z,y) € P,
T )
F = (40)
Y T
I otherwise,
L Y
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x
Gj for (z,y) € Qj,
T Y
G = (41)
Y T
Iy otherwise,
Y

\

where I, is the 2 x 2 identity matrix. The maps F' and G are shown in Figure 12.
The restriction of the map H : T? — T* to (U, ;) U (U, @), given by H = Go F, is
a linked twist map; the example we studied earlier, given by (35), is the case where
n:mzl,wozyozo,xlzylzéandalzﬁlzl. We can write H as

x
Hi for (z,y) € By, (x + 5y, ¥ + y24-1)) € @,

Y
x .
E; for (z,y) € By, (x + 31y, y + y2i-1)) ¢ @y,
z Y
H = (42)
Y T
Gj for (fL’,y) ¢Pi,(x,y)€Qj,
Y
x
I otherwise,
Y
\
where
H;; . ﬂl_ m . ) [
Yy v, Ytne ) \Y Ya(i-1)

Note that in order to guarantee hyperbolicity in the regions analogous to the region
A for the map given by (35), we require o;3; > 0 or o;3; < —4 for all ¢, j.

The family of maps described by (42) shares many of the same properties as the
earlier example, such as ergodicity and non-uniform hyperbolicity. Similarly to the
system given by (32), obtaining an invariant cone for H involves taking the widest

cone for all possible combinations of «;, 5;; note that in the case where «;, 3; > 0 for
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Figure 12: Sketches of the shear maps F' and G from (40) and (41), which are composed
to form the general LTM H. The grey shaded areas are the regions upon which F and G

are the identity.

all 4, 7, the region {(z,y) € R? : z/y > 0} is an invariant cone for H. In Chapter 5 we
consider alternative cones to this which, while not invariant under H, are invariant
under the return map to the region where the annuli overlap. Doing so allows us to
find elementary bounds on the Lyapunov exponents of a sub-family of the systems
given by (42); specifically, we study the systems obtained by taking xo = yo = 0,
Ty =Y =01 = ay = P = 1, and y; = p for some p € [0,1]. The method we

describe is also applicable (in principle) to (42) as well.

3.3 Cerbelli and Giona’s ‘archetype for non-uniform chaos’

and pseudo-Anosov maps

In this section we discuss a class of maps known as pseudo-Anosov [57], and focus on
a specific example, formed via shear composition, which has been extensively stud-
ied by Cerbelli and Giona [14] and later Mackay [34]. The system is referred to by
the authors as an ‘archetype for non-uniform chaos’ - specifically, it captures aspects
of the dynamics of two important classes of map: hyperbolic toral automorphisms

such as the Cat Map, which are represented by expanding and contracting direc-
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tions in tangent space, and generalized baker transformations, represented by the
discontinuity within the system, which can be used to model deformations caused
by non-linear dynamics.

Pseudo-Anosov maps loosen the strict conditions required for a system H to be
uniformly hyperbolic by replacing the need for smooth contracting and expanding
subspaces in tangent space, B and EY, with stable and unstable foliations upon the
domain, F* and F", which are differentiable everywhere except for a finite number
of singularities. These singularities typically occur at critical points in the domain
where foliation leaves of varying slopes meet. In addition, we require that vectors
upon these foliations are stretched (on F*) or contracted (on F*) by some ‘stretch
factor’.

In order to define a pseudo-Anosov map explicitly, we first define what we mean

by a measured foliation upon M.

Definition 3.2 ([57], see also [22]). A measured foliation F' on a closed surface M
15 a geometric structure on M which consists of a singular foliation and a measure
in the transverse direction. In some neighbourhood U of a reqular point of F', there
is a ‘flow box’ ¢ : U — R? which sends the leaves of F to the horizontal lines in R2.
If two such neighbourhoods U; and U; overlap then there is a transition function ¢;;

defined on ¢;(U;), with the standard property

Gij © Q; = @

which must have the form

¢(x,y) = (H(z,y),c £ y)

for some constant c. A finite number of singularities of F' of the type of a ‘p-pronged

saddle’, p > 3, are allowed (see Figure 15).
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In other words, the foliation leaves stretch across the entire domain, but need
not be smooth at all points; singularities will arise where boundaries of ‘non-
differentiability’ meet. In the system we will study, these boundaries are the lines
along which the foliations undergo a sudden change in gradient. If two of the neigh-
bourhoods described above overlap, there must be a one to one mapping between the
foliation leaves which lie in both neighbourhoods; that is, leaves do not ‘disappear’
or end in regions away from singularities.

We now define what it means for a map to be pseudo-Anosov.

Definition 3.3 ([37],[57]). A mapping class H on a surface M of negative Euler
characteristic is said to be pseudo-Anosov if there is a pair F** and F* of transverse
arational (i.e. no closed leaves) measured foliations on M and a representative H of
H so that H(F") = AF" and H(F*) = +F* with A > 1. X is called the dilatation
(or stretch factor) of H.

From the definition, it is fairly simple to see that the Cat Map is pseudo-Anosov;
taking the eigenvectors for the foliations, we see that the dilatation factor corres-
ponds to the largest eigenvalue. In fact, pseudo-Anosov maps are a generalization of
Anosov diffeomorphisms, and as such any Anosov (or uniformly hyperbolic) system
is also pseudo-Anosov. Note that Anosov diffeomorphisms possess Markov parti-
tions, and this is also possible (though not necessary) for pseudo-Anosov maps. We
now study a specific example of a pseudo-Anosov map, formed via shear composi-
tion, which has been shown to possess a Markov partition.

Consider the map H : T? — T? given by

T T +
i _ f(y) | (13)
Y z+ f(y) +y
where
2y when y < 1/2,

2—2y wheny >1/2.



77

F G
1 1
D
2
0 10 1

Figure 13: The shears which when composed form H. F' is the tent map turned on its

side, while GG is a shear of slope one.

Figure 13 shows the shears F' and G which when composed form H. This map was
studied extensively by Cerbelli and Giona in [14], and has been shown to have some
interesting properties. It is not uniformly hyperbolic, but Mackay showed in [34]
that it does possess a Markov partition and is pseudo-Anosov.

The Jacobian matrix DH of H is given by

(
1 2
ify <1/2,
1 3
DH =
1 -2
ify>1/2.
\ 1 -1

When y < %, DH is a hyperbolic matrix and vectors in tangent space undergo
uniform expansion and contraction. This is the ‘hyperbolic part’ of the map, where
all of the expansion takes place. However, when y > %, DH is not a hyperbolic

matrix. In fact,

DH? = = —1I,
0 -1

and thus no expansion occurs when y > % However, after 2 iterates spent in the
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Figure 14: A splitting of the torus into various subsets which are the building blocks for
the subsets A, B and C.

region y > %, the next iterate must enter the region y < %, since DH? = —I,. This
means that p-a.e. orbit of the system spends at least one third of its iterates in the
hyperbolic part of the map.
In [14], Cerbelli and Giona split the torus up into 3 disjoint subsets A, B and
C, whose ‘building blocks’ are shown in Figure 14, in order to discuss point set
dynamics. They are given by
A=DyUaUc,

B=D,UbUd,
C:D3U€Uf,

and satisfy the relations

These relations tell us that points in A either remain there or are mapped into B

after 1 iterate. Once mapped into B, they are then mapped into C' on the next
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iteration, and back into A on the subsequent iteration. This structure helps us to
define the stable and unstable foliations, and hence to find a Markov partition for

this map. Let:
1 2 -2
DH1 = and DH2 =
1 3 1 -1
Their eigenvalues are A\;+ = 24 /3 and A2 = —1 respectively. The eigenvectors of

DH, corresponding to A;,. and A;_ respectively are:

2 2

U = and s; =

1++3 1-3

These eigenvectors form the expanding and contracting directions for z € A.
Consider the expanding and contracting directions for x € B. For two iterates
these manifolds will undergo no expansion/contraction as D Hs is a non-hyperbolic
matrix. However, on the following iterate they will again be ‘hit’ by DH; as the
orbit returns to A. Hence the expanding and contracting directions will be the
same as those for x € A, but with two applications of DH,. This means that the

expanding and contracting directions for x € B will be:

DH22u1 = Uy = Uy,

DH2281 = S1 = 81,

and are thus the same as those for x € A. Using a similar argument, the expanding

and contracting directions for x € C are:

2v/3
up = DHyuy = )

V3-—1
2v/3

V3+1

So — DH281 =
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Using these facts, Cerbelli and Giona defined two fields of direction, €* and &°, as

the expanding and contracting fibre bundles respectively, in the following way:
& = (B2)ser, (44a)
e® = (E})eer?, (44b)
where:

span(u;), forx e AUB,
Ey = , (45a)

span(uy), for x € C,

span(s;), forx e AUB,
E’ = (45b)

' span(sg), for x € C.
In [14] Cerbelli and Giona proved that these fibres are dense in T? and that vectors
parallel to unstable fibres undergo exponential growth while vectors parallel to stable
fibres undergo exponential decay when iterated forwards.

We will now use these fibre bundles to construct a Markov partition for H.
Mackay [34] first constructed a 6-element Markov partition for this map and noticed
that it should be possible to construct a 4-element partition, due to the appearance
of 2 unitary eigenvalues associated with his adjacency matrix. Demers and Wo-
jtkowski [19] then described a general method to construct finite Markov partitions
for a family of pseudo-Anosov maps, of which H is a member. They also explicitly
constructed a 4-element Markov partition for a case very similar to H, although
in a different coordinate system to that of Cerbelli and Giona’s map. We will use
Wojtkowski and Demers method to construct a 4-element Markov partition for H
in the coordinate system used by Cerbelli and Giona.

The first part of the method involves defining two invariant piecewise linear
foliations, one stable and one unstable, for our map H. In our case, these foliations
will be the expanding and contracting fibre bundles £* and €* defined in (44). We
must then identify the singularity points of H and how many prongs they have.
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Figure 15: (a) A 1-prong singularity. (b) A 3-prong singularity. See also [56].

Definition 3.4 ([19]). A singularity p of H is called an n-prong singularity (n €
N,n # 2) if the local stable and unstable leaves are homeomorphic to the curves

Re(2™?) = constant and Im(z"?) = constant respectively near to z = 0 in C.

The singularities of H are the fixed points (0,0) and (0,1/2), which are 1-prong
singularities, and the period 2 points (1/2,0) and (1/2,1/2), which are 3-prong
singularities. In order to be considered a 1- or 3-prong singularity, the structure of
the local stable and unstable leaves of our foliations around the singularity must be
qualitatively the same as that shown in Figure 15. With these facts in hand, we are
able to start constructing the Markov partition.

Let the elements of our Markov partition be denoted by P, P», P; and P,. We
extend the stable leaves of (1/2,0) and (1/2,1/2) outside of D3 until they intersect
with the unstable leaves of (0,0) and (0, 1/2). We then define Ps to be the parallelo-
gram bounded by these intersections (see Figure 16). We then define the remaining

partition elements as follows:
P,=H YP),P,=H(P),P,=T/(P,UPsUP,).

Each of these elements has boundaries that are composed of a finite union of stable

and unstable leaves. The stable leaves emanate from one of the 3-prong singularities,
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Figure 16: The partition element P3. The dotted area is Ds.

whereas the unstable leaves emanate from one of the 1-prong singularities. The
Markov partition for H is shown in Figure 17.

Now that we have a Markov partition for H, we can calculate its image, and
use this to write down a connectivity matrix for the Markov partition [1]. The
calculation of the image is somewhat simplified by noting that H(P,) = P; and
H(P3;) = P,. With this in mind, we obtain the matrix

: (46)

= O O N
DO O W
o o = O
S = O O

where the 7, jth entry corresponds to the number of different connected components
of the image of P; that cross over P;.

Note that the matrix M is an adjacency (or connectivity) matrix as opposed to
a transition matrix, since the Markov partition we have found is not generating i.e.
there is a set of points of positive measure which share the same orbit (are coded
in the same way) from the perspective of the symbolic dynamics of our Markov
partition. An adjacency matrix is similar to a transition matrix, except its entries

may be in N rather than just being equal to one or zero, with these numbers cor-
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Figure 17: The Markov partition of H. The number n, n = 1,...,4, corresponds to the

partition element F,.

responding to the number of different connected components which cross over the
specified region; in other words, to find M, we determine how many times the image
of each partition element crosses over each other element.

The characteristic equation for M is
M—2X—2 +1=0,
which factorises to
A= (1+V3IA+ DA = (1 =V3A+1)=0;

the eigenvalues of M are then given by

1+v3+vV2V3 1—V3+ivV2V/3
)\12 = and )\3,4 = 9 .

The largest of the real eigenvalues, A1, is the dilatation factor of H. This is the factor
by which the measure of the unstable fibre bundles is stretched (and the measure of

the stable fibre bundles is contracted) on iteration by H.
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The characteristic equation and eigenvalues found here agree with those found
by Mackay in [34], minus the two eigenvalues equal to 1, indicating that this is the
4-element partition he suggested should exist. It is worth noting that the element
P, in this partition is identical to element number 4 in Mackay’s partition. This
element seems to be somewhat key to building a Markov partition, since it covers
most of D3, the area where the fibre bundles point in the direction of uy and ss.

This map has some important properties which allow the construction of a
Markov partition, such as the relationships between the sets A, B, and C' and
having DH2 = —1I. These properties prevent the orbits from being trapped in non-
hyperbolic areas for extended periods, and thus allow expansion to occur sooner
than, for example, in toral linked twist maps, where orbits can become trapped in
non-hyperbolic regions for a large number of iterates. As such, this map is a rather
special case within the context of compositions of shears; in particular, no Markov
partition exists for the systems we studied in Sections 3.1 and 3.2. Note that it has
been shown that pseudo-Anosov diffeomorphisms can often be obtained from Dehn

twists [23].

3.4 Random dynamical systems

In this section we discuss random dynamical systems. There are multiple ways in
which to introduce randomness to a system including, for example, incorporating
noise and/or choosing an initial condition at random; we will implement random-
ness via choosing a Jacobian matrix from a predetermined selection, at random,
on each iterate. In particular, we will study the systems formed by selecting two
Anosov diffeomorphisms of the form given by (17), and choosing each with a certain
probability on every iterate.

In order to define a random dynamical system, we first specify what we mean

by a cocycle over a dynamical system.
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Definition 3.5 ([28]). Let H : M — M be an invertible measure-preserving trans-
formation of a Lebesgue space (M, o, ) (with p(M) = 1) and let GL(n,R) denote
the group of invertible linear transformations of R™. Then for any measurable func-

tion A: M — GL(n,R) and x € M, if we set

A(x,i) = A(H™ () - - - A(x) fori >0,

. (47)
A(z,i) = A(H ()™ -~ A(H Y (2))7" fori <0,
and
A(z,0) = idyy,
then it follows that
Az, i+ k) = A(H"*(z),1)A(z, k). (48)

We call any measurable function A : M x Z — GL(n,R) satisfying (48) a measur-

able linear cocycle over H (or simply a cocycle).

In other words, A assigns to each point z on M the function A(z); similarly, for
an orbit z, H(x),..., H(z), A assigns the functions A(x), A(H(x)),..., A(H'(z)).
The cocycle A(x, i) forms an ordered product of the functions assigned to each point
on the orbit.

We now define what we mean by a random dynamical system. Note that for the
systems we study in this section (and Chapter 4), and for any (invertible) discrete

time system, we have time T' = Z.

Definition 3.6 ([5]). A measurable random dynamical system on the meas-
urable space (M, o) over a metric dynamical system (2, H, P, (0(t))er) with time T
1S a mapping

¢ TXQAxM—>M, (t,w,z)— ¢(t,w, ),
with the following properties:

1. piso(T)® H® o, o - measurable.
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2. The mappings ¢(t,w) = ¢(t,w,-) : M — M form a cocycle over 0(-), i.e. they
satisfy
d(0,w) = idys for allw € Q (if 0 € T), (49)

Ot + s,w) = o(t,0(s)w) o ¢(s,w) for all s,t € T, w € Q. (50)

Note that, in this definition, €2 gives us the possible choices of Jacobian matrix we
can take at each iterate. P is a probability distribution, which assigns a probability
to each Jacobian matrix in 2. We then apply at each iterate one of the elements of
(2, at a rate given by the corresponding probability.

We now discuss a specific example of a random dynamical system; this is a
specific case of a family of random dynamical systems for which we find bounds
on the Lyapunov exponents in Chapter 4. Consider the system (T?, o, A, 1), where
A :T? — T? is given by

A = : (51)

is an Anosov diffecomorphism. Similarly, consider the system (T2, o, B, u), where

B :T? — T? is given by

B - . (52)

We will study the random dynamical system on the measurable space (T?, R?) over
the metric dynamical system ({4, B}, T? {1, 1}, (t)iez) given by H : Z x {A, B} x
T? — T2 that is, a map H : T?> — T? which at each iterate chooses A with
probability %, and B with probability %

Given our earlier discussion of the systems in Section 3.1, we can infer that the

cones
2 T 2
Cg={(z,y) e R*: <D< ,
E {( y) 1+\/§ y 1+\/5}
and
2 2
Co = {(z,y) € R?: <2< 2

S
B

1—
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are invariant under H, as they are mutually invariant under A and B; consequently,
they form the expanding subspace EY and contracting subspace E? respectively.

In the infinite limit, all possible orbits except for those consisting entirely of As
and Bs (which occur with probability zero) will fall into Cg upon forward iteration
of H for all vectors v € R?; furthermore, in the case of the aforementioned orbits,
only the stable eigenvectors v% and v respectively do not enter Cz upon iteration.
H‘fqu

‘ T‘” and ”ﬁ'” for v € Cg,

which yield the minimum growth rates (w.r.t. the Iy norm) within the cone. We

We can find lower bounds upon the spectral norms of

obtain

Innl{“A”HZ}::zﬁloz muilnnl{ﬂfﬁﬂz}::3732L

veC L o]l veCp L [[o]l

the former of which is the minimum possible growth rate within C'y for H. This tells
us that the (maximal) Lyapunov exponent A can be (almost everywhere) uniformly
bound from below by log(2.6102) = 0.9594.

Both this system and similar systems we will study in Chapter 4 possess many
similarities to the uniformly hyperbolic deterministic systems discussed in Section
3.1. The differences between the random and deterministic cases stem mainly from
the frequency with which specific orbits occur. Each orbit (of equal length) occurs
with equal probability in the random case (or, for a more general probability distri-
bution P, with an implicitly specified probability), whereas the measures of the sets
of points undergoing certain orbits need not be equal in the deterministic case. This
is important, since calculations of the Lyapunov exponent (and similarly bounds on
the Lyapunov exponent) need to take all possible orbits into account.

We can introduce randomness into the deterministic cases by choosing an initial
condition at random; this can have a large effect on FTLEs in the case of an inter-
mittently hyperbolic map such as the linked twist map, but in the case of the maps
in Section 3.1, the influence of the choice of initial condition diminishes quickly with

the number of iterates. In the random case, the choice of initial condition has no
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effect on the dynamics; variation in the FTLE also diminishes as the number of
iterates increases, however, it is always possible to have an unusually large number
of either As or Bs at any point on the orbit, which can yield a FTLE significantly

lower or higher than expected.

3.5 Summary

In this chapter we have studied various non-uniform systems formed via the com-
position of shear maps, as well as random dynamical systems. We have seen that
constructing maps in this way can lead to various properties and systems emerging,
including uniform and non-uniform hyperbolicity, and pseudo-Anosov maps.

We studied a generalization of the uniform Anosov diffeomorphisms defined in
Chapter 2, and found that they satisfied the conditions required for uniform hyper-
bolicity, but are not Anosov. We formed the subspaces required for uniform hyper-
bolicity from invariant cones for the map, as opposed to the eigenvectors which were
used in the uniform case. We find bounds upon the Lyapunov exponent of a specific
example of this type of system in Section 5.6.

We then discussed non-uniform hyperbolicity, which loosens the requirement
for uniform bounds upon the expansion and contraction rates. The example we
discussed was the linked twist map; we studied the sets of points which repeatedly
stay in the shear regions, and showed that orbits exist which remain in the shear
regions for any finite number of iterates. This result meant that we could not bound
the expansion rate of vectors in tangent space from below. Chapter 5 discusses a
method for bounding Lyapunov exponents for linked twist maps.

In Section 3.3 we discussed an example of a system studied extensively by Cerbelli
and Giona [14], and Mackay [34]. The map was found to be pseudo-Anosov, which is
a generalization of Anosov diffeomorphisms. We also constructed a Markov partition

for this map, using the method outlined by Demers and Wojtkowski [19].
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Finally, we defined random dynamical systems, and discussed how they differ
from deterministic systems. We gave a specific example of a system which chooses
an Anosov diffeomorphism at random on each iterate, and saw that its expansion
rate can be uniformly bound from below. We discuss a method for finding rigorous

elementary bounds upon the Lyapunov exponent for similar maps in Chapter 4.
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4 Bounding Lyapunov exponents of random

products of shear compositions

This chapter will discuss a method for obtaining an upper and a lower bound on
the largest Lyapunov exponent, A, for random products of hyperbolic matrices;
in particular, those formed by the composition of shear matrices. The method
for calculating bounds on A is a continuation of the work done by Sturman and
Thiffeault [54], who obtained explicit and elementary bounds for random products

of shear matrices.

The method utilises cones which are invariant under both of the randomly chosen
matrices (mutually invariant cones), the existence of which allow us to restrict our
search for the maximum and minimum possible growth rates for vectors (upon it-
eration) to just the vectors within these cones. We will also perform the relevant

calculations for three different norms in order to improve the bounds further.

To obtain these bounds, we will split the sequence of iterates up into subsequences
of smaller matrices, M, ;, as in [54], in order to allow for diagonalisation of the matrix
products. Following this, we will improve upon the bounds further via a method
also discussed in [54], which involves considering the possible preceding matrices
within the larger product. This will allow us to narrow the invariant cones we use,

and thus narrow the range of vectors we consider within each cone.

In Section 4.1 we define the systems we will be studying in this chapter. In
Section 4.2 we discuss the Lyapunov exponents of these systems and ways in which
we might try to bound them. In Section 4.3 we find cones which are invariant under
both matrices in our system and determine when they exist. In Section 4.4 we
calculate the simplest version of the bounds using these cones, which consider only
one iterate of the system at a time. In Section 4.5 we improve upon these bounds

by considering multiple iterates of the system at once. In Section 4.6, we attempt
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to improve further upon the bounds in the previous section, particularly in cases
where the mutually invariant cone is wide, by finding a way to narrow the cone in

specific situations. Finally, in Section 4.7 we summarise what we find.

4.1 Systems formed by random products of shear composi-

tions

In this section we define the family of random dynamical systems for which we
will obtain rigorous bounds upon the Lyapunov exponent(s). Consider the system
(T?,0, A, 1) where o is the Borel o-algebra for T2, u is Lebesgue measure, and

A :T? — T2, given by

T 1 o T

A - , (53)
Yy B 1+ap) \y

is the composition of a horizontal shear of slope o and a vertical shear of slope f3,
where o, 8 € R. Similarly, consider the system (T?, o, B, 1), where B : T? — T? is
given by

sl") = (" 7 ‘. (54)

Y 0 1+~0 Yy

We will study the random dynamical system on the measurable space (T?, T?) over
the metric dynamical system ({4, B}, T?, {%, % , (0())tez) given by H : Zx{A, B} x
T? — T?; that is, a map H : T?> — T? which at each iterate behaves as A with
probability %, and as B with probability % In order to simplify notation we will
refer to both the systems and the maps described above as A and B respectively,
where no confusion arises.

The eigenvalues of the Jacobian matrix of A, DA (which we shall, again for

notational convenience, refer to as A where no confusion arises), are given by

2+ af+\/abB(4+ ap) (55)
2 9

At =
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and the respective eigenvectors by

2a0
af+\/aB(+aB))

Note that Ag+ and vpy are obtained by swapping 7 for a and 6 for £ in (55) and (56).

Va4+ — (56)

The systems A and B are both hyperbolic automorphisms provided the constants
«, [ adhere to either

(i) af >0, or
(i) afB < —4,

and similarly for v, . The method we discuss will make use of invariant cones shared
by the matrices A and B, and as such we require these matrices to be hyperbolic in
order for invariant cones to exist for each matrix individually.

We will frequently refer to the ratio of the x and y components of vectors in
tangent space throughout this chapter for the purpose of comparison; in particular,

the ratios corresponding to the eigenvectors v+ and vg4 are given by

2ce
Ay = , o7
A af +\/aB(4+ ap) (57)
and
2y
Fo. — 58
P 6+ /70(d 1 10) (58)
respectively.

Note that A4, is the unstable eigenvalue when a5 > 0 and the stable eigenvalue
when aff < —4, and vice versa for A4_; the same properties hold for Agy, for the
corresponding v and J. We will label the stable and unstable eigenvectors of A as v
and v" respectively, to avoid confusion in cases such as a5 > 0 and v6 < —4, where
va. and vg_ are the unstable eigenvectors of each matrix. Similarly, we will refer to

the corresponding eigenvalues and ratios of components of the eigenvectors as A%"
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and 73" respectively. The possible orientations of v% and v% for the different cases
we will consider are shown in Figure 18. Knowing the positions of these vectors is
useful as, later in this chapter, we will use them to form the boundaries of invariant

cones for the map H.

4.2 Lyapunov exponents
Recall the Lyapunov exponents A » of a deterministic system G
Aa(w,v) = Tim ~log|[DGol]
12(z,v) = lim —log "]

In the case of the random system H, the Jacobian matrix depends on our choice of
A or B at each iterate, but not on x. Furthermore, since our system is probabilistic,
we require the expected value of this quantity. The Lyapunov exponents of H are
therefore given by

1 .
Ma(v) = lim —E(log[[H"v]]). (59)

Note that this quantity was shown to converge almost everywhere by Furstenberg
and Kesten [25]. In this chapter we will study bounds upon the largest Lyapunov
exponent of H, \; = \; note that since both A and B are measure-preserving, the
method will also obtain bounds upon the smallest Lyapunov exponent, Ay = —A.

The simplest rigorous upper bound for A is obtained by assuming H picks the
matrix with the largest unstable eigenvalue (in modulus) at each iterate. In this
case we obtain

A < max{Aa,, Ap, }

where A4, p, are the maximal Lyapunov exponents for A and B respectively. Any

upper bound we calculate must therefore be less than the maximum of A4, and Ap,

to be of any use. We cannot obtain a lower bound in a similar way (i.e. by taking the

lesser of A4, and Ap,). To see this, consider the case where o, 5 =1 and v, = —1.
_ 3+V5

The eigenvalues of A and B are given by Ay = Aps = =5 2 and so taking the lower
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—1 —1

(¢) af < —4,a > 0,8 <0, for fixed a. (d) aff < =4, < 0,5 > 0, for fixed .

Figure 18: The regions which the stable and unstable eigenvectors v% and v% can inhabit
for various choices of o and 3. In cases (c¢) and (d), the vectors v and v% are found
on either side of the vector with slope =*, with their exact orientation depending on the
choice of B; varying S while keeping « fixed allows the eigenvectors to attain the ranges

shown in the figures.
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bound to be the maximal Lyapunov exponent of the system corresponding to the
smaller of these would yield A = log |#5| ~ 0.962. However, numerical calculation
of A using Gram-Schmidt orthonormalization yields A = 0.663, and thus our lower
bound must be invalid. The reason for this is that the vectors we consider when
calculating A are constantly being shifted around, and so do not converge to v4, or
vpy for an infinite number of iterates, as is the case when calculating the Lyapunov
exponent of A or B individually. We therefore regularly observe expansion rates less
than the smaller of the two Lyapunov exponents of A and B in this case.

A common upper bound for A is given by submultiplicativity of matrix norms
[30]. Let My be the set of matrices formed from all possible sequences of A and B
of length 2*. For example,

My = {A, B},

My = {AA AB, BA, BB},
My = {AAAA, AAAB, ..., BBBA, BBBB}.
An upper bound is then given by

By, = 2 {log || My |}, (60)

where 27% arises due to each matrix product in the set My: corresponding to 2F

iterates of H. Note that, by submultiplicativity of matrix norms,

log ||H"|| = log ||AABBABAA. .. AABAAA||,

< (cllog||A...A|| teylog||AA. Bl + ... +co 1og||B...B||),

where ¢; is the number of times the i*" matrix of the set M. appears in the sequence

H™. Thus
Tim E{log|[H"||} < 2*2’“<1og||A...A|| T —|—log||B...B||> — E{log || My||},

. . _ok
since & — 2 2" as n — oo.
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The E}’s will decrease monotonically to A as £ — oo, for any choice of matrix
norm || - || and for any two matrices A and B that we choose. This is due to the fact
that as we increase k, the bound accounts for more of the underlying distribution.

For example, the sequences
AABBAABBAABB... and ABABABABABAB. ..

return the same frequencies for matrices in Myo, but different frequencies for matrices
in Msi. A and B need not be hyperbolic, nor formed by composition of shears,
for this bound to hold. However, in the case we are interested in, A and B are
hyperbolic, and we can use this fact to obtain a more practical upper bound than
E}, and to also obtain a lower bound.

Let us consider H"vy, i.e. applying the map H n times to a vector vy in the
tangent space R?, where x( is our initial condition. We obtain a random sequence

of A’s and B’s applied to our vector vy:

H"vy = AABABB ... BBABuwj.

Now consider ||H"vg||. Let Hy, = A if on the k' iterate we apply an A, and Hy, = B

if on the k' iterate we apply a B. We have

H,v,_
E o]l = llonll = [yl = Lntll
|[vn-1]]
where v,_; = H" 'v,. Continuing this process we obtain
|| H vy ]| || Hyvol|
H'vyl|l = ——m———— - ... - ———— - ||ygl]. 61
H OH an—IH HUOH || 0|| ( )

Thus, to obtain an upper and lower bound on A, we need to find a way to bound

|| Hivi—1]]

Tora] (62)

foreachi € {1,...,n}. To do this, we utilise the existence of a mutually invariant cone

for A and B; such a cone will be invariant under all applications of H. Since vectors



97

are trapped within the cone for all iterates, finding the maximum and minimum
values of (62) for vectors within this cone will yield upper and lower bounds upon
this quantity for all iterates of H. To obtain bounds upon A\, we need to obtain
bounds for ||H"v|| for any vector v in such a cone.

Explicitly evaluating ||H™v|| (and subsequently A) when the Jacobian matrix H
is subject to change can be difficult or impossible, since the growth of the norm is
dependent on the orientation of v; however in some special cases, such as Cerbelli and
Giona’s archetype for non-uniform chaos, the Lyapunov exponent can be formulated
explicitly. In the case where H is constant for all x, such as the Cat Map, we find that
repeated application of H aligns almost all vectors v with the unstable eigenvector
(see Lemma 4.1); when matrices are chosen at random it is possible to be pulled
away from this eigenvector by application of a different Jacobian, altering the rate
of expansion for subsequent iterates. Thus, in order to evaluate ||H"v||, we need to
know how the orientation of v will change under application by A or B. To do this,

we will first define what we mean by alignment of vectors in 2 dimensions.

Definition 4.1. Let u = (uy,us) and v = (vy,v9) be vectors in R2. We assign to

each of these vectors an angle 6 € [0, 7] between themselves and the vector (—1,0),
that 1s

™ V1

O(v) = — 4 arctan —,

(v) =3 ™

taking the appropriate limits for the ratios +00. Then the smallest angle between

the vectors is given by
00 = min {|0(v) — 0(u)]. [z — 0(v) +0(u)|}.
We say a vector u is more aligned with v than with w if
Ouo < Oy

Figure 19 shows the angle 0,,,. The following lemma describes the alignment of

a vector after application by A.



Figure 19: 6,,,.

Lemma 4.1. Let v be a vector in the tangent space R? of a point x € T?, and let

1 o

B 1+ap

A:

Let XY and X% be the unstable and stable eigenvalues of A, and v and v¥ be their

corresponding eigenvectors. Then
1. if v ¢ {v},v5}, we have 04y pn < Oy u.
2. if v e {vy,v5}, Av = v, for X € {\Y, X%} respectively.

Proof. Part 2 is simply the equation for the eigenvectors of A, which v satisfies by

definition in this case. For Part 1, let v € R?, then
v = vy + U,
for some ¢y, co € R. We have that

Av = 1 Avy + o AvY = I AUy + e\ vh,

VY V%, + covd
% — arctan H ,
Uiy C1VU 4y T C2U%,

u

v vy, + cov’
7w — arctan % + arctan LAl - AL

u S
VAo ClU» o T 2V,

Gvyvx = min{ arctan

3
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and

Uy

1

v arctan AL VY + o A58
A2 1AV A2 27AYA2

u
VAq
m — arctan -+ arctan

U

U oyU S S
Uiko CIAUL, + AU,

NG, + A vy,

¢9AU7U7;1 = min{ arctan ,

CIAY VY, + A%

3

Noting that 0 < |A%] < 1 < |[\Y4|, we have either

u U ,,U S S u S
VAq CIAQ UG + Ay UY, C1U4; + CoUyy
vY, CIAYUY, + 2 A5 V5, v, + v, |
or
C1Uy; + G2V, 1AV + AR VY, Vg,
C1Vy + C2V%, CIAY U, + ALV, Vigg ‘
Using this, we can conclude that
vY% CLA% VY% + o5 U8 vY% C1UY%, + v
arctan % — arctan f ‘31 ;4 fl < larctan % — arctan %
VAo ALV, + ALV, VAo C1U 4 T+ C2Ug
and hence
0141),1)7j1 < ev,vjjv
as desired. [

Lemma 4.1 tells us that applications of A or B will align our tangent vectors
with their respective unstable eigenvectors. If, for example, we always chose A’s for
our Jacobian, then A™v would begin to align with the unstable eigenvector of A, v,
as n — oo °. Bounding the norm is then a matter of observing the growth rate of

the vector v, as for all v # v, we have
.1 .1
lim —log ||A™v|| = lim —log||A™vY]|.
n—oo 1 n—oo 1

However, H chooses between 2 different matrices for its Jacobian, so this orientation
can vary significantly. For example, if we imagine H choosing a long string of A’s,

then H"v will begin to align with v%. If H then chooses a B, our vector will begin

SProvided v # v, the stable eigenvector of A, in which case its orientation will not change.
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to align with v} instead, and this will have an impact on the growth rate of the
vector. We will use this information to help us in the construction of an invariant
cone for H.

Furthermore, Lemma 4.1 does not tell us how we approach the unstable eigen-
vectors, merely that the angle between the image of our vector and the unstable
eigenvector shrinks after each iterate. This is important, since the manner of this
convergence will determine our choice of an invariant cone. If a vector approaches
the eigenvector from one side only, then we need only consider the vectors on one
side of the eigenvector to obtain an invariant cone. If the vector instead approaches
by flipping from one side of the eigenvector to the other with each iterate, then our
cone will need to contain vectors on both sides of the eigenvector in order to account

for this. We discuss the construction of these invariant cones in the next section.

4.3 Mutually invariant cones

In order to obtain bounds upon the quantity given by (62), we will restrict the range
of vectors we consider from the entire tangent space to a smaller bundle of tangent
vectors: an invariant cone. In order for a cone to be invariant under applications of
H, it must be invariant under both A and B. Recall Theorem 2.4, which states that
an invariant cone for a 2 x 2 diagonalizable matrix A with non-negative eigenvalues
is given by any cone which contains v and whose interior does not contain v?.
Hence we can find an invariant cone of this form for the matrix A in the cases when
af > 0.

When aff < —4, Lemma 4.1 tells us that applications of A to a vector v # v
will cause v to become more aligned with v than v% is with v%, and repeated
applications of A will cause the ratio of the x and y components of v, r,, to tend
to r%. Thus the same cone given by Theorem 2.4 will work in this case as well;

the difference is that the orientation of the vector will flip after each iterate in the
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cases where the eigenvalues are negative. In other words, a vector pointing into
the positive quadrant, x,y > 0, will flip its orientation into the negative quadrant,
x,y < 0, on the following application of A, and vice versa. The invariant cone for

any matrix A of the form (53) is given by the following Lemma.

Lemma 4.2. Let A be given by (53) and let Cy be the cone with boundaries given

by the vectors u = (uy,us) and v = (vy,ve), with the following conditions:
1. Any of the following hold:

(a) 5 <74, and ry = 32 € [, Y],
(b) r5 > 1Y%, and r, € [r%, 5],
(c) 0 <71y <oo, —oo<r¥% <0 andr, € [ry,o0]U|[—oo,r4],5

(d) 0 <71 <oo, —oo <71y <0 andr, € [ry,oco]U[—o0,ry],
2. Oy < Ops o,
3 Oy < T — Oys .
Then C4 1s an invariant cone for A.

A sketch of Cy is shown in Figure 20.

Proof. From Lemma 4.1, we know that both Au and Av are more aligned with v}
than v and v respectively. Therefore, by continuity of A, all vectors w between u
and v must have that Aw is more aligned with v than Awu, and similarly for all
vectors w between v and v'{. We therefore have AC'y C Cy, and thus Cj4 is invariant

under A. [

6The closed boundaries on +00 here are to indicate the inclusion of the vectors (1,0) and (—1,0)

as possibilities for the vector u, and similarly in part 1d.
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Figure 20: An example of a possible cone Cy4 in tangent space, for the case where a, 8 > 0.
The boundaries of C'4 are given by the vectors u and v (green lines). Note that C4 is

invariant under A for u up to and including v%.

The most important factor in the construction of mutually invariant cones for A
and B is the invariance of the eigenvectors under their respective maps. The idea
will be to create a cone which traps the tangent vector between two eigenvectors
- one boundary of the cone is impassable under applications by A, and the other

boundary by B. By Lemma 4.2, this will only be possible if:
1. both of v!{ and v} are contained within the cone, and
2. neither of v nor vy are contained in the interior of the cone.
The following theorem tells us the conditions required for such a cone to exist.

Theorem 4.1. Let A and B be given by (53) and (54) respectively and, without loss
of generality, assume that

ry < rp.
Then a cone which is invariant under applications of both A and B exists if and

only if either
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(1) 5 <7r% and ry >, or
(i1) r5 > r% and ri; <Y, or
(111) r5,r5 > 1Y, and ri,ry <.
Furthermore, the minimal such cone for cases (i) and (ii), is given by

Cup = {(:U,y) €T, T?: 7% <= < 7”%}»

T
Y
and for case (iii) by

Cuap = Cap® U {04, v%}.

Proof. By Lemma 4.2, a cone is invariant under A or B if it contains the respective
unstable eigenvector and its interior does not contain the respective stable eigen-
vector. Hence, in order for a single cone to be invariant under both A and B, we
must meet all four of these conditions at once. In other words, we must be able to
find an invariant cone for A which contains v$ but whose interior does not contain

vg. This can only occur if either
riy <riand ry > rp,

or

rf > rgand ry <1y,

or

S S U S S u
Ty > 1y, and 75, ry < rg,

and thus this proves the first statement.

To prove the second statement, we note that any cone which contains both v
and v}, is by definition a (possibly non-strict) superset of either Cyp or Cap, and
so by taking the intersection of all such invariant cones under A and B we obtain

the minimal cone, C4p, in cases (i) and (ii), or Cxp in case (iii). O
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U U
Y U4 Vg

Ly =

Cap

Figure 21: The cone C4p in tangent space, for the case where «, 3,7, and ¢ are positive

integers.

Note that the cones Cup and Cyg given by Theorem 4.1 belong to the set of
expansion cones discussed by Ayyer and Stenlund in [7] and are the minimal choice
for such cones. The cones Cyp are analogous to the cones C', and C_ studied by
Sturman and Thiffeault in the case of random products of shear matrices; C'45 has
the capacity to be both narrower and wider than these cones, depending on the

choice of a;, 5,7, 0.

An example of C'yp for the case when «, 5,7, and § are positive integers is shown
in Figure 21. Note that the unstable eigenvectors partition tangent space into two
distinct cones, C'4p and Cap®. Theorem 4.1 tells us that in order to discover if a
particular pair of matrices (of the appropriate form) possess a mutually invariant
cone, we must calculate their eigenvectors, and then determine whether the stable
eigenvectors are contained within the same partition element (see Figure 22). If
they are, then a mutually invariant cone for A and B exists, and if not, then no

such cone exists. From this point forward, we will refer to the minimal, mutually
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U

vy

u

v}

(a)a=1,=1,y=-1,6 = —1. (b) a=1,8=100,y =5,0 = —1.

Figure 22: Examples of cases where a mutually invariant cone for the matrices A and B

either (a) can or (b) cannot exist.

invariant cone for the matrices A and B as Cp, regardless of the case of Theorem
4.1 we are studying, in order to simplify notation. Note that C4p is an invariant
cone for any product of A and B, and is therefore also an invariant cone for the

system H.

Note that not all A and B containing only integer entries satisfy Theorem 4.1.
An example of a case which does not is @« = 1,5 = 100,v = 5,5 = —1. In this case
(and others like it) the stable eigenvectors are located on either side of v}, and so

the cone Cyp is not invariant (see Figure 22b).

4.4 Calculating the bounds

Now that we have found an invariant cone for H, we can find the maximum and

[ Hvi—1]]

minimum values of Tor ] for a vector in the cone for a given norm. For a vector
i
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v = (z,y) € R? we will consider the l; norm, given by

o2 = V2% + ¢, (63)

the [; norm, given by

[lvlly =[] + |yl (64)

and the [, norm, given by

[10]|oc = max {|], [y] }- (65)

For each of these, we will calculate a strict upper and lower bound upon the value

of both HIII?IJIH and ”‘ﬁq""' for v € Cyp. Our upper and lower bounds on A, which we

label 3 and ¥q respectively, are given by inputting the bounds on |‘AUH and 22!l

ol [[v]]

into (59); this is summarised by the following theorem.

Theorem 4.2. Let H be the random dynamical system on the measurable space
(T2, T?) over the metric dynamical system ({A, B}, T2,{3, 35}, (0(t))wcz) given by
H:7Z x{A,B} x T? — T?, where A and B are given by (53) and (54) respectively.

Then an upper bound for the maximal Lyapunov exponent \ is

Bo(4, B) = Jlfgo +tog e (2 }>a (e )" -
2 3 los (Ié% { H||ilj|)||| } ) (UecAB { |||ﬁT||| }>

where a and b are the number of occurrences of A and B respectively; note that =
and % — % as n — oo. Similarly, we obtain the lower bound

Uy(A, B) = log ( min { ||||il|)||’ }) + - (veCAB {— [1Bol] }) (67)

veCapB ||U||

It is worth noting that both ®;, and ¥, reduce to (8) when A = B. In this
case the invariant cone can be taken to be the line v}, the maximum and minimum

growth rates are equal, and we obtain the Lyapunov exponent of A.



107

|| Av]2
[v]]

In the case of the ls norm, the quantity Tolls is the spectral norm of the matrix

A, usually denoted ||A]] (see, for example, [52]). We have that

|| Av||2 vT AT Av .
== axX ——————— =
o0 vll3 w20 [l]]3 A
and similarly
) ||Av||§_ ) UTATAU_ 5
20 |l3 w0 [l T A

where A7 , are the unstable and stable eigenvalues of AT A respectively. Note that
)\’U,,S

414 are always positive. These give us the maximum and minimum growth rates

max ||A|| = /Xir, and min [|A|] = /Xor,.

These growth rates are obtained at the corresponding eigenvectors of AT A, and

respectively:

the spectral norm is monotonic between these eigenvectors. This raises an issue,
as it is possible for these vectors to be within the interior of Cyp, and thus our
maximum /minimum is not always obtained on the boundaries of the cone. In other
words, if we were to write
1A]] = f(2),

where z = z/y, we would find that this function is not always monotonic over Cyp.
The following lemma takes into account the cases where VY7 4 O Vprp are either in
the interior or exterior C4p. In the lemma and proof, v'y7 , are the unstable and

stable eigenvectors of AT A respectively.

Lemma 4.3. Let A and B of the form given by (53) and (54). Then we obtain the

following upper bounds for % forv e Cyp:

|| Av]]2
< Ja,
o]l = VoA
2. If v4r 4 & Cap then,

40l _ il (Al y

lolla — lvalla ™ [lvpll2

1. If vy, € Cap then,
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We also obtain the following lower bounds for Hﬁﬁllk forv e Cyp:

1. If vir , € Cap then,

2. If vir 4 & Cap then,

Av]lz _ . {IlAvﬁllz IIAvféHQ}

[lvalla ™ [lvpll2

Note that we can restate this lemma and proof to give us the upper and lower
I

u,s u,s

Bul| . . U, U, .
ol for v € Cyp, by substituting vz, for v, and Agr, for Ay, in

bounds of

the formulas.

Proof. First, let us consider the upper bounds. If v, € C4p, then we attain our

upper bound for |[A]| when v = v4;, € Cyup, giving us max{”ﬁjﬁ”} = /A,

Otherwise, v'r , ¢ Cyp, and hence the spectral norm is monotonic on Cup; we
therefore attain our upper bound when v is a vector on the boundary of C'4g, which
will be either v% or v}, depending on our choices of «, 3,7, d.

Now, let us consider the lower bounds. If v, , € Csp, then we attain our lower

bound for [|A|| when v = vr, € Cap, giving us min{ 124} = | /Nyr - Otherwise,

]l

VT 4 ¢ Cap, and the spectral norm is monotonic over Cyp; we therefore attain our
lower bound when v is a vector on the boundary of C4p, which will be either v} or

v, depending on our choices of a, 3,7, 9. O

We now consider an explicit example of calculating 5 and ¥, using only the [,

norm.

Example 4.1. Consider the case where we choose

A —
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and
x 11 x
B = ,
y 23/ \y
each with probability %, at each iterate of our system H. The eigenvectors of A and

B are
2 2

145/ 2423

respectively, yielding the minimal, mutually invariant cone

2 T 2
Cap = ) erR — <<~
AB {(xy) 2—|—2\/§_y_1—|—\/3}

which is shown in Figure 23a. The eigenvectors of the matrices AT A and BT B are

2
Vir g = =0y’
A 9
1+V5
since A is symmetric, and
14
u,s
v _

T
BB\ 54 201

respectively. Hence we obtain the following upper bounds:

|[Av||2
e T+ T VN
since vy 4, € Cap, and
180y _ e (E51 VB B g o7
Vel [ogll2 * [lvill2 [[0%] ]2
Similarly, we also obtain the following lower bounds:
A Avt
min {H UH?} = I ZBHZ ~ 2.566,
veCap - [|v]2 [[vl]2
B BvY
min {|| U||2} _ | ZBHz — A — 94 /33732
veCas — ||v]]2 v ]2
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(a) Example 4.1. (b) Example 4.2.

Figure 23: The cones C4p from Examples 4.1 and 4.2. In Example 4.2 the cone is much
wider, and this leads to the gap between the bounds ¥y and ®g being significantly larger

than in Example 4.1.

Substituting these values into (66) and (67) yields
Ty = 1.130 < A < 1.156 = @y (to 3.d.p.).

Using Gram-Schmidt orthonormalization to calculate \ over 500000 iterates of H

yields

A~ 1.144.

The gap between the bounds in Example 4.1 is fairly small since the cone C'yp is
fairly narrow. Specifically, using the estimate of A as a baseline, we see a percentage
error of —1.22% for ¥y and +1.05% for ®;. The simplest upper bound is given by
max{As, Ag} = log(2 + +/3) = 1.317, which is a percentage error of +15.12%; we
therefore see a significant improvement between ®, and the simplest bound, by a

factor of 14.4. Example 4.2 considers a case where the cone is wider.
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Example 4.2. Consider instead the case where we choose

x 1 1 €T
A —
y L2 y
x 1 -1 x
B —
y -1 2 y

The minimal, mutually invariant cone s

—2 2
Cap = {(2,y) € R << 3
Yy

which in this case contains both vr , and vy (see Figure 23b). Note further that
this cone is much wider (i.e. contains a wider range of ratios of vectors) than the

cone in Example 4.1. We obtain the upper bounds

A Avt 3 5
ma (IAVll2y AWl _ 0 3495
veCap = ||v]|2 1A 2
B Bu 3 5
- {|| vll2y _ |l ZBH? V. + V5 ~ 2.618,
veCap HUHQ ||UBH2 2
and the lower bounds
A Av
min {402y _ 1A%l o0
veCap = ||v]]2 v ]2
B Bvj
min {202y _ 1BVl ) oo,
veCaB ||U||2 ||UA||2

We therefore obtain the following bounds on \:

Wy =0.199 < X < 0.962 = Oy (to 3.d.p.).
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Using Gram-Schmidt orthonormalization to calculate N over 500000 iterates of H

yields

A~ 0.662.

The percentage errors in this case, again using the estimate for A as a baseline, are
—69.94% for ¥y and +45.32% for ®(, which are drastically larger than the errors we
saw for Example 4.1; furthermore, there is no improvement over the simplest upper
bound, given by max{A4, Ag}, in this particular case (this is due to the matrices A
and B sharing the same eigenvalues).

These examples demonstrate that the accuracy of the bounds ¥y and ®, depends
on our choices of the matrices A and B, and in particular on the width of their
mutually invariant cone.” The narrower the cone, the closer the bounds will be to
the true Lyapunov exponent. The accuracy of the bounds does also depend on the
number of iterates of H we consider at once - so far we have only considered finding
bounds upon one iterate of H at a time, however we will later improve upon this
by considering matrices of the form M,, = A*B® which will yield more accurate
bounds. However, we will still find that these improved bounds are limited by the
cone Cyp, and we will discuss ways to try to improve upon this.

Let us now consider the [, norm. We have

| Av||oo _ max {|x + ayl, |fx + (1 + a,B)y|}
[0]]so max { |z, |y| }

(68)

Graphs of A0l against % for particular choices of @ and ( are shown in Figure

[[v]]oo
24. The [, norm is monotonic between its maximum and minimum values for all

v € R?, so in order to determine the maximum and minimum values within Cyp,

we need to know whether the vectors which yield these values are in Cyg.

7So far we have only demonstrated this in the case of the I norm, however this problem arises

with the [; and [, norms as well, and also if we pick the best bounds from any of these norms.
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Figure 24: Plots of the quantity Hﬁ:’““ for vectors of the form (z/y,1).

[loo

Consider the unit ball centred at (0,0) for the I, norm, B, (see Figure 25a).

This ball contains all vectors v for which ||v||oc = 1. In order to find the vectors

which maximise and minimise HIIUT\HOO’ we need to find the vectors v € B;_ for which
oo
||Av||o is maximised or minimised, since ||v||oc = 1. The quantity HHUT\HOO is then
oo

maximised or minimised along any scalar multiple of these vectors.

The image of B;_ has corners as follows:

A 1 1 « 1 14+«
1 B8 1+ap 1 B+1+ap
—1 a—1
A —
1 1+ap—p
-1 —1—-«a
A = ,
-1 —B—1—ap
1 -«
A —
-1 B—1—ab
The following lemma uses the above to tell us the vectors v for which ”ﬁ;""l:" is

maximised and minimised for all permitted choices of a and f.
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Y y
1
=T 0 [T v f; x
—1
(a) The loo norm unit ball, B;__. (b) Extending B;._ when a = 8 = 1.

Figure 25: In order to find the vector which minimises ||Av||~, we extend B;_ from the

origin until it intersects AB;__.

Lemma 4.4. Let A be given by (53). Let Unax, Umin € R? be the vectors for which
[[Av|| 0

vl

(i) if a, 8 >0,

is mazimised and minimised for all v € R? respectively. Then:

the quantity

Umax = (L 1>7vmin = (—Oéﬁ - — 1a5+ 1)

(i) if a, B <0,
VUmax = (_17 1)7Umin = (Oéﬁ +a+ 17B + 1)

(iii) if a <0, B >0 and aff < —4,
Umax = (=1, 1), 0pin = (—af —a— 1,5+ 1).
() ifa >0, <0 and aff < —4,
Vmax = (1, 1), Umin = (@B +a + 1,5 +1).

Proof. In all cases, the maximum z and y coordinates (in modulus) of AB,_ are

attained at its corners, or in other words, at the image of one of the corners of



115

By__. This means our maximum value for |[Av|| for v € B, is always attained by
either the vector (1,1) (and (—1,—1)), or (—=1,1) (and (1,—1)). In the cases where
a > 0, we have that the largest x coordinate in modulus is 1 + «a, and the largest y
coordinate in modulus is (8 + 1 + af3), yielding vpa = (1,1) (or (—1,—1)). When
a < 0, we instead have that the largest x coordinate in modulus is 1 — «, and the
largest y coordinate in modulus is (14 af — ), yielding vymax = (—1,1) (or (1, —1)).

The minimum in each of these cases is attained by expanding an [, ball from
the origin until it meets with the image of AB;_ (see Figure 25b). The point at
which the two meet yields the vector v whose pre-image is A~'v = vy;,. The first
point of the expanding ball to intersect with AB;__ will be a corner®, and so will
be the pre-image of either (1,1) or (—1,1). In the cases where § > 0, we find
Vmin = A7H(=1,1)T, and in the cases where 8 < 0, we find vy, = A71(1,1)7T. O

[ Av]|oo
[v]loo

In order to determine what the maximum and minimum values for are
for v € Cyp, we first check if either (or both) of vyay O Uy, is contained in Cyp.
If so, then the respective maximum or minimum will occur at that vector. We can
then take our other bound (if needed) to be the minimum or maximum respectively

of the boundary vectors to Csp, since the [, norm is monotonic between v,,, and

Umin- Lhis idea is summarised in the following lemma.

Lemma 4.5. Let A and B be given by (53) and (54) respectively, and let vpax
| Av]|oo

l[v]lo

and Vpyin, given by Lemma 4.4, be the vectors which mazximise and minimise

respectively for all v € R?. Then we obtain the following upper bounds on [1Av]le for

l[vfloo

NS CAB-'

Ul. If vpax € Cag, then

[40]lse _ 1 Avmas] 1

[Vllse ™ Nomaxlloo

8Unless the slope of the edges between subsequent corners of AB;_ is either 0 or oo, neither of

which are possible given our restrictions on « and (.
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U2. If vyax € Cap, then

[ Av]loo Avifloo [[AVE|loo

|
< max - , " .
Pl <™ Ul ol
We also obtain the following lower bounds on % forv e Cyp:

L1. If vyin € Cap, then

[40][oo o [[AVmin| |0

||U||OO - ||Umin||oo.

L2. If vyin & Cap, then

u Uu
vl 5 AVl 140l
Tollo Tl " Toblle

[l Av[|oc
T ollso
[l Av[|oc
lvfloo

1S maxim-

Proof. Clearly if the condition for Ul. is met then, by Lemma 4.4
ised at vyax, and similarly if the condition for L1. is met, then is minimised
at Umin. The [, norm is monotonic between these vectors, and so if one (or both)

of these vectors is not located within C4p, we find the maximum (or minimum) for

v € Cyp by taking the maximum (or minimum) of the value of Hﬁ"f"}j for v on the
boundaries of Cyp, or in other words for v € {vY, v} }. O
We now undergo a similar process to obtain upper and lower bounds on %,

that is, using the /; norm instead of the [, norm. We have
Aells _ o+ agl + |83+ (1 +aB)y| )

ol =] + [yl
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Y Y
1
—T1 0 1 xr xT
-1
(a) The {1 norm unit ball, By, . (b) Extending B;, when a = = 1.

Figure 26: In order to find the vector which minimises ||Av||1, we extend Bj, from the

origin until it intersects ABj,.

We again consider the unit ball centred around (0,0), now for the /; norm, which

we label Bj, (see Figure 26a). The corners of the image, AB;,, are as follows:

1 1
A = ,
0 5
0 «
A = :
1 1+ap
0 —Q
A p—
— —1—ap

The following lemma uses the above to tell us the vectors v for which ”‘ﬁf‘ﬂl is

maximised and minimised for all permitted choices of a and f.

Lemma 4.6. Let A be given by (53). Let Upax, Umin € R? be the vectors upon which

the quantity HH Hnl is mazimised and minimised for all v € R? respectively. Then:




118

(i) if af > 0 and |a| > 2,

Umax = (0,1), Umin = (a8 + 1, —0).

(ii) if B > 0 and |a| < 425,

VUmax = (170)avmin - (O./ﬁ + 1a _5)

(iii) if af < —4 and |o| > 1522,

Umax = (0, 1), Umin = (af + 1, =0).

() if af < —4 and |a| < ﬂ—ﬁ;

VUmax = (170)avmin - (aﬁ + 1a _/8)

Proof. When calculating where we obtain vy, for the various cases, we note that
this maximum must be attained at one of the corners of AB;,. In the case where the
slope of the edge between subsequent corners (for example, the corners (a, 1 + af3)
and (1, 8) when a, 8 > 0) is equal to one, we would still attain a maximum at these
corners, but also at any point on the edge connecting them - however this case is
not possible given our restrictions on « and f.

When af > 0, we have that
1+ 8] = o] + 1+ af],

provided

Thus the maximum is attained at the pre-image of (1,3) - (1,0) - in this case.
Otherwise, we obtain our maximum at the pre-image of (v, 1+a/) - (0, 1). Similarly,

when aff < —4, we have that

L+ =] —al+|=1-af]
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provided
| | +2
|ﬁ |+ 17

and the maximum is attained at (1,0) in this case, and (0, 1) otherwise.

To obtain the minimums, we note that the slopes of the edges of AB;, which
cross the y-axis are always greater than one in modulus, and thus the first vector

of an [; ball to intersect them will be (1,0). Hence, in all cases, vy = A71(1,0) =
(af+1,-p5). 0

We now state the analogous result to Lemma 4.5 for the [; norm.

Lemma 4.7. Let A and B be given by (53) and (54) respectively, and let vpax

[[Av][1
(o]l

respectively for all v € R2. Then we obtain the following upper bounds on ”|‘|41|)|”1 for

and Vmin, given by Lemma 4.6, be the vectors which mazrimise and minimise

V€ CABf

Ul If vpax € Cap, then

[ Avll _ [[Avmax|h

ol ™ Hvmax 1

U2 If vpax & Cap, then

! < max {||AUAH1 HAZJ%Hl
vl ol ™ Tvplh

}.

We also obtain the following lower bounds on Hﬁ% forv e Cyp:

L1 If vmin € Cag, then
1Av]l1 o [[Avmin] [+

||U||1 - vainl‘l.
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L2 If vpin ¢ Cag, then

JECUI| R {IIAvAlll IIAU%Ill}

ol [lvalls ™ llvpll

Proof. Noting that the [; norm, like the [, norm, is monotonic between its maximum

and minimum, the proof of this lemma is identical to that of Lemma 4.5. O]

We can calculate the bounds ®; and ¥, for any of these norms and obtain
rigorous upper and lower bounds upon A. Thus, by choosing the smallest &, and
largest Wy, we obtain the best bounds upon A\ using these three norms. In the
following example we return to the systems we considered in Examples 4.1 and 4.2,
calculate &5 and ¥, for the [, and /; norms using the above lemmas, and compare
these to what we obtained when using the /; norm to see if any improvement is
made. Note that we use the notation <I>(()k) and \I/ék) for k € {1,2, 00} to indicate @

and ¥q evaluated using the [ norm.

Example 4.3. First, consider the system studied in Example 4.1. We have o, § > 0,

thus for A, Vamax., = (1,1) and vamin,, = (—3,2). Furthermore, we have

151 1

Bl+1 2
S0 Vamax, = (0,1) and vamim, = (2,—1). These conditions also hold for B, and we

obtain UBmaxeo — (171); UBmin,, = (_473); UBmax; — (071)7 and UBmin, = (37_2>

al=1>

We note that none of these vectors are contained within the cone Cap, so our mazx-

imum and minimum are attained upon the boundaries of the cone for both 1Al g

(]l
B . . . . .
HIIvTIH using both norms. Taking into account whether the norms are increasing or

decreasing between v and vY, the lo norm yields the upper bound

Avillee 1, [IBill
q)(oo logH Alloo —{——logﬁ
27 [dlle 27 ol
1 3 5 1
=3 log( +2\/_) +3 log(2 + V/5) = 1.203,
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and the lower bound

1 NAvslle 1, [IBugll
W™ = Zlog L—BlI® 4 ~og B
2 lulle 27 [uplle
1 3 3 1
=35 log( +2\/_) +3 log(2 + V/3) = 1.089,

while the [y norm yields the upper bound
1 [JAvg|li | 1. [|Bulls

ol = — log + —1lo
° 2 gl 2 IR
1 1
= 5 log(1+ V3) + 5 log(2+ V3) = 1.161,
and the lower bound
1 AvY 1 Buvt
500 = Liog el | 1, 1Bl
2 gl 2 vl
1 3 5 1 5 5
= élog( +2\/_) + élog( +2\/_) ~1.124.

Thus, in this case, the bounds obtained via the l; and I, norms are worse than those
obtained via the ly norm.

Now consider the system studied in Example 4.2. We now have that v, < 0, so
VUBmaxe, = (—1,1) and vpyin, = (1,0). We still have

o _ 1

7] —ol+1 2

S0 UBmax; = (0,1) and vpmin, = (2,1). Note that both of Vamax, and Vpmax, are

contained within Cyp in this case. The lo norm yields the upper bound

o 1 Avillee 1 Bv}||so
5 = L iog A0l 1) 11
2 % Todlle 2 Tohlc

= log(3 +2\/§) ~ 0.962,
and the lower bound
0 — Liog [kl 1y 1Bl
207 lglle 27 Vil
= 1og(5 _2‘/5) ~ 0.324,
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Figure 27: @ék) and \Ilék), ke {1,2,00}, for v =1, 6 = 2, for various o = 3.

while the Iy norm yields the upper bound

(I)(l) _ 11 ||AvAmaX1||1 11 ||BUBmax1||1
0 = R it L
2 | |UAmax1 | |1 2 | |UBmax1 | |1

= log(3) = 1.099,

and the lower bound

Lo NAvgll 1 l[Buslh
oV = Zlog B+ —log B
o2 gl 277 el
1 -9+ 5V5 1 3 5
=3 log(+\/_) +3 log( +2\/_) ~ 0.524.

Thus we obtain no improvement upon Py, however the Iy norm provides the best Vg

i this case.

Figure 27 shows ®, and ¥, for each of the [, l; and [, norms, fixing v = 1,
0 = 2, for a range of values of &« = 3. The cones Cyp are much wider for the cases
shown in Figure 27b, and we see that the gap between the bounds is much wider as
a result.

In the upcoming sections we will improve upon the bounds &y and ¥, using
two methods. In Section 4.5 we will consider looking at longer chains of matrices,

of the form M,;, = A®B?, in order to take into account the differing growths rates
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that may occur under these longer chains. Furthermore, this method will allow us
to capture more of the qualities of the underlying distribution than simply looking
at one iterate at a time, as we did with ®3 and ¥,. In Section 4.6 we will try to
eliminate the large gap that we observe between the bounds as the width of the cone
Cyp widens. To do this, we will discuss a way to look at narrower cones - subsets
of C4p - for each of the terms in our bounds, by considering the matrices which

precede each M.

4.5 Improving the bounds

In this section we will improve upon the accuracy of the bounds &, and ¥y by
considering multiple iterates of our infinite sequence of A’s and B’s at once. To do
this, we will split up the sequence of matrices in a particular way, as suggested in
[54]. Recall equation (61). If, instead of splitting H™v, into n individual iterates,

we split it into all sequences of the form

M,, = A*B® (70)
we obtain
H™, = AABABB. .. AABBABu,,
= (AAB)-(ABB)-... - (AABB) - (AB)uy, (71)
= MaN7bNMaN711bN—1’ .. Mal’blvo.
and thus
[ May by Vn-1l| || Mo, by vol|
[ H™ || = - C e vl (72)
|[vn-1]] ||vol
where v; = M, p,v;—1 for ¢ € {0,...,n}. Thus in order to obtain bounds upon

Wil o oach 4. We are trying to obtain bounds

H"™vgl||, we need to bound HM‘”_
[lvi-1l|
i

upon the Lyapunov exponent, and thus are concerned with what happens as n — oo.

In the infinite limit the sequence H™ will contain every possible sequence M, for
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a,b > 1, each with an associated frequency of occurrence. We therefore need to

obtain bounds upon ”Aﬁz’ﬁ”” for each a and b, for v € Cyp, and find the frequency

with which each of the sequence occurs within the infinite sequence. Note that in
[54], matrices of the form M, were required in order to ensure hyperbolicity; in our
case, we do this to ensure that the diagonalisation of the matrices can be written in
a general form.

It is worth noting that, in (72), N # n. To find a relationship between n and
N, we look at the average length of the matrices M, ;. In this case, length means
the number of matrices multiplied together to create M, ;, and is equal to a +b. We
consider a sequence m of A’s and B’s which starts with a B. b is the number of
B’s we obtain before we get an A, and at each step we obtain either A or B with

probability 1/2, hence
Pb=1)=P(m=...AB/m=...B)=1/2,

P(b=2)=P(m=...ABBjm=...B)=1/4,

P(b=3)=P(m=...ABBBjm =...B) =1/8,

P(b=N)=P(m=...ABYm =...B) =1/2".

Thus,

1 2 N
]P) = - . . _—=
Z S+ 3 3 2+ 2; >
Via a similar calculatlon, this time starting m with an A instead of a B, we obtain

E(a) = 2, and hence
E(Length of M,;) = E(a +b) = 4.
From this we deduce that, as n — oo,

N=2
1
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and thus

Malbvz 1|| >
|||

1 0 |
A= lim ~E(log||H"v||) = lim —E(lo H (73)

We choose A or B at each iterate by means of a simple Bernoulli distribution,
and so the expected frequency with which each M, ; occurs is trivial to calculate:
2797t Using this we can simplify (73) to obtain our bounds on \; this is summarised

by the following theorem.

Theorem 4.3. Let H be the random dynamical system on the measurable space
(T2, T?) over the metric dynamical system ({A, B}, T?,{3,3}, (0(t))cz) given by
H:7Z x{A,B} x T? — T?, where A and B are given by (53) and (54) respectively.

Let M, = A°B®. For v € R? the mazimal Lyapunov exponent \ is given by

o0

1 o || Ma ]|

ol
Let Cyp be the minimal mutually invariant cone for A and B, given by Theorem

4.1. Then an upper bound on X\ is given by

o, = i i 27*"log ( max {M}), (75)

Z 27 Jog ( min {M}) (76)

In the above theorem, (75) and (76) are obtained by observing that in systems of
this form, all vectors are eventually orientated within C'4p; this includes the stable
eigenvectors of DA and DB, as neither are invariant under H. We can therefore
restrict the range of vectors considered in the calculation of A from the entirety of
R? to just Cap, as the time taken for a particular vector to enter C 45 will be finite,
and thus will not contribute to A; we then obtain bounds by taking the maximum

and minimum growth rates within this cone.
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It is worth noting that, when computing these bounds, we truncate the infinite
sum, and so the numerical result we would obtain for ®; is not a rigorous upper

bound on A, but more of an estimate of the infinite sum. Specifically, the truncation

n

1 &a 2-ab M,
b = - (max {—H il })
4 4= log ‘veCas [|v]|

a,b0=

converges to ®; exponentially quickly as n — oo. On the other hand, the truncation

of ¥y is a rigorous lower bound. For ‘large’ a and b, the contribution from individual

[|[ M, b2
[[v]]

terms becomes smaller - we see exponential growth rates in the term as we
increase a and b, however, due to taking the log of this term, 27~ is the dominating
term for large a and b. Thus, if we calculate all terms in the sum to ‘large enough’
a and b, then the error between the truncation and ®; will be small. We will then
replace the remaining terms in the sequence with a ‘remainder’ term, which we
discuss later (see (77)). This remainder term will ensure that the numerical result
we obtain for @, is a rigorous upper bound.

In order to find bounds upon ”]\ﬁ‘;’ﬁv”, we need to calculate M, for each a and

b. To do this, we need to find both A® and B®. These are obtained by diagonalizing
A and B so that

A=PAsP ' and B =QAQ ",

where

20 20
off +/aBA+aB) af—\/aBl+ap))

is a matrix consisting of the eigenvectors of A, and

pP—

The definitions for () and A are similar; we simply substitute B for A, + for o and
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0 for 8 in the formulas. Raising these matrices to the appropriate powers gives us

Ao — 1 “ “ a0 Moo
a(Aa- — Aay) Agr—1 Ao —1 0 A% 1=y «
and
B — 1 v v Apy O Ap-—1 —

s =) \ Ny =1 Ay —1 0 N/ \1-2p =~
Multiplying A% and B® together yields M, ;. Due to the length of the expressions
for each entry of this matrix, we list it entry by entry:

A Mg = (Mg = 1)+ X5 (1= Aa))
(N Ope = 1)+ X (1= Apy) ) + @M — X ) (N — Ny,
A Moz = 10— = N ) (M Qs = 1)+ 29 (1 = Aas))

Ao (Mg — 1)+ A% (1= Apy)

A+

+a(Ny — Z-s—)

A Mapany =65 = AL ) (A4 (Aas — 1) + 2%, (1 — Aay)
+ B(Na- — Aay)

A My = (Ajf(/\A_ _1

N S N——— N\ v

Npr (g = 1) + A5 (1= Apy)
+ CfLH(l - )‘A+)>

(WO = 1)+ X (1= ) ) + BY(NG = A4) (N — A,

)

~—~ N /N N

where A = (Aa— — Aaq)(Ap— — Apy). Note that M, 1) has the smallest modulus
of these quantities, while M, y22) has the largest modulus (for large a and b). These
formulas apply to all cases of «, 3,7, § we consider; however, note that the stabilities
of the eigenvalues differ for different cases.

We already know an invariant cone for M,, or indeed any product of A and B:
Cap. However, it is possible to narrow this cone further in the case of the matrices
M. This will help to narrow the gap we observed between the upper and lower

bounds somewhat, by narrowing all cones Cyp slightly; however, a gap will still
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remain, albeit smaller. In Section 4.6, we will consider a method which causes this

gap to tend to zero as we take more terms in our bounds.

Lemma 4.8. Fiz a € N. The cone bounded by v% and A%} is an invariant cone
for Mgy, for all b € N, and is the minimal cone which is mutually invariant for all
choices of b. In particular, the cone bounded by v and Av}, Cag, is the global,

minimal, invariant cone for all matrices M,y that is, for all a,b € N.

The cone Cyp is shown (qualitatively) in Figure 28 for the case when a, 3,7, §

are integers greater than zero.

Proof. Consider M, v = A°Bb for a vector v € Cup. Lemma 4.1 tells us that
applications of B to a vector v will cause it to align with v. If we let b — oo, then
BP can be as close to v¥% as we like. In order to apply M,, we then need to apply
A?, and thus our vector will begin to align with vY%. The furthest away our vector
can be from v4 after a applications of A is A%}. Thus the minimal cone we can
take is the cone whose boundaries are v% and A%v}, which we shall label as C,. We
have that

Vi€ ... CCLCC3C CyCCh=Cap,

so if we wish our cone to be invariant for any choice of a, we must choose Cup,

which by definition is bounded by the vectors v and Av}. ]

|[Ma pvl|
[l]]

We now consider the upper and lower bounds upon for the Iy, [; and
loo norms, within the cone Cup. Note that Sturman and Thiffeault [54] provided
similar results to these in the case of random products of shear matrices. First, we
consider the [y norm. In the following lemma, A MT, MY and UMT, M refer to the

unstable and stable eigenvalues and eigenvectors of M aT »Map Tespectively.

Lemma 4.9. Let A and B be matrices of the form given by (53) and (54), and let

Cap be the cone given by Lemma 4.8. Then we obtain the following upper bounds

|[Ma, 012
f
[EE

forv e éAB:
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Lafy=1

Figure 28: The cones Cup and Cup in tangent space, for the case when «,f,~,d are
integers greater than zero; C'sp is the region between v and v%, and Cap is the region

u u
between vY and Avj.

1. IfUMTbMub € éAB then,

1Mool
3 < u .
Mol = VM2

2. If UnT, M, ¢ Cap then,

Wastll _ (IVeatsll Vool
Toll. = Togll " TAvssll

We also obtain the following lower bounds for % forv e Cyp:

1. If’UMg“bM:b € Cap then,

1Mol
9 > S .
ol = VM

2. .[f UMg:bM;,b ¢ éAB th6n7

Mol (ISl [Vl
Tell. = Togll: vl
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Proof. The proof of this lemma is entirely analogous to that of Lemma 4.3; we

simply substitute C’AB for Cyp and M, for A. O

We now consider the [, norm. The images of the corners of the [, unit ball

under M, are

A, 1 _ Mo p1,1) + Mapi2) ’
1 Map21) + Map2,2)
Mgy - I  Masz )
1 — Mg p2,1) + Ma,b(2,2)
Mgy, ! _ | TPebn) T Ma’b(l’Q) )
-1 —Mab(2,1) — Ma,b(2,2)
M, 1 _ Ma,b(1,1) - Ma,b(1,2)
-1 Map,1) — Mapz,2)

Lemma 4.10. Let A and B be matrices of the form given by (53) and (54), and

let Vmax and vy, be the vectors for which the quantity % 1s maximised and
minimised respectively for v € T,T?. Then:
1 -1 1
(Z) Zf ‘Ma,b H Z HMa,b H 5 Umax —
1) Mee 1 o0 1
1 -1 -1
(”) Zf ‘Ma,b H < HMa,b H 5 Umax =
1) Mee 1 o0 1
1 —1 —-M, - M,
(i) af || ||z ) = |
1) Fee 1 o0 Mg p2,1) + Mgy,
1 -1 M, - M,
(o) i vt () < | = |
1) Fee 1 o0 — Mg p2,1) + Map)
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Proof. The largest x and y coordinates, and thus largest values for ||M, || for
v € By, will be attained at the corner points of M, ;B; . Thus vya must be a
vector corresponding to a corner point of B;_; either (1,1) or (—1,1).

We find v, by extending an [, ball out from the origin until its first intersection

with M, B, which will occur at a corner point of the ball. vy, is then the pre-

oo ?

image of the vector corresponding to this point of intersection - either M- bl(l, 1) or

M;;(—1,1). O

Lemma 4.11. Let A and B be matrices of the form given by (53) and (54), let

C’AB be the cone given by Lemma 4.8 and let vpax and vy, be given by Lemma 4.10.
|| Mq,5v]] 00

l[v]loo

Then we obtain the following upper bounds for forve Cyp:

Ul If vpax € C’AB, then
HMa,b/UHoo < HMa,bvmaxHoo‘

HUHOO a ||Umax||oo

U2 If vax ¢ Cup, then

|| Mapv] |0 <m {HMa,bU}leoo HMa,bAU%HOO}

[[0]]oo Willee " [|AVElo
We also obtain the following lower bounds upon %|—I’|:ll"° forve Cup:
L1 Ifvnn € OAB, then
||Ma,bv||oo ||Ma,bvmin||oo
wlle ™ lvminfo

||Ma,bv||oo min{HMa,bvjleoo ||Ma,bAU}EL§||OO}
1 — [illo 1AVl



132

Proof. This lemma follows from Lemma 4.10 and monotonicity of the [, norm

between its maximum and minimum. ]

We now undergo the same process for the /; norm. The images of the corners of

the [; unit ball under M, are

M, 1 _ M,y ’
0 Ma,b(2,1)
0 M,

Ma,b = o 5
1 M, p2,2)
-1 —M,

Ma,b = A )
0 —M,p2,1)

M,, 0 [ "Mapae
-1 —M, p2,2)

Lemma 4.12. Let A and B be matrices of the form given by (53) and (54), and

[[Ma,pv]l1

el 18 mazximised and

let Umax and vy, be the wvectors for which the quantity

minimised respectively for v € T,T?. Then:

1 0 1
(Z) Zf ’Ma,b Z HMa,b ; Umax =
0 1 1 0
0
(ZZ) Zf HMa,b < HMa,b ; Umax =
0 1 1 1
1 0 —-M,
o oo ()2t ) e (2
0/ 1 Mo p1,1)
1 0 M,
(i) af |2t (< )= |0
o/ " 1/ " —Map(1,2)
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Proof. The greatest value of |z| + |y| for v = (z,y) € M,,B;, must be attained at
the image of a corner point, and thus v,,,, must correspond to one of these corner
points; either (1,0) or (0,1).

The vector vy, is found by extending an [; ball out from the origin until its
first intersection with M, ,B;,, which will occur at a corner point of the ball. vy, is
then the pre-image of the vector corresponding to this point of intersection - either

M, ,(1,0) or M, ,(0,1). O

a,

Lemma 4.13. Let A and B be matrices of the form given by (53) and (54), let

C’AB be the cone given by Lemma 4.8 and let vy and vy, be given by Lemma 4.12.

[[Ma,pvl]1
[[v]]1

Then we obtain the following upper bounds for forve Cap:

Ul If vpax € C’AB, then
HMa,val < HMa,bvmale‘

HUH1 a ||Umax||1

U2 If vax ¢ Cup, then

IMarilh g (Wil [y
P— b .
Toll Togll  TTAvgll

We also obtain the following lower bounds upon HN‘[";]”'?”l forv e C’AB.'

L1 Ifvnn € OAB, then
||Ma,bv||1 > ||Ma,bvmin||1

||U||1 - ||vmin||1

L2 If Umin ¢ CN'AB, then

Mol g, (Il sl

vl loall 7 [lAvglh
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Proof. This lemma follows from Lemma 4.12 and monotonicity of the [; norm

between its maximum and minimum. ]

An additional improvement we can make to the bounds comes from noticing
that our choice of splitting up the sequence H™ into the matrices M,, = A*B® is
arbitrary. The Lyapunov exponents are a property of the system H as a whole, and
as such any splitting of the sequence into smaller chunks should yield the same value

for A. Specifically, consider a sequence
H" = .. A"=B» A" B" = Mg, 4, My, -
Let Ny, = BYA°, then we can rewrite the above as
H™ = ... Ny,.0y Nop.ay B™.

Since b, is finite, the contribution that B® makes to the Lyapunov exponent is

zero. We can therefore also obtain bounds on A by calculating the maximum and

minimum values of ||]\|[|”1’)T|v|| for all a,b > 1 and v in the cone C~’B A, which has boundary

vectors of v}, and BvY. This will tend to yield an improvement upon one of ®; or ¥,
(depending on the choices of A and B), but not both. Note that in some cases doing
this does not yield an improvement; an example of this is the case where o, f = —1
and v,0 = 1. Note that the bounds shown by the figures in this section and section
4.6 take the information in this paragraph into account; that is, to produce the
figures we have calculated upper and lower bounds when splitting the sequence H"
into subsequences of both M, ;, and N, ,, then plotted the smaller of the two upper
bounds and the larger of the two lower bounds.

Taking a truncation of the infinite sum up to any finite a, b in Theorem 4.3 will
yield a rigorous lower bound; however, the upper bound is not rigorous until the
entire sum is completed. In order to ensure that the upcoming numerical results re-

turn a rigorous upper bound as well, we have added a ‘remainder’ term. Specifically,
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we calculate

VN | Mastl
@ﬂ(Z? "log (maxx { T })
ab=1 veCan (77)
Lo o] B
+1_ 2ab y .
0= 27 e U ot 1)

The expression on the second line assumes that the terms cut off by the truncation
are ‘as expansive as possible’ - that is, they consist entirely of A’s or B’s, and always
yield the largest possible growth for vectors within the cone. By doing this, the
remainder term is overestimating the terms in the infinite sum we did not consider,
and thus ®, is a rigorous upper bound.

Applying the results from Lemmas 4.9 - 4.13 to Theorem 4.3 yields rigorous,
explicit bounds on A for any of the norms we have studied. We now show the nu-
merical results obtained when calculating these bounds in Figures 29 and 30, and
compare them to an estimate for A, 5\, obtained using Gram Schmidt orthonormal-
ization. Figure 31 shows the range of values which the bounds encompass in the
cases studied in the previous figures (i.e. the width of the gap between the bounds).

Figure 30 shows the bounds ¥; and ®;, as well as ), for v=1,0 = 2, and
varying a and . As mentioned earlier, to obtain these graphs (and the table in
Figure 29), we calculated the truncation of the infinite sums, in this case up to and
including the terms where a = b = 40. On the given scale, we see little difference
between A and either of U; or ®; for all cases except Figure 30b, where a@ = 3 < 0.
The wider gap between the bounds in this case is explained by noting that when
a = [ < 0, the width of the cone is at its widest of all those studied in Figure 30.

Figure 31 shows that W; and ®; are useful for obtaining A between 2 s.f., for
small «, # in modulus for case (b), to 6+ s.f., for large «, 5 in modulus for case (d).
In general, we see that increasing the modulus of o and S tends to narrow the gap

between the bounds. This is due to the fact that a matrix (in this case A) with
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U, ¥y, &), \, and o5 when v =1, § = 2.

a, B U U, P, A o5

1,1 1.31696 | 1.142968 1.143659 1.143119 | 0.001902
5,5 3.29446 | 2.287968 2.287986 2.293997 | 0.010411
10,10 4.64488 | 2.936932 2.936934 2.941293 | 0.011061
1,1 1.31696 | 0.845339 0.918686 0.852869 | 0.002807
5,5 3.29446 | 2.186900 2.212729 2.184764 | 0.006954
-10,-10 || 4.64488 | 2.885053 2.896129 2.884233 | 0.017851
3,-3 1.92485 | 1.553993 1.555999 1.555323 | 0.002917
7-7 3.84969 | 2.517056 2.517991 2.514943 | 0.009602
12,-12 | 4.95578 | 3.073275 3.073727 3.074438 | 0.016346
-3,3 1.92485 | 1.624771 1.624787 1.623924 | 0.002715
7,7 3.84969 | 2.542714 2.542723 2.545598 | 0.013857
12,12 || 4.95578 | 3.087957 3.087958 3.088964 | 0.014868

Figure 29: Table showing the values of the naive upper bound U = max{A4, A}, ®1, ¥y,
an estimate of A, 5\, and the standard deviation relating to this estimate, o5, for various
choices of a and 3, with v = 1, § = 2. The best lower and upper bound have been selected
from \Ifgk) and qbgk), k€ {1,2,00}, and ) is obtained by taking the average of 20 ‘trials’ of
10* iterates of Gram-Schmidt orthonormalization; o5 is the standard deviation related to
this random sample. Note that it takes approximately 2 seconds to calculate both ¥; and
@1, and approximately 8.8 seconds to calculate \; however, the code required to obtain A

is significantly shorter.
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Figure 30: ®; and ¥; under varying choices of « and (3, with v = 1, § = 2, and
an estimate of \, )\, obtained by taking the average of 10 ‘trials’ of 10* iterates of Gram-
Schmidt orthonormalization. Note that, on this scale, noticeable gaps between the bounds
occur in case (b) only - this is the case (of those studied here) where the eigenvector v%
is located the furthest away from v}%. Note that it takes approximately 1.91 seconds to

calculate both ¥, and ®;.
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Figure 31: The range of values the bounds encompass (i.e. 1 —W;) under varying choices

of  and B, with vy =1, § = 2.

larger eigenvalues will exert a larger ‘pull’ on vectors within the cone, aligning them
with v more quickly than a matrix with smaller eigenvalues. This is of particular
relevance for the cone Cyp; its boundary vector Av}, will be more aligned with its
other boundary vector vy for larger eigenvalues, and thus the cone itself will be
narrower in these cases. This is a similar result to that of Sturman and Thiffeault,
who found that increasing the slope of the shears in the random product would

cause their bounds to become more accurate.

It is more likely for the vectors vmax and vy, for some M, ; and any of the /,
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[y or I, norms to be contained within a wider cone. Ideally we would like to avoid
calculating upper and lower bounds using these vectors wherever possible, as they
represent the extreme cases of growth rates of vectors within the cone. Section
4.6 discusses a way to remove some of these extreme cases in order to improve the

accuracy of the bounds, via restriction of the calculations to narrower cones.

4.6 Improving the cones

In this section we discuss a way in which we can narrow the cone C ‘4B to a collection
of smaller subcones, with the intention of narrowing the gap which remains between
the bounds ®; and W;. This is achieved by considering the matrices which precede
the matrices M,; we used to calculate the bounds. The collection of narrower
subcones of C 1p will contain some cones which do not include the maximum and
minimum growth rates we find within the cone C A In particular, if C Ap contains
the vectors vpax Or Ui, for any of the Iy, [4 or [, norms, then considering ‘large
enough’ preceding matrices will yield subcones which do not contain these vectors,
and thus allow us to improve the contribution to the bounds we obtain from these
cones. This idea was also studied in [54] in the case of random products of shears
matrices, where a significant improvement was found over the bounds involving

wider cones.

Theorem 4.3 gave us the formulae for ®; and W;. To calculate these bounds, we
find the maximum and minimum possible contributions to the growth rate we can
obtain for each M,; and for vectors in the cone Cap. This was justified by noting
that we could split the infinite sequence of matrices we obtain by iterating H into
the matrices M,;. Consider now the matrices which precedes each of these M,
M, ,, say. The frequency with which each M,, ,, precedes the matrix M, is identical

to the frequency with which each matrix appears: 27™~". Thus the frequency with
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which we find a particular matrix M, ; preceded by another matrix M,, ,, is
P(My, My, ) = 274707, (78)

Consider now the location of a vector v € Cap following application by M,, ,; the
vector must be contained within the cone Mm,nC~Y A, with boundary vectors given
by My, ,v4 and M,,,Av}. Thus, with frequency 277", we can choose vectors

v € My, nC’ ' 1nstead of CAB when calculating HAT[‘“ ﬁUH. We can therefore rewrite

the M, term (for this particular @ and b) in Theorem 4.3 as

b Mo pv]] e || Ma 0l
9—a b—m n H b _ 9—m=n) 9-a— bl
LI T )27 o (e A )
(79)
and
b . M pvl| - - || Mg pv]|
9—a b—m n || b 1_2 m-—ny  9-a— bl
o8 (min, D )27 o (i g )
(80)

respectively. The second term in each expression essentially says that for all M,,,
for which we do not explicitly calculate the cone ané AB, we instead take the cone
Cap, which we know is invariant under any M., , by Lemma 4.8.

We can of course consider more than just one preceding matrix M,,,. If we
proceed with the process outlined above, adding in additional terms with the ap-
propriate frequencies for each preceding M,, ,,, we instead obtain, for each M, ;, the

upper bound

o e o Ma UH
Uyp=2"". 27" e o
» 2 2 os (| max, {TTO)) o
and the lower bound
e My
Lop=2""". 27 L 52
» 2 2 os (| min, {0 )

The term 27™~" becomes very small as m and n increase, and so in a similar fashion

to ®; and V¥, taking ‘large enough’ m and n is sufficient to obtain the terms U,
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and L, to reasonable degree of accuracy; note that in the upcoming figures we take

a =b=40 and m = n = 10. Summing over all a, b, we obtain the upper bound

ab 1
and the lower bound
1 o0
N> = > Ly (84)
a,b=1

We label these bounds as ®5 and Wy, where the 2 indicates that we are considering
a total of 2 matrices (M,, and M,,,,) in each term. This idea is summarised in the

following theorem.

Theorem 4.4. Under the same conditions as Theorem 4.3, let

e h—a— M, vl|
Unnap =2 m—n—a bl H b ]5
O T2 ae
and
Lm b = Q—m—n—a—b 1 H a bv” 36
o8 (e U ) (86)

Then the mazimal Lyapunov exponent X has the following upper and lower bounds:

> (I)Z = i Z Z Um,n,a,ba (87)

a,b=1m,n=1

= i SN Linas (88)

a,b=1m,n=1

Note that we can continue this process indefinitely, looking at more and more
preceding matrices to obtain much narrower cones. Let us relabel our first matrix
as Mg, p,, the first preceding matrix as M, ;,, the matrix which precedes this as
M, b, and so on. The following theorem defines bounds ®; and ¥; which take into

account all of the matrices M,, ;. where x < k.
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Theorem 4.5. Under the same conditions as Theorem 4.3, with a = a; and b = by,

let
Cuplar, be, ... a2,03) = My, b, .. - My p,Cap, (89)
M,
Uak,bk,.‘.,a1,b1 _ Qfakfbkf...falfbl log < ) max { || 1,b1U||}> (90)
veCaB(ag,by,. . . ,a2,b2) ||U||
and
M,
Lak,bk,...,a1,b1 _ 2—ak—bk—...—(z1—b1 lOg ( ) min {H 1,b1U|| }) (91>
veC AR (ak,by,. . . ,a2,b2) ||U||

Then the maximal Lyapunov exponent A has the following upper and lower bounds:

1D DD DR AT (92)

a1:1,b1:1 akil,bkil

Z Z Lak7bk7---7a1,b1- (93)

a;1=1,b1=1 ap=1,bp=1

|
o |

Figures 32 and 33 show the numerical results for ¥y and ®, for the same cases
we studied in Figures 29 - 31 in Section 4.5. Note that we again calculate ®5 using
a remainder term as in (77), but in addition to this, we also require a remainder
term for the preceding matrices for which we do not calculate the cone MmmC’AB

(i.e. those outside of the finite truncation). Specifically, we calculate

ab=1  mpn=1 VE€EMm,nCap |U| |
J
. - 1Mo 01
+27%70(1 — 27" ") log ( max
Z (veéAB{ ]|

}) (94)

mn=1
i Av|| ||B
b3 ) (e {100 B
ot veap & [0l] 7 [l0]|

The term on the second line says that for the preceding matrices outside of the finite

truncation, we simply take C 4p as the invariant cone. We thus make no improvement

over ¢, for these particular cases; however, this does ensure that &, < ®;. If we
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U, Uy, &, X and o5 when y =1, § = 2.

a, U T, ®, A o5

1,1 1.31696 | 1.1433078679 | 1.1433131537 | 1.1432098 | 0.0005483
5,5 3.29446 | 2.2879800912 | 2.2879801286 | 2.2871329 | 0.0029977
10,10 4.62488 | 2.9369335256 | 2.9369335306 | 2.9355497 | 0.0041252
1,1 1.31696 | 0.8526194278 | 0.8556089639 | 0.8526771 | 0.0008515
-5,-5 3.29446 | 2.1869793464 | 2.1872709486 | 2.1867099 | 0.0033443
-10,-10 || 4.62488 | 2.8850566596 | 2.8851807964 | 2.8853677 | 0.0059216
3,-3 1.92485 | 1.5554080772 | 1.5554137897 | 1.5554526 | 0.0008910
7-7 3.84969 | 2.5170765398 | 2.5170784508 | 2.5173760 | 0.0032072
12,-12 | 4.95578 | 3.0732764275 | 3.0732773469 | 3.0724321 | 0.0083176
-3,3 1.92485 | 1.6247782255 | 1.6247782978 | 1.6245508 | 0.0009367
7,7 3.84969 | 2.5427198562 | 2.5427198747 | 2.5431770 | 0.0030175
12,12 || 4.95578 | 3.0879578906 | 3.0879578935 | 3.0862290 | 0.0067713

Figure 32: Table showing the values of the naive upper bound U = max{\4, A}, ®2, Vo,
an estimate of A, 5\, and the standard deviation relating to this estimate, o5, for various
choices of v and B, with v = 1, § = 2. The best lower and upper bound have been selected
from \Ilék) and @ék), k € {1,2,00}, and ) is obtained by taking the average of 20 ‘trials’
of 10° iterates of Gram-Schmidt orthonormalization; o5 is the standard deviation related
to this random sample. The calculation time for the bounds is approximately 90 seconds
(to obtain both), and for X is approximately 85 seconds. The bounds ‘Iiék) and q)ék) take

approximately 50 seconds to obtain individually for each k.
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Figure 33: The range of values the bounds encompass (i.e. 3 —W¥s) under varying choices

of a and B, with v =1, 6 = 2 (includes the data from Figure 32).
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wished to calculate numerically a rigorous upper bound ®; for some k, we would

have to undergo a similar process to this for each set of preceding matrices.

Figure 32 shows the value of a naive upper bound U = max{Aa, Ag}, Vs, and P,
for various choices of a and 3, with v = 1, § = 2. We see that, with the exception
of the case a = f < 0, ¥y and P, agree to 6-8 s.f.. The improvements in accuracy
are 2-3 s.f. (a factor of 100-1000) for all cases over Wy and ®;, while the calculation

time has increased by a factor of roughly 45.

We also compare these values to the average of a sample of 20 finite time Lya-
punov exponents of 10° iterates, 5\, as well as the standard deviation, o5, of the
sample. Note that this sample size was chosen to provide a similar computation
time to the bounds, so as to compare the results one may achieve using the two
methods for a similar time period. Note that in each case except o, = —1, we
have that the interval [Wy, ®5] C [\ — 05, A — 03], indicating that Wy and ®, provide
a tighter range of values for A than . In addition to this, we see that as we increase
a and § in modulus the tightness of ¥y and ®, improves, whereas o5 increases, in-
dicating that the reliability of A decreases. It is worth noting that the code required

to obtain A is significantly shorter and widely known, however.

Figure 33 shows the range of values the bounds ¥, and &, encompass for various
choices of a and 3, with v = 1, 6 = 2. We also see that, similar to what we found
for ¥, and @4, the gap between the bounds tends to decrease as a and 3 increase

in modulus for all cases.

It should be noted that it is possible to ‘pick and choose’ which matrices M, ,,
we consider in our truncation, as we can simply add those we do not consider into
the remainder term in (94). It therefore may be possible to only choose the matrices
which provide the biggest improvement in accuracy in order to reduce the computing

time.
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4.7 Summary

We have studied bounds on maps H consisting of random products of matrices
formed via the composition of shear matrices on the 2-torus, which utilise the exist-
ence of mutually invariant cones to bound the term ||H™v|| in the definition of the
Lyapunov exponent A\. We have the considered ways in which we can improve these
bounds, by finding ways to narrow the cones we consider in the calculations.

This work has been an extension to that of Sturman and Thiffeault [54], who
studied random products of shear matrices; in particular, the method of considering
a sequence of preceding matrices to narrow the cones we consider in the bounds
is novel, and in principle, could be applied to the bounds in [54] as well, with
appropriate modifications to the cones being considered. Similarly, the work on
generalised Lyapunov exponents they discuss could be applied to systems of this
form as well, using the cones discussed in this chapter.

A possible application of the lower bound ¥;, i € N, is found in Ayyer and
Stenlund [7], who obtain an upper bound upon the correlation decay of the systems
we have studied in this chapter. The upper bound depends upon their lower bound

upon the maximal Lyapunov exponent, which is given by
A > log max{A\;', A},

where A\¢ is the minimum contraction rate of vectors within a contraction cone C
(whose image remains within C'), and A, is the minimum expansion rate of vectors
in an expansion cone E. Note that, in the context of this chapter, C'yg C E is the
minimal such expansion cone, and the cones we consider in subsequent iterations of
the bounds (M,, ,Cap) are significantly narrower than any E; specifically, the cones
narrow exponentially with m. The lower bound A given above is simply the smallest
possible growth rate of a vector within the cone E, and is therefore significantly

improved upon by the bounds defined in this chapter, as these are the vectors we
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try to avoid by narrowing our cones.

Pollicott studies the systems in this chapter where A and B have only positive
entries in [42], where he derives an efficient method for calculating A in these cases.
This method involves the uses of complex ‘determinant’ functions; these are used to
express the Lyapunov exponent explicitly via a series involving their partial deriv-
atives. The coefficients of this series can then be calculated in turn to yield more
accurate estimations of A, labelled \;, ¢ € N. He gives an explicit calculation for
the case equivalent to a, 5 =1, v = 1, and § = 2, the 9th step of which yields the

approximation
Ag = 1.1433110351029492458432518536555882994025. . .

which appears accurate to 32 d.p., and subsequent steps converge super exponen-
tially. For the purposes of accurate computation in these cases, this method clearly
is superior to the bounds ¥; and ®;, which increase exponentially in computing time
(assuming a; = ¢ for i,¢ € N). However, the code for the bounds ¥; and ®; are

relatively simple, and they are not restricted to positive entries.
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5 Bounds on Lyapunov exponents in Linked Twist

Maps

The Lyapunov exponents of a dynamical system describe the average rate of separa-
tion of infinitesimally close trajectories in phase space, or in other words, the rate of
stretching of the vectors between these trajectories. In measure-preserving systems
these exponents converge (almost-everywhere) to a limit independent of the choice
of initial condition [35]. However, this convergence need not be quick; in practical
applications, one must study finite-time Lyapunov exponents (FTLEs), which are
spatially dependent. Some regions of the phase space may undergo little to no ex-
pansion for large numbers of iterates, resulting in abnormally small FTLEs for some

initial conditions.

A good example of a family of maps which encapsulates this behaviour is (lin-
ear) toral linked twist maps, which we studied in Chapter 3. Recall that these
consist of regions which behave similarly to an Anosov diffeomorphism, with expo-
nential expansion and contraction rates, while other regions behave like shears, with
sub-exponential expansion rates. Orbits in such maps can become trapped in the
shear regions for any finite number of iterates, and thus contribute nothing to their
Lyapunov exponent for arbitrarily large numbers of iterates along their orbits; in

particular, this can occur when an orbit lands very close to a boundary [53].

In this chapter we discuss a method, similar to that of the previous chapter, for
finding explicit upper and lower bounds for the Lyapunov exponents of a paramet-
rised family of linked twist maps; however, in principle, this method would work for
any LTM, or indeed any map for which we can obtain invariant cones upon orbits
returning to a particular region - an example of such a map is given in Section 5.6.
We again consider invariant cones for the maps to obtain one part of the bound,

and the distributions of points undergoing particular orbits for the other. The main
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difference between the bounds in the previous chapter (and those in Sturman and
Thiffeault [54]) is that the systems discussed therein consisted of randomly chosen
matrices, and so the realisation of points undergoing iteration by certain sequences
of matrices was trivial. Linked twist maps are deterministic and so the analogous
construction, known as the return time distribution, needs to be considered more
carefully.

In Section 5.1, we define the family of linked twist maps we will be studying
and briefly revisit some of the theory discussed in Chapter 4, as well as stating
the theorem central to this chapter, which gives explicit elementary bounds on the
Lyapunov exponents of these systems. In Section 5.2 we study the return time dis-
tribution of points beginning in a particular region of the domain. More specifically,
we study the frequency with which points experience particular orbits in order to
determine that the distribution can be written inductively. In Section 5.3 we study
the invariant cones of the family of linked twist maps, and calculate upper and lower
bounds for various choices of norms under specific sequences of shears. In Section
5.4 we combine the results from the previous two sections to obtain our upper and
lower bounds for the Lyapunov exponent, and thus complete the proof of the the-
orem stated in Section 5.1. In Section 5.5 we discuss a way to narrow the cones
used in the calculation of these bounds in order to improve their accuracy, as well
as discussing the general practicality of the bounds and ways in which it may be
improved upon. Finally, in Section 5.6 we discuss other examples of deterministic

maps for which these bounds can be obtained.

5.1 The parametrised family of linked twist maps

In this section we describe the specific parametrised family of linked twist maps we
will study in this chapter, outline the concepts used in the calculation of bounds

upon the Lyapunov exponents of these maps, and state a theorem which yields
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rigorous upper and lower bounds for their Lyapunov exponents, A\;, \o. Note that
since these maps are measure-preserving, they satisfy A\;+ Xy = 0, thus any bound on
the maximal Lyapunov exponent A\; will also give a bound on the minimal Lyapunov
exponent \g; we henceforth refer to the Lyapunov exponent as .

The maps we study act (non-trivially) upon two annuli, P and @), which are
parametrised by p € (0,1). We will initially focus on the range of parameters
0.682 < p < 1 for simplicity; we will see that this is the range of parameter values
for which the return time distribution is at its simplest (see Section 5.2). However,
note that return time distributions of such maps can be studied for any parameter
0 < p <1 (see, for example, the similar constructions in [51]), and, in principle, for
non-linear systems too.

We define two maps: F : T? — T? given by

(
T 1 1 T
F = P if (z,y) € P,
T Y 0 1 Y
ja _ (95)
Y T 1 0 T
I = otherwise,
Y 0 1/ \y
and G : T? — T?, given by
T 1 0 T
Gl = if (ZL’, y) € Qa
1
T Y -1 Y
G = Y (96)
Y T 10 T
Gy = otherwise,
Yy 0 1/ \y

\

with annuli P and @ defined by
P={(z,y) €T?*:0<y<p}

Q={(r,y) €T?:0<z<p}.
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p

Figure 34: The regions of the linked twist map H = F oG defined on the annuli P = SUA
and @ = S U B. We will study the return time distribution of the points in S.

We define the map H = Go F': PUQ — P UQ(Q as the linked twist map given
by the composition of the restrictions of F' and G to P U @, and we define the
regions S = {(x,y) € T? : 2,y < p}, A = {(z,y) € T*> : y < p,x > p} and
B ={(z,y) € T*: x < p,y > p}, which are shown in Figure 34.

We note here that, in addition to the cases stated earlier, we see no theoretical

barrier to the calculation of such bounds in the case where
P={(z,y) eT*:0<y <p},

Q=A{(z,y) eT*:0<z <q},

for p # q, that is, where the annuli P and () have independent widths, nor in the
case where we have multiple disjoint horizontal and/or vertical annuli, Py, ..., P, and
@1, .., Qy respectively. In practice, however, the calculation of the corresponding
return time distributions is not a simple task.

Each iterate of H is composed of an application of F' followed by an application
of GG; however, since F, and G5 are both the identity map, this can be simplified
further to just applications of F7 and G;. In a similar method to Chapter 4, and for
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reasons justified in Section 5.2, we will split this sequence up in the following way:

— GFGF- ... -GFGFu,
:GlFQGlFl .. 'GlFQGQFlon,
== G1G1F1 ...t GlFl’Uo,
=Gy FM - -Gy FPg,
= Man,bn .. Mal’bl’vo,
where
b; a; 1 &
Mgy, v, = GUF = P , (97)
bi 1+a¢bi
p p?
so that, assuming ||v|| =1,
M, p.0;
) T et (09

where v; = My, p,vi—1.

To obtain an upper (lower) bound on ||[H™v||, and consequently \, we need to

find an upper (lower) bound for W\ﬁ‘;’ﬁv“ for each possible combination of a and b.

This is different to the random cases we have studied before - it is possible that not
all sequences of these matrices are achievable under these maps. We discuss how to
bound these quantities in Section 5.3.

Let us assume we have found an upper bound ¢(a, b) and a lower bound ¢ (a, b)
for each possible choice of a and b. We will also need to know the distribution of
these sequences - the frequency with which they occur along an orbit - in order to
calculate their overall contribution to the Lyapunov exponent. Note that ergodicity
of the LTM on P U@ ([12], [44]) ensures that these frequencies are equal for p a.a.
orbits, where p is the renormalised Lebesgue measure. We will discuss this return
time distribution in detail in Section 5.2, but for now let R(a,b) be the measure of

points which return to our reference region S under application of the matrix M,y,
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and let ng be the average return time, in terms of the number of iterates of H, of

all points in this region. Then we have

1 (o]
A< — R(a,b)log ¢(a,b) = Oy, 99
< 75 2 Rle-t)logo(e.t) = @ (99)
and
1 o0
A> — R(a,b)lo a,b) =Vy. 100
> 25 2 Rle b ogu(at) = by (100)

Note that the R(a,b) (taken over all a,b) yields the return time distribution; this is
analogous to the realisation of the matrices in the random case, which was simply
2797% for each M,;. Similarly, the average return time ng is analogous to the
expected length of the matrices M, ; in the random case.

In order for these bounds to converge, the frequency with which the M, ;’s occur
as a and b increase must decrease at a faster rate than the bounds ¢(a, b) and ¢ (a, b)
increase; in other words, longer matrices M, ;, must be sparser within an orbit than
shorter ones. Note that, since the bounds ¢(a,b) and v (a,b) will increase at most
exponentially, any polynomial R(a,b) is sufficient to meet this condition, and we
will find that this is indeed the case for the family of maps H. Furthermore, we will
see that only a select few of these M, ; are possible, and the frequency with which
they occur within an orbit can be written inductively for ‘large’ a or b. The results

are summarised in the following theorem.

Theorem 5.1. Let H : PUQ — P UQ be the linked twist map defined by the
restriction of the composition of (95) and (96) to P U Q. Let p* be the real root of
P +p—1=0 (p* = 0.682), and let p* < p < 1. Then the Lyapunov exponents i o

satisfy
\I/Hk = Z R(ay b) logwk‘(a’b) S n,5'|>\1,2| S Z R(CL, b) log¢k(a7 b) = CI)Hku (101)
a,b=1 a,b=1

for k € {1,2,00}, where all non-zero R(i, j) are given by Lemmas 5.2 - 5.5, ¢y (a,b)

and ¢r(a,b) are given by Lemma 5.7, and ng = }—27 — 1. We therefore have Wy <
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|A12| < @y, where
\IJH:L- sup {¥y,} and CIJH:L- inf {Py,}. (102)
2—p i=1200 2—p i=l200" '

As noted earlier, the statement given by (101), with appropriate adjustments to
the terms R(a,b), ¥x(a,b), ¢r(a,b), and ng, could be obtained in the case where
P={(z,y) eT*:y<p}, Q= {(r,y) € T>: 2 < ¢}, and p # q. In fact, bounds
such as these can be obtained in principle for any map whose domain possesses
a region to which the return map is hyperbolic, and the possible variants of the
Jacobian matrices of the return map share an invariant cone. We discuss examples

of such maps in Section 5.6.

5.2 Finding the return time distribution

We will now find a return time distribution for points in a specific region of our
domain (the region S), which will serve as the distribution element of our bounds.
Note that return (or recurrence) times have been studied in detail by Young [61] for
systems with similar properties to linked twist maps - systems which are hyperbolic
on large parts of their domain, though not necessarily its entirety. The tail of the
return time distribution was of particular interest in this case, as a sufficiently fast
decay rate (polynomial or greater) implied the existence of a Central Limit Theorem
for all observables ¢ with [ ¢dp = 0, in addition to an equivalently fast mixing rate
(decay of correlations). In our case, the observable we are interested in is the first
return time; the number of iterates it takes for a point in S to return to S for the
first time.

Throughout this section we will use F' and G to refer to the non-identity parts
of the maps, F} and G;. For example, if we say a point = returns to S after
experiencing GGF'F, we really mean that it returned following application of the

sequence G1FoG1 F1GoFy. We will also use the following probability measure for the
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points in S, derived from the Lebesgue measure p:

pr(A) '

ps(A) = pe

(103)

We require a matrix to be hyperbolic in order to obtain its invariant cone. In the
case of the map H, an orbit experiences a hyperbolic matrix provided it undergoes
application of both F and G, or in other words, provided the orbit is not just a
sequence of either F's or Gs. The following lemma guarantees that orbits beginning
in S must experience a hyperbolic matrix before returning to S, or equivalently, the

return map to S is itself hyperbolic.

Lemma 5.1. Let X = (x,y) € S. The return map to S of X under H, Rx, is of

the form

R " ! 7 ! (104)
X — 3
Y — 1+ =0

where n is the number of iterates of H required for X to return to S, and 1 < k < n.
Ry 1s hyperbolic. The only possible sequences through which X can return to S under

H are those of the form Gn=F+1Fk,

Proof. We have two possibilities for H(X) after one iterate: F or GF. If H = F,
then after one iterate of H we find ourselves in A. We then must undergo application
by only F's until we re-enter S, at which point we undergo application by at least
one G, since we apply G after F' for a full iterate of H. If this application of G
moves us into B, then we undergo application by only Gs until we next re-enter .S,
at which point we have returned. Hence the sequences G"**1F* are possible for
k > 2, where n is the number of iterates of H. If H = GF, then we either return
immediately, or find ourselves in B. While in B we can only undergo application by
G's until we return to S, hence the sequences G"F' are possible. In other words, the
only possible sequences for points in S is a string of F's followed by a string of G,

of the form GP*+1F* for k > 1.
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(a) The set S is shown shaded yellow. (b) The yellow set shows G~1(S).

Figure 35: The sets S and G~1(S). We apply F~! to G=1(S) to find H~1(9).

Finally,
k
2 Al
0 1
Gn—k+1 — 1 0
n—k+1 1 ’
p

and the composition of these gives us the required result for Ry, which has eigen-

values

14 k(n;échl) + \/(1 4 k(n;§+1))2 4
Ay = 5 .

Since n > k > 1, we have that A, > 1 and 0 < A_ < 1, and hence Rx is hyperbolic.
O

To find the return time distribution, we calculate the pre-images of the set S
under H, and see where the pre-images intersect with the original set S. To do this,
we first calculate G~1(S), which is shown in Figure 35(b). We then find which parts
of G71(S) are in P, and calculate the image of these under F~! to obtain H~!(S),

which is shown in Figure 36.
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P — p)

Figure 36: H~'(S). The four bright yellow triangles form the set H=1(S) NS = Ry =
Rpq. The three pale yellow quadrilaterals form the set Uy = H—1(S9)\S.

H~'(S) consists of four triangles which intersect with S, and three quadrilaterals
which are outside of S. The quadrilateral in B is a parallelogram, while the two
in A are not. The three quadrilaterals are the sets we will continue to iterate
backwards in order to find points which return on iterates later than the first. The
four triangles consist of all the points which return after the first iterate of H, under
the sequence GF. From this point onwards, we will refer to these four triangles as
Rar - the points which have returned under the sequence GF' - and follow a similar
naming convention for points which return after experiencing other sequences. We
will also refer to the points which have not returned by the first iterate (the three
quadrilaterals) as Uy, with the parallelogram referred to as U, and the remaining
quadrilaterals as U;s and Uy, respectively (see Figure 36).

3

Lemma 5.2. The measure of the set Rgp is given by pus(Ror) = 12+—pp2.

Proof. We need to calculate the measure of each of the four triangles which intersect
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with S, and sum these in order to find ps(Rgr). Let us label the triangles from
bottom (corner at (0,0)) to top (corner at (p,p)) as T} through 7,. First we note
that T} and T} are identical triangles, as are T, and T35, so we need only calculate
ps(Tr) and ps(T3).

T has corners at (0,0), (p?, 0) and (0, %;2). Hence

p5

) = By

Similarly, T has corners (p,0), (0, %) and (0, p?). Hence

5

p
T —_
nelle) = 5 )

Hence i (Ror) = _ffp and therefore pug(Rar) = _125;_ O

Lemma 5.2 tells us that the measure of the points yet to return after the first

iterate (U) is
2p3
1+ p?

From now on we will only iterate the points in U; and see how these intersect with

ps(Ur) =1

S. Let us begin by considering U;,. We first find its image under G=!. The corners

of Uy, are mapped under G~ as follows:

G710_10 0\ (o
1 =1 1/ \1 1]
p
o1 p(1—p) _ p(1—p)
P 2p—1 ’
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G~ (Uy,) is shown in Figure 37(a). We must now apply F~! to the dark red
region, which we shall label A, in order to find H~(U;,). The corners of A are:

(@,p) (p(l—p%p), (pQ,l—p>, (@,0), <p2,0>, <p(1—p),2p—1>,

which are mapped under F~! as follows:

(1-p) 1 (1-p) (1-p)
F,1 p 5 p _ 1 ? p 5 p _ p 5 p 1 |
p 0 1 p p
—1
po (PO (15 (pA-p)) _ (p(-p) -1 |
D 0 1 p p
_ 3 _

F,1 p2 _ 1 ?1 p2 _ p JZ) 1
1—p 0 1 1—p 1—p
p(p+1) 1 =L p(p+1) p(p+1)

F_1 2 _ p 2 — 2

0 0 1 0 0
2 —1 2 2
[ I e O O N |
0 0 1 0 0
_ -1 _ —p3+p?—2p+1
P p(t=p)) (1 ) (pd=0)) _ "
2p—1 0 1 2p— 1 2 —1

H~'(Uy,) is shown in Figure 37(b). Note that in order for this picture to be

accurate, we require the following condition to be met:
pP+p—1>0 (or p>0.682..). (105)

If we do not meet this condition, then the change in gradient which occurs at the
points (’%, 1—p) and (M, 2p — 1) will instead be contained within the

unreturned regions, and will continue into later iterates, making the return time
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distribution more complicated than in the following construction. From this point
forward, we will assume that condition (105) is met.

In order to calculate the measure of Rggr, we first calculate the measure of the
two triangles in B and the parallelogram in A. The triangles have corners at (0, 1),
(}@,p), (p(1—p),p) and (p* 1), (’w, 1), (p, p) respectively, and so are identical
to each other. Let us refer to these triangles as 79, and 7o,. Note that the 2 refers to
the number of iterates of H~! we have taken to obtain these triangles, and we will
follow this labelling convention for the future unreturned parts of the pre-images of

these triangles. They both have Lebesgue measure given by

_p(1—p)?
,UL(TQa) = T’

and thus we have
(1—-p)?
2p

fos(T2a U Tap) = (106)

2

The parallelogram, which we label p, has corners at (p, #), (p, p_llfptp3), (1, ﬁ?>

and (1, %), and thus has Lebesgue measure

2 2
_p(1—p)
and thus
(1—p)?
=7 1

We now consider U5 and Ui, neither of which undergo application by G~*. The

corners of Uy are mapped under F~! as follows:

P A AN A F
p 0 1 p p
1 1 = 1 1—p
! = p = ,
pQ 0 1 p2 p2
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"

Figure 37: The pre-image of Uy, under G, and then under H.

T2a T2b
T2o

g
p2
P
p2
2
2 =4
P
1+p2
p(l —p)
- Tod
2 P

Figure 38: H~1(U;) is shown in red, with dark red indicating the regions which have

returned after two applications of H~! and light red the regions yet to return (Us).
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—1 D
o 1 _ 1 > 1 _ 1—+ e

2 2 2 )

15—;72 0 1 1_2"7_:02 1—1&)-;02

-1 3+p—1
Joall I (1 2 ( p (p1+1;2
1+p]o2 0 1 1pr2 1+pp2
Similarly, for the corners of Uy,:
1 1 = 1 1
F! = p = ,
0 0 1 0 0
p(1—p) 0 1) \p(l-p) p(1—p)
_ 3,240,
P o\ _ [
p’—p?+p 0 1 p’—p?+p p’—p?+p ’
1+p2 1+p2 1+p2
1 1 = 1 L

-1 o - 1+ 2

F 3 _ 217 PP - :

e 0 e Tt

We end up with two quadrilaterals which stretch into S from A, each with a
triangle remaining in A (see Figure 38). The two triangles, which we label 7.
p(pt1)

and Tyg from top to bottom, have corners at (p,p), (1,p?), (1,7) and (1,0),

(p,p(1 — p)) and (p, @) respectively, and thus have identical dimensions to 7o,

and 79,. We therefore have that

(1-p)?*

n (108)

s (T U Tog) =

We now use this information to calculate the measure of the set of points which
return under each of the possible sequences of matrices we can have in two iterates
of H. These sets are Rgar, which consists of the points belonging to Uy, which
return on the 2nd iterate of H, and Rgpp, which consists of the points returning

from U3 and Uy,.
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Lemma 5.3. The measures of the sets of points which return to S after undergoing
application by the sequence GGF, Roar, and the sequence GFF, Rqrr, respectively

are
—3pt+2p° +2p—1
2p(1 +p?)

Proof. First, consider the points which return from U;,. We have that

ws(Rear) = ps(Rarr) =

1 (Ue) = p*(1 = p),

and thus
ps(Uia) = (1 = p).

Thus, using (106) and (107), we have that

ps(Rear) = ps(Ura) — prs(72q U Tap) — pis(p),

:(1_p)_ (1_]9)2 _ (1_p)2
2p 1+p?’
=2+ 2p—1

2p(1 + p?)

Now consider Uy 3 and Uy,. We can calculate pg(Usg) by considering three triangles:

Ty, the triangle with corners at (p, p), (1,p) and (1, p?), 6, say, and the triangle with

corners at (p — p?,p), (1,p) and (1, %), o1 say. We have that
ps(01) = %7
ps(Ty) = 2(1p—ij)7

and so

ps(Uig) = ps(o1) — ps(01) — ps(Tu),

_p(1—p?)
2(1+p?)
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Similarly, we find that

Hence, using (108), we have

ps(Rarr) = ps(Uip U Ury) — ps(Tac U Tad),
p(1=p*) (1-p)?

(1+p?) 2p
=3t 2P+ 2p— 1
B 2p(1 +p?)

Y

[]

We now need to iterate U; backwards. Let us begin with the parallelogram p,
which only undergoes application by F~!. We know from previous calculations where
the bottom edge of U;3 and the top edge of Uy, are mapped to, and by continuity
p must be mapped in between them. Thus, provided that condition (105) is met,
p will entirely return on the 3rd iterate, filling the region between the F~'(Usp),
F~Y(Uy,), Tz and Ty (see Figure 39).

Now consider 7., which also only undergoes application by F'~!. Its corners are

mapped as follows:

e (P (P ) (r) (Pt
P 0 1 P P
-1
. 1 _ 1=t 1 _ 1—p |
p2 0 1 p2 p2
_]_ 1_
. 1 _ 1 = 1 _ e
(1+p) (1+p) (1+p)
p 217 0 1 p 210 p 210

Thus F~'(7y.) is a triangle which stretches into the region between F~!(U;z) and
T3, meeting with the corner of Uyp at (1 — p, p?), as shown in Figure 39.
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T3a T3b
P
T3¢
172
(1 —p,D
P
1+p?
2 H—l( > p—p°+P
p p
T1p? \ 14p?
P
1+p?
p(1 —p)
T3d
2 p

Figure 39: H~!(Us) is shown in green, with bright green indicating the regions which
have returned after three applications of H~! and pale green the regions yet to return

(Us).

We now consider what will happen to this triangle on future iterates. We define

T3. to be the points in 79. which did not return on the 3rd iterate, and note that 73,

has corners at (p,p), (1, M), (1, 1@). Hence the bottom edge of 73, is the top

edge of 5. We therefore find that F'~!(73.) will lie on top of F'~!(7y,), filling in more
of the region between F~'(U;g) and Ts. We can repeat this process indefinitely to

find the corners of the triangle 7,,. for any n > 2:

P 1 1
) ) (109)
p(n—2+p) p(n—1+p)
p n—1 n

From this, we can see that the images of each triangle 7(,_1). will consist of 7;,. and a
quadrilateral in .S which lies on top of the quadrilateral in S belonging to the image
of 7(,—2).. The measure of 7,,. tells us the measure of points which do not return on
iterate n, corresponding to this sequence of triangles. In order to find the measure

of all unreturned points, we also have to consider the other three triangles: 7,4, T,
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and 7,4.
F~Y(794) behaves in a similar way to F~!(7.), however it instead stretches into
the region between F~'(Uy,) and Tp. The corners of 734 are (1,0), (p, @),

(p, p(lgfp)_), In general, the corners for 7,4 are

! P P (110)
0 "\ p-p) | "\ p(1-p)
n—1 n

Both 7,,, and 7, first undergo application by G™!, then any regions in S undergo
application by F'~!. The triangles 7,,, and 7,,; are identical to 7,4 and 7,,. respectively,
for any n > 2, except that their z and y coordinates have been swapped around.

For the corners of 7,,,, we have

0 p(1-p) p(1-p)
, n—1 7 n ’ (111)
1 p p
and for 7,,;,, we have
D p(n—24p) p(n—14p)
A . " : (112)
P 1 1

The remainders of the triangles 7(,_1), and 7,1, are mapped into the regions
between H ' (Uy,) and T3, and H'(Uj,) and Ty respectively (see Figure 39). For
all of these triangles, we can calculate the measure of the set of returning points
by subtracting the measure of 7,; from that of 7,_1);, for i € {a,b,c,d}. Since p
fully returns on the third iterate, these four triangles comprise all of the unreturned
points from the fourth iterate onwards. The following lemma tells us the measures

of the sets of returning points on the third iterate.

Lemma 5.4. The measures of the sets of points which return to S after undergo-
ing application by the sequence GGGF', Rgaar, and the sequence GFF, Rarrr,

respectively are
(1—p)?

ps(Recar) = ps(Rarrr) = 3
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The measure of the set of points which return to S after undergoing application by

the sequence GGF'F, Raarr, 18

ns(Rocrr) = %

Proof. First consider Rggrpr. The only points which experience the sequence GGF'F
are those originally belonging to Ui, which then reside in A after the second iterate.
The only points which fulfil this condition are those in p, which entirely returns on
the third iterate, and so, using (107), we have

(1—p)?

ps(Rearr) = ps(p) = 7

Now consider Rgaar. The points which experience the sequence GGGF are

those which return from 75, and 79, on the third iterate. We therefore have

ps(Recar) = 1us(Toa — T3a) + s (Tap — T3p),

P P
(1-p)?
3p

since 7,, and 7, have the same measure for n > 2. The calculation for ps(Rgrrr)

Y

is identical, since the measures of 7,,, and 7,; are identical to those of 7,,; and 7,

respectively. O]

From the fourth iterate onwards, the returning points on the n'” iterate feed in
from the triangles 7(,_1) exclusively. We can therefore calculate the measures of the
sets of returning points for all remaining iterates, since we know the coordinates for

the corners of each 7,.

Lemma 5.5. Let n > 4. The measures of the sets of points which return to S after
experiencing the sequence G"F, Rgnp, and the sequence GF™, Rgpn, respectively

2(1 - p)?
np(n —1)(n —2)

ps(Ranp) = ps(Rapn) =
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Proof. As in the proof for Lemma 5.4, we simply need to calculate the difference

between the (n — 1) and n'* triangles. We have

MS’(RGTLF) = /LS(T(nfl)a - 7—na> + MS(T(nfl)b - Tnb)a
5.1 1-p*  (1-p?
=23 G0 =D -1
_ 2(1-pp
np(n —1)(n —2)’

The calculation for pug(Rgpn) is identical for the same reason as in the proof of

Lemma 5.4. N

In Section 5.4 we combine the results from Lemmas 5.2 - 5.5, which give an
explicit formula for the frequency with which each possible M, ; occurs, with those
of Lemma 5.7 in Section 5.3, which gives bounds upon the norms of each possible
sequence of matrices, to obtain the bounds ¥V and ®5. A quick check to show the
validity of this distribution is given by Kac’s lemma [26], which states that in an
ergodic, measure-preserving transformation, the expected first return time to a set
S is 1/u(S), where u is the normalized measure on the domain. In other words, if

D is the domain, and A C D, then

_ 1i(4)

In order to find the normalized measure in this case, we need to find the measure

of S with respect to our entire domain, which in this case is AU BU.S. We have
pr(S) =p* and pr(AUBUS) = p(2 - p),

so we have

oS
ML(AUBUS) 2—p'

Kac’s Lemma then tells us that, since H is ergodic on P U @ w.r.t. the normalized

()

Lebesgue measure, the average first return time to .S is

"S:ﬁzi_l‘ (113)
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We can now check whether our distribution agrees with Kac’s Lemma by finding

the expected return time to S. We obtain the following:

ns = R(1,1)+2- (R(1,2) + R(2,1))

+3-(R(1,3)+ R(2,2) + R(3,1)) + i n-(R(1,n) + R(n, 1)),

n=4
—A4p* + T —6p> +Tp—2  2(1 —p)? = 1
e el LA p)<1+2z_)’
p(1+p?) p —r(r+1)
—4p* +Tp —6p* +Tp—2  4(1 —p)? =1 1
_ WA 6P Tp -2 A p)’(smcez _ 1
p(1+p?) P —r(r+1) 2
2
=21
p

Hence our distribution gives the same result as Kac’s Lemma. We will now use this
distribution, in combination with the upper and lower bounds for the I, [; and I5
norms within a globally invariant cone calculated by Sturman and Thiffeault [54] in
the case of random products of shear matrices, to calculate explicit upper and lower

bounds for the Lyapunov exponents of this family of linked twist maps.

5.3 Invariant cones and bounds on norms

In this section we will explicitly calculate upper and lower bounds for the quantity
% in a particular invariant cone, where the matrix M, ; is defined below. First
we discuss the cones we will use to obtain these bounds.

Consider the matrices

M,, = B*A® (114)
where

1 L

A= L
0 1
10

B = ,
1

D =



170

and so
1 a
Ma, = b pb
p 1R

These matrices and their invariant cones were studied by Sturman and Thiffeault
[54], in the context of bounding the Lyapunov exponents of random products of
shear matrices by splitting up random sequences of As and Bs into blocks of the
form M. Linked twist maps can be treated in much the same way as random
products of shear matrices - if we imagine iterating our map H discussed in Section
5.2, and taking the norm after N iterations, in a similar way to (61), we obtain (for

some vy € R?, n € N)

[|[H N w|| = ||GFFGGFE...FFGuyl|,
_ My pyonaall [ May o]

lonall 7 ol

“lvoll,

where the maps F' and G have taken the place of the matrices A and B men-

tioned above. Hence, in order to calculate ||H™vg||, we need to bound each of these
[[Ma,b;vi—1l]

T and find out how n relates to N. Fortunately, due to Kac’s Lemma, the

latter of these problems is relatively simple. We know that the average return time
to S is given by ng = }—27 — 1, and that each M, ;, represents a; + b; — 1 iterates of

H. Thus, since each M,,;, corresponds to a return to S, we have
2
E(az—i-bz—l) :——1,
p

and subsequently

N N
n = = (115)

We will now consider invariant cones for the matrices M,,. Let us assume that
both a and ( are positive, which guarantees that M, is a hyperbolic matrix. Note
that the sequences of matrices we studied when finding the return time distribution

for S in Section 5.2 were all of the form M,y,.
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Recall Lemma 4.2, which gives us an invariant cone for any hyperbolic mat-
rix formed by shear composition - we need a cone which contains the unstable
eigenvector of M,,, but not the stable eigenvector. It is possible for the unstable

eigenvector of M,, to be anywhere within the cone
C={(z,y) eR*: 0 < z/y <1}, (116)

for any a,b, since o, 3 > 1. So, in order for a cone to be invariant for any M,
it must at least contain C'. Furthermore, all possible stable eigenvectors of M, lie
outside of C', which makes C' itself an invariant cone for M,, by Lemma 4.2.

We now calculate upper and lower bounds for ”]\ﬁj}’ﬁvu for the I, l; and [y norms

for v € C. To do this we make use of the existence of invariant cones [2] for the
matrices M, ;. Note that M,; is diagonalizable with positive eigenvalues for any
a,b, and thus any invariant cone for M,; must contain the unstable eigenvector,
and its interior must not contain the stable eigenvector [46]. We need to find a cone
which is invariant under all possible M, ;; we will refer to this cone as Cyopar(p)-

The eigenvectors of M, are given by

(\V]

v —=
+ Q:]:
p

o |&

+

*Slc-
[ )

A simple calculation then yields that the unstable eigenvector v, is always contained

within the cone

Cglobal(p) = {(l‘;y) S RQ 10 < g < p}a (117)

for any choice of a,b, and furthermore the stable eigenvector v_ lies outside this
cone. Hence Cylopar is an invariant cone for every M, ;. Note that Cyiopar is not an
invariant cone for H, as its Jacobian matrix D,H is not always hyperbolic.

In order to bound ||[H™v||, we find upper and lower bounds for the quantity

”Aﬁ‘;’ﬁv”, for v € Cyiobal and each possible a, b, using the [, {1 and I, norms. We first
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consider which vectors in tangent space maximise and minimise the growth rates of

these norms following iteration by M, .

Lemma 5.6. Let v, v'). € R? be the vectors for which the quantity —Hﬂﬁ‘;’ﬁjui is
mazimised and minimised for all v € R* and i € {1,2,00}, and let v} | , be the
a,b’"a,

unstable and stable eigenvectors of Mnga7b respectively. Then:

93w (2 _ s
(i) Vmax = Vyyr o and Ungy = Ve
a,b s a,b »

(ii) vied = (1,1) and vl = (% — 2 = 1,2+ 1).

min P> P P
(iti) If & = Fbp then v, = (0,1). Otherwise vi = (1,0).

. 1 a
(iv) viy = (% +1,-2).

Proof. First we consider the I norm. The quantity Hﬂﬁ‘;’ﬁs‘b is the spectral matrix

norm which, since M, is non-singular, is by definition maximised or minimised
when v is the unstable or stable eigenvector of the matrix M, M, [52].

We now consider the [ norm. We extend the unit [ ball under M, , as shown
in Figure 25 in Chapter 4. We have that 113, a,b > 1, hence by Lemma 4.4

ab a b
VUmax = 171;vmin: _____17_+1a
ax = (1,1) (p2 i )
where we have substituted o = % and = ]%.

Similarly, consider the [y norm. The unit /; ball is shown in Figure 26 in Chapter

4. We have that Z—é’ > 0, and whether we have % > ﬁp depends on the choice of a

and b. Specifically, if the sequence M, ; we consider has large a (> 2), then b = 1.

b

Similarly, if we have large b, a = 1. Hence, by Lemma 4.6, we have that if % 2

v = (0,1)
and otherwise
v = (1,0).

max

min

1 a
In both cases, v} = (p—g’ +1, —%). O
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Finding where T is maximised or minimised within Cgiopa for the [; norm
(1)

involves checking if vi)y and vyt are contained within the cone. If not, then the

maximum and minimum are attained on the boundaries of the cone, as these norms
are monotonic between their maximum and minimum. Lemma 5.7 gives us the

bounds ¢(a, b) and ¥ (a,b) for each a,b and for three different norms.

Lemma 5.7. Let vr(ﬁéx,vgn be given by Lemma 5.6 for i € {1,2,00}, and let

)‘XZT,)Ma,b be the unstable and stable eigenvalues of ngbMa,b respectively. We ob-

[[Ma,pvlli
[[v]li

tain the following upper bounds upon for v € Cgiobal-

1. Iy norm:
|| Mapv]|2
HPab7li2 [y )
Mol = Vs
2. 1y norm:
M, b
TR
[[vl]x p P
3. loo norm:
M, o0l o b
[[Mop0loo <l4b+ 2.
[[o]]oo P
HMab

We also obtain the following lower bounds upon ?”i for v € Cyiobal-

:
[[v]]

1. Iy norm:
a ab
IMaselly o g g [P AEDE G (G4 1+ 2y
- 1 2 ! 2 )
[[v]]2 +p p p
2. 11 norm:
[[Mapolh |, ab+pat p®h
12| P— pP(l+p)
3. loo morm:
|| Mo p0] |0 1 ab
= —-
[[v]]o p
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[[Ma,pv]|2

Proof. First we consider the [, norm. The quantity Tolls

is the spectral matrix
norm which, since M, is non-singular, is by definition maximised or minimised
when v is the unstable or stable eigenvector of the matrix MJ, M, ;. Its value varies
monotonically between the maximum and minimum, thus we need to determine

where these eigenvectors lie (i.e. in or out of Cgyoba) in order to find where our

maximum and minimum are obtained for v € Cgiopa. We have

b2 a b ab

M, — | PTE o T
a, a, 2 ’

p R mH (R

which is a symmetric matrix, and thus its eigenvectors v, and v_ are orthogonal.

Let
>  a® 2ab
ab= 5+ 5+ —

p2+p2+ p?

then the eigenvalues of M, M, are given by

ab
p?

+ ()%

24 Top £ /Top(d+Tap)
)\i - 5

and the corresponding eigenvectors are

. 20+ (1 + %)) r
L = -
Lop — 21)%2 + /Top(d+Tap) S+

)

We have that » > 0 since % > 0 and sy > 0 since I'g, > QP%Q. We can also infer that
s_ < 0 due to orthogonality of eigenvectors. We therefore have that v, lies in the
quadrant {(z,y) € R? : 2,y > 0}, the same quadrant as Cygopa. In order for vy to

. .
lie in Cgiobal, We require W <P We have

20 4ab  2a? ab
S+>2Fa7b_F:F+F+2(E

2 2_b+2_a 2ab

p2 p?  p

4 57

and thus s; > g. Hence v; € Clgiopal, and therefore we attain our maximum at

vy. Since s_ < 0, v— ¢ Cylobar and thus our minimum is attained at one of the
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boundaries of the cone - either v = (0,1) or v = (p,1). We have, for v = (u,v),

[[Mpvll5 (u+ %U)z + (%u +(1+ ;—3)0)2

lofl3 u? + v?

Y

so for our minimum, we choose the smaller of

| Map(0, D)2 P+ 22+ (L4+0+12)°

o, D13 1+ p? ’
or
||Mab(1=1>||§ a9 ab.,
It = (B (14 02
I1(L,1)[15 p p?

Our maximum is given by the square root of the eigenvalue corresponding to the

unstable eigenvector of M aT v Map, A . Specifically,

u
T
Ma,bMa,b

[ Mo(r,s0)|l3 (r+ %3+)2 + (27" + (1+ %)s,)?

»®
[|(r, s )13 r? 4 si

Now consider the I, norm. For a vector v = (z,y) € Cylobal, We have

[[v]]oe = 191,

and since Cgiopal is an invariant cone for Mg, we have that

1 Mapvllso  lpr+ L+ 2yl be s ab
0]} Y| Py p*

Relabelling % =z, let

Then

() =2
f(z)—p>0

provided b > 0, and so f is a monotonically increasing function, and is maximised
when z is at its largest. Hence we take the largest value of z possible for v € Cyiopal

as our upper bound, and the smallest for our lower bound; p and 0 respectively.
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Finally we consider the [y norm. For a, b, % > (0, we have that

ol ] + [y] a S+l

HMwwl_W+§m+%x+“+%W’ ﬂ+§ﬁ+1+§+%

Relabelling % =z, let
A+924+1+2+%
z+1 ‘

f(z) =

Then b ety

£ =
which is a monotonically decreasing function in z for o, 5 > 1. Since o, = 110 in
our linked twist maps, this is true for the cases we are interested in. Hence f(z) is
maximised when z is at its smallest, and minimised when z is at its largest; 0 and

p respectively. O

Note that the lemmas in this and the previous section, taken collectively, prove

Theorem 5.1.

5.4 Calculation of the bounds

We now present the results given by Theorem 5.1, and compare these to the Lya-
punov exponent calculated using a standard algorithm involving Gram Schmidt or-
thonormalization (see [9, 47]). Figure 40 shows ®p,, V., Py, and Wy, for p € [0.7, 1]
and i € {1, 2, 00}.

The bounds &5 and ¥y require an infinite number of calculations, so a slight
modification is needed in order to use them practically. Let us choose an integer
k > 4. This is the maximum number of iterates of H for which we will calculate the

truncation of the bounds on Hﬂﬁ‘z’ﬁv” . We note that since each of the terms in the lower

bound Wy is positive, we need only calculate up to ¢ = k in the final summation to

obtain a strict lower bound - any lower bound we obtain for larger £ will be greater.
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Figure 40: The bounds given by the [y, l5, and norms for p € [0.7,1] are shown in
Figure 40a, where \Ifg;) is given by the dashed and @gf) by the solid line, for k € {1,2, 00}.
Figure 40b shows Vg and ®g, which in this case are given by ¥y, and ® g, respectively.
The black line is a finite-time Lyapunov exponent, calculated using a standard algorithm

involving Gram Schmidt orthonormalization ( [9],[47]).

For the upper bound ®p, we cannot obtain a strict upper bound in a finite number
of iterates in this way; however, the difference between the upper bound for the k"
and k + 1" iterates decreases as k increases, and is quickly insignificant compared to
the difference between the upper and lower bounds; for example, when p = 0.9, the
difference between the upper bounds obtained when calculating up to the 4* and
5% iterates respectively is 1.49% of the gap between the upper and lower bounds
obtained on the 5™ iterate, and this proportion decreases (at a sub-exponential rate)

with each subsequent iterate.

We see that the best choices in these cases are the {; and s norms for the lower
and upper bounds respectively. Both bounds approximate A to within a few decimal
places; specifically, over a square lattice of initial conditions within S, the average
error between the finite time Lyapunov exponent calculated using 10* iterates of a

standard Gram Schmidt algorithm and Wy is 3.95%, and with ®5 is 0.97%. Note
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that at p = 1, A = ®p,; this is because the vector v2, given by Lemma 5.6 is equal
to the eigenvector of H when p = 1, and this vector lies within Cgyjopai. The I; and
lo norms also coincide when p = 1; the formulas given in Lemma 5.7 are equal in
this case.

These bounds, in their current state, are not especially useful in determining
A; the bounds are near instantaneous to calculate, and can provide an indication
as to whether a given calculation of a FTLE has begun to converge, although only
to within a few decimal places. Despite this, we can see from Figure 40 that the
fluctuations observed in the calculated FTLEs do occasionally exceed the upper
bound and approach the lower bound. The explicit calculation of the return time
distribution does give us some insight into how the results of Young ([60], [61]) would
tie into our system; we see that the proportion of points whose first return time is
on iterate n (for n > 4) decays polynomially, as O(n~3), suggesting that the rate of
mixing is at least polynomial.

The main limiting factor upon the accuracy of these bounds is the width of
the cone Cgyionar; the cone encompasses a ‘wide’ range of vectors, and in particular
contains some of the vy, and vy, vectors given in Lemma 5.6. The bounds are
calculated for either the vectors which undergo the largest or smallest expansion
rates, or are taken at the boundaries of the cone. In reality however, over the course
of an orbit, an initial vector v will orientate itself in various directions between the
boundaries of the cone. If we can find a way to narrow the cones we consider for the
terms ¢(a,b) and ¢(a,b) in Theorem 5.1, then we can obtain better bounds than

Uy and . This is the topic of the next section.

5.5 Improving the Cone

In this section we discuss the circumstances under which we can consider narrower

cones than Cgghal, in order to improve upon the bounds ®z and ¥y in Theorem
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5.1. These modifications were simple in the case of bounding random products of
matrices, in both [54] and Chapter 4, as the frequency with which the matrix M,, s,
preceded the matrix M,, ;, in an orbit was independent of the choice of a; and b;.
In the deterministic case, however, this independence does not hold.

We consider the sequences of matrices which can precede each M, ;. We know
that Mypv € Cgiopal for v € Cyiobar and any a,b > 1. In particular, M,v €
M, 5Cglobar.  Thus, if we know that a particular sequence M,, s, is preceded by
Mg, b, then we can restrict the calculations of ¢(ay,b1) and t(ay,by) to the cone
M, o Calobar. This will happen with a certain frequency, which can be calculated by
finding the Lebesgue measure of the intersection of Rgey pa; and Mo, p, Raps pas; in
other words, we find the points which land in Rgt, pe; following an application of
M., b, We then divide this quantity by the Lebesgue measure of R, s, and label

the resulting frequency P(aq, b, ay,b;y). Figure 41 shows this intersection in the case

where a; = b; = 1 for + = 1,2. This idea is summarised by the following theorem.

Theorem 5.2. With the same conditions as Theorem 5.1, let

NL(Maz,bQ Ry pas N Rgoy pay )

P 7b , 7b e . R a bl
(ag, by, aq, by) i (Raby par) ts (R o)
. HMa b ’U||k
as, by, a1, b)) = min {#}
¢k( 2, Y2, U1 1> UEMGQ,bQCgIObal ||U||k

and
{ ||Ma17b1UHk }

(bk(aQ,bz,al,bl) = max
V][

'UGMa2 ,bo Cglobal

Then the Lyapunov exponents Ao satisfy

1 o o
Aol > ¥y, = s Z Z P(az, bz, a1, b1) log ¢y (az, ba, a1, b)),

a1,b1=1az,ba=1
and

1 [e.e] o0
Ao < Py, = ns Z Z P(az, bs, a1, b1) log ¢ (az, by, a1, br).

a1,b1=1a2,ba=1
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Figure 41: The regions corresponding to the frequency P(1,1,1,1) are shaded in blue.
The yellow regions are the remainder of the set Rgp, which has measure given by the sum

of P(1,1,4,j) for all i, 5 where i,j # 1.

The distribution of preceding sequences of matrices is at its simplest when all
M, with a > 3 or b > 3 always precede the matrix M ; - that is, when any extended
period spent in the shear regions is followed immediately by at least one hyperbolic

iterate (i.e. an immediate return to S). This occurs when
P’ +3p =3 +p—-1>0

i.e. p > 0.8562. This behaviour (i.e. remaining in S for a number of iterates
following iterates spent in the shear region) is typical when the number of iterates
spent within the shear region is large, even for p below this value; this was shown
by Sturman and Springham [53].

A smaller improvement over the previous bounds can be obtained by simply
finding the intersection shown in Figure 41, which is valid for any p € (0.682,1).
The distribution is simplified somewhat by noting that

pr(Reoi o)
P b by) = —+——2P b by).
(ala 1, A2, 2) /J,L(RGb2Fa2) (a/27 2, A1, 1)
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Figure 42: (a) \Il}{k and @}Ik for the [, ls, and norms, with the black line showing
FTLEs calculated using 10° iterates of the Gram-Schmidt algorithm. (b) The best of these
yield \I/}q and ‘D}{ - in this case both are given by the I3 norm. For comparison purposes

we include ¥y and ®g in orange.

This is because the Lebesgue measure of the relevant intersections is the same in

both cases due to the symmetry between the image and pre-image.

Figure 42 shows WL and ®}, when p > 0.86 - the cases where the distribution
of preceding sequences is at its simplest. Comparing this to Figure 40, we see there
is a significant improvement, particularly on the accuracy of the lower bound. Note
that the black line is the calculated FTLE for a particular initial condition (varying
with p) within S. We also see that the ls norm yields the best upper and lower
bounds, whereas before the best lower bound was given by the [; norm. We find
that the average error between the bounds and the FTLE calculated for 10° iterates
over a square lattice of initial conditions in S is 0.71% for ¥}, and 0.82% for ®1,.
In the lower bound, this marks an improvement in the error by a factor of 5.56 on

average.

Figure 43 shows the distributions of FTLEs for n iterates of the map when
p = 0.9, and compares these to the bounds. We find that for n = 10*, 84.2% of
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Figure 43: Histograms showing the distribution of FTLEs, A, (x), for a square lattice of
10* points, p = 0.9, and n iterates of the map taken at each point. The dot-dash lines are

Uy and ®g, and the dotted lines are \II}I and @}{.

the points upon the lattice yield exponents between ¥V and ®p, while 40.3% yield
exponents between Wk and ®L. For n = 10°, 99.9% of the points yield exponents

between Wy and @y, while 81.3% yield exponents between W}, and @},

Note that Theorem 5.2 is the first step in a long sequence of improvements
one can make to the bounds; specifically, it describes looking at the first preceding

sequence of the form M, ;,. We could consider the sequences M,, ;, which precede

3,03
these M,,,, and calculate the corresponding frequencies with which these occur;
in principle, we could carry this process on indefinitely by finding the frequencies
P(a;, b, ...a1,b) for increasing i. The calculation of these frequencies is an intricate

task in practice, however.

For the following theorem, we let Rp(q, p,.... a1,6,) e the set of points correspond-

ing to the frequency P(a;,b;,...,a1,b1).

Theorem 5.3. With the same conditions and definitions as Theorem 5.2, we define
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inductively

:uL(Mai,biRGbiF“i N RP(aiflvbiflv- .. 7a1,bl)>

P(aiy b’i7 s, an, bl) = MS(RP(ai_l,bi_l,. .. ,a1,b1))-

'LLL(RP(ai—labi—lv- ..,a1,b1)

Also, let
: || My p,0|[x
a;. b, ....a1,b1) = min {#}
%( 1y Yiy y U1, 1) VEMy, 4, - -May by Celobal ||v||k
and
|| M, p,0||x
a;, by, ... a1,b1) = max {;}
¢k( 19 Y1y , W1, 1) ’UEMQ,L.,bi'...-Ma2,b2cg10bal ||’U||k

Then the Lyapunov exponents Ao satisfy

|A1,2| Z \Ijﬁ}{k - Z Z aza 17"'7a17b1) 1Og¢k<ai7bi7 "'7a17b1>)

=1 a,bi=1

and

Aig| < @4 = — Z Z (@i, bi, .., a1, by) log ¢ (as, by, . .., ay, by).

Saibi=1  aibi=1

Considering an infinite number of preceding sequences of matrices would allow
our bounds to converge upon the true Lyapunov exponent. In particular, when
p =1 (i.e. the Cat map), we can reduce the bounds W3 and ®3 to the explicitly
calculable Lyapunov exponent. In this case the only distribution elements which
contribute to the sum are those where a; = b; = 1 for all 7, and each occurs with
frequency one. Let A\* and v* be the unstable eigenvalue and eigenvector of the Cat

map respectively, then we obtain

1
n.o=—P1,1,...,1,1)logyy(1,1,...,1,1),

ng
{HGFka}
VEGFE. .. GFCqoba L ||V][1
|G v ||
o ][x

and similarly for ®3 . Alternatively, we obtain the same result by replacing Cgiopal

= log (118)

= log = log \“,

with v", which is the minimal invariant cone for the Cat map.
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The distributions of FTLEs in LTMs do not appear Gaussian; they exhibit long
(stretched-exponential) tails on the left hand side, corresponding to points which
spend large portions of their orbits in the shear regions, similar to the distributions
discussed in [43]. For a given set of points, these tails will begin to shrink as n — oo,
as more of the points trapped in the shear regions escape into the hyperbolic regions,
and the distribution appears to converge upon a Gaussian distribution; this is due
to LTMs obeying a central limit theorem as described in [61]. Figure 43 shows that,
even after 10° iterates, the probability of a randomly chosen initial condition having

a FTLE outside of U}, and ®}, is still very significant.

The issue of poorly converging FLTEs could be sidestepped if the initial condi-
tions which yielded them were concentrated in particular regions within the domain.
If this were the case, one could simply pick an initial condition outside of these re-
gions and be confident that the calculated FTLE would converge to a reasonable
degree. However, linked twist maps are ergodic, and so the points for which we ob-
tain slower convergence are representative of a portion of every orbit; at some (and
indeed, infinitely many) iterates upon every orbit, we will land within a shear region
for any finite number of iterates, corresponding to initial conditions with FTLEs
below the lower bounds, or, alternatively, return to the hyperbolic regions unusually
often within a subsequence of iterates, corresponding to the initial conditions above

the upper bounds.

Figure 44 shows in blue the location of initial conditions whose FLTEs lie outside
of the bounds after n iterates of H, when p = 0.9. Note that the dataset and
lattice used to create these figures is the same as those used in Figure 43. The
figures show that there is no clear pattern to the location of initial conditions with
slowly converging FTLEs; we find such initial conditions are spread fairly evenly
throughout the domain, favouring neither the shear nor hyperbolic regions. This

indicates that the choice of initial condition to obtain a ‘sufficiently’ converged FTLE
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Figure 44: The points in blue are the initial conditions in a lattice of 10* points (as used

whose FTLEs are outside of the respective bounds after n iterates.

)

points in white are those with FTLEs within the bounds after n iterates.

in Figure 43

obviously discernible pattern to the location of initial conditions with slowly converging

FTLEs.
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is not obvious. Also, following choosing an initial condition, the number of iterates
needed to obtain sufficient convergence is not clear without further experimentation.
Since the Lyapunov exponent is itself not explicitly calculable, these bounds provide

a benchmark for the notion of sufficient convergence.

5.6 Alternative maps

The bounds we have discussed in this chapter were conceived with the trickiness of
calculating Lyapunov exponents in linked twist maps in mind; however, the concepts
used in their derivation are not limited to linked twist maps exclusively. In this
section we discuss and construct similar bounds to &5 and ¥y for another map
formed from shear compositions. Note that this is done primarily for demonstrative
purposes, since we will see that the FTLEs we obtain for such a map are typically
more reliable than was the case for the LTM; unlike in the LTM, orbits in this map
do not undergo arbitrarily long sequences of sub-exponential (linear) growth.

For p € (0,1), let Hg : T? — T? be given by

(

T 1 1 T
Hgq, = P if y <p,
x y 12t Yy
Hgq = P (119)
1 —
HQ1 = + if Yy Z p.
2-p —p
L Y 1 1-p Y 1-p

This map applies a horizontal shear which wraps once around either the annulus
P ={(z,y) : y < p}or @ ={(z,y) : y > p}, followed by a vertical shear which
wraps once around T? (see Figure 45). In fact, Hq is an example of the family of
systems discussed in Section 3.1, where n =2, m = 1, and ;2 = 1 = 1; note that
Hg, is shifted in order to maintain continuity of the map. At p = 1/2 and p = 1,

Hg reduces to an Anosov diffeomorphism, with an explicitly calculable Lyapunov
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Figure 45: The shears which are composed to obtain the map Hg in (119).

exponent. The cases where p € (0, %] are qualitatively identical to those where

pE [%, 1), and so we only focus on the former.
We again set out to obtain a return time distribution to a particular region, in
this case the annulus ). For A C (), we concern ourselves with the conditional

measure

pof4) = 845 (120)

A point which begins in ) will undergo application by Hgq, for one iterate, returning

immediately or undergoing application by only Hg, for all iterates until its return

to @. Thus all sequences M, that we concern ourselves with will be of the form

b
Ml,b = HQ2 O HQl,

(121)
= DH{, DHq, + DH}, c,
where
—p
1-p

and, for i = 1,2, DHy, is the respective Jacobian matrix of H at each iterate. Note
that these matrices share an invariant cone by Theorem 2.4, with boundaries given

by their unstable eigenvectors. We label this cone Cl,.
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In a similar fashion to Section 5.2, we will refer to the set of points which first
return to @) after application by the sequence M, as Ry, where b € Ny, and their
corresponding frequencies in the return time distribution as R(b). Unlike in the
case of the linked twist map, we can allow b = 0 since both DHq, and DHg, are
hyperbolic. We will also refer to the set of points yet to return on the i iterate of H
as U;. Note that the calculations we do throughout this section are for the images of
these points rather than the sets themselves; since this map is measure-preserving,
this does not affect the distribution.

We obtain the following for the measure of the set of points whose first return
to @ is after one and two iterates of H (see the yellow and red regions in Figure 46

respectively):
R(0) = pg(Ro) =1 —p,

and
p(1 —2p?)

We note that Us consists of two triangles and a parallelogram. On the following
iterate, the triangles are stretched between their fixed points at (0,0) and (1,p)
respectively into (), wrapping around the entire torus once in the process. The
result of this is that the triangles in U, admit a quadrilateral each in Us, with the
same slopes as the triangles in Us. This process will repeat at each iterate, with these
triangles admitting two more quadrilaterals; note that the quadrilaterals admitted
by the triangles are not parallelograms. Similarly, the parallelogram in Us is wrapped
once around the torus stretching into (), and admits another parallelogram in Us;
this also repeats for later iterates. Finally, any existing quadrilaterals from earlier
triangles are also stretched in a similar way, and so admit a new quadrilateral each
on subsequent iterates.

Let T;, P, and @; be the number of triangles, parallelograms and other quadri-
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2

Figure 46: The points returning and yet to return after the second and third iterates of
H. Note that the sets R, and U; are pre-images, and the above pictures show the images
of the points returning on the respective iterate; for example, Ry, shows the image of
the points which remain in A for at least one iterate, that is, H(Ry). For the purposes of
calculating the return time distribution this distinction does not matter, as the measures

of the corresponding sets are identical (e.g. p(Ro) = p(Rpy, ))-



190

laterals which comprise U;, then, for ¢ > 3,
T =2,P=2"20Q; =24 2Q;_1, (122)

where ()2 = 0. Noting that the total number of elements of U; doubles at each

iterate, starting with 3 elements when ¢ = 2, we have
Qi=3-2"2-P T, =2(2"2-1).

The triangles have the same measure as each other for each i, as do all the parallel-
ograms, however the other quadrilaterals do not. We need to find the width of the
bases of each of these shapes in order to obtain their areas, and subsequently the
return time distribution.

Let 6; be the slope of the vector obtained by applying DH, j times to the vector
(1,1). Then, the width of the bases of the triangles, wr,, is given by

(1 1
YT PAs T 6 )

For the parallelograms, the width wp,,, for ¢ > 4 is given inductively by

D wp
1+p+pdi_s’

Wpy, =

where wp, = £ 2(;;’1’) . The widths of the horizontal sides of the quadrilaterals admitted

by the triangles, wgf(e), are given by

where € € N represents the region {(z,y) € R? : ¢ <y < e+p} which that particular
quadrilateral is located in, wy, (€) is the width at y = €, and w(), (€) is the width at
y = € + p. In this case we only concern ourselves with the quadrilaterals admitted

by the triangle with a corner at (0,0), since those admitted by the other triangle
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possess the same areas. Note that since each of the quadrilaterals for a given i is
located in a different region {(z,y) € R? : ¢ <y < e + p} to the others, their areas
will vary depending on €. See Figure 47 for a sketch of this process.

The Lebesgue measures of these shapes are as follows:

p-wr,
,UL(Ti) = 5
pr(Fi) = p-wp,
p - (wg,(€) + wp,(€))
pr(Qile)) = 9 9 < .
Thus we have
po(Us) = a ip) (2 po(T3) + 272 pr(P) + > 2n(e) - ur(Qi(e)),

where n(e) is the number of quadrilaterals in the region {(z,y) € R? : e <y < e+p}
- this is either 0 or 1. We then have, for ¢ > 3,

R(i —1) = po(Ri—1) = po(Ui-1) — nq(Us).
To obtain n(e€) for a given U;, we perform the following algorithm:
1. If ¢ < 3, there are no quadrilaterals in Uj.
2. Start with the (list of) coordinates (z,y) = (1,1). Let j = 4.

3. If j < i, replace each entry (z,y) in the list with (z 4+ y,z + 2y) and (x +y +
Lz+2y+1).

4. Add (1,1) to the list, and let j = j + 1.
5. Repeat steps 3 and 4 until j = 1.

6. The list of € for which n(e) = 1 is given by the y coordinate of each entry in
the list.
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€& +p €z‘+P/

€; €
(a) A quadrilateral in Us;. (b) Applying a horizontal shear.
€1 tp+1
€ir1+ 1
€41+ P
€it+1

(c) Applying a vertical shear yields two quadrilaterals in Uj4q.

Figure 47: A sketch of the process undertaken by each quadrilateral in U; to yield two
quadrilaterals in U; 1 (highlighted by the red circles). Note that, for the purpose of clarity,
none of these figures are to scale, as the images become narrow very quickly; this can be
seen in Figure 46. Also note that ¢; and €;41 indicate the y-coordinate in the case of U;

and U,y respectively.
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For k € {1,2, 00}, let

||MH§22,HQIU||k

?

veClg V][

and
HMHgQ,HQlU| I

veCg o]l

)

then our bounds upon the Lyapunov exponent A\, Uy, and ®py,,, are given by

A=W = (1-p)>  R(b)logdp, (b), (123)
b=0
and
A< O =(1-p) ) R(b)log ¢l (b), (124)
b=0

where the average return time to @ is 1%}7 by Kac’s lemma [26]. We again take the
best lower and upper bounds from the three norms to obtain ¥y, and ®y,,.

The above is all exact and can be written down explicitly, similar to the bounds
we obtained for the LTM, however an issue in practicality arises when trying to
calculate the total area of the quadrilaterals, > 1 (Q;(€)). Specifically, the number
of area calculations required to obtained an exact value increases exponentially with
1 after 1 = 4. In order to prevent this, we can instead consider bounds upon these
areas for ¢ > 5; the lower bound is given by taking € = 1 for all quadrilaterals in U;,
whereas the upper bound is given by taking the largest value of € - in this case, by
applying the map

(z,y) > (r+y+Lx+2y+1)

i — 4 times to the coordinates (1, 1), and taking the final y coordinate as our value
for e.

Figure 48a shows the bounds ¥y, and @y, for p € [0,0.5] - note that the bounds
in this figure were calculated using the upper and lower bounds upon the areas of

the quadrilaterals, as mentioned in the previous paragraph. We see that for small
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Figure 48: Uy, and ®p,, for p € [0,0.5]. The FTLE calculated over 100000 iterates for
the initial condition (1,2 — v/2) is shown in black. In (b), the bounds are compared to
the naive upper bound given by the larger Lyapunov exponent of the matrices DHq, and

DHg,.

values of p the bounds are much closer, and the gap between them increases with
p. The FTLE remains comparatively close to @, for all p, whereas the accuracy

of Uy, appears to diminish as p increases.

In Figure 48b, the bounds are compared to a naive upper bound given by the
larger Lyapunov exponent of the matrices DHg, and DHg, - in this case, DH,.
We see that the improvement over this bound is quite large until p gets close to 0.5;
note that at p = 0.5, the system is an Anosov diffeomorphism. The sudden rise in
the naive bound from p = 0 to p = 0.02 is due to the horizontal shear in the map
changing from a slope of 1 (Hg is the Cat map when p = 0) to two horizontal shears
of slopes 0.02 and 0.98 respectively - the matrix corresponding to the shear with
slope 0.02 provides the upper bound in this case, leading to the sudden jump.

Figure 49a shows a histogram of FTLEs of Hq after 10° iterates for a square
lattice of 10* initial conditions when p = 0.2. The distribution of the FTLEs in

this case is much narrower than in the case of the linked twist map, with the vast
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Vg, and @g, . outside of ¥p,, and ®x,,.

Figure 49: The FTLEs in the above were obtained using a lattice of 10* initial conditions
upon T2, each iterated under Hq 10° times. In this case, all of the FTLEs outside of the

bounds are larger than ®p,.

majority of FTLEs concentrated close to ®p,,. In particular, the distribution itself
appears to be at least approximately Gaussian - specifically, the green fitted curve
is given by

—(z=))?2
c-e 202

?

N(z) =

2mo?
where \ is the Lyapunov exponent, o2 the variance of the distributions of FTLEs
after 10° iterates, and c a scaling factor depending on the number of initial conditions
and size of bins chosen; in the case of Figure 49a, 02 = 1.1541x107% and ¢ = 0.91966.
In this case, these quantities have been calculated directly from the dataset. We
see that there is no stretched tail to this distribution, as there was in the case of
the LTM; the FTLE obtained from a randomly chosen initial condition for Hg is
typically a more reliable estimate than for the LTM.

Figure 49b shows the initial conditions within the lattice which yield FTLEs
outside of the bounds; we see that very few do, although the number is comparable

to that of the FTLEs we found outside of ¥ and & in the case of the linked twist
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map in Figure 44c. The difference in this case, however, is that all of the initial
conditions outside of the bounds yield FTLEs above the upper bound ®y,,, and are
closer to the mean FTLE than was the case for the LTM.

The reason for ®p,, being the closer of the two bounds to the FTLEs is due to
the choice of reference region (). The largest proportion of points return to @) after
one iterate of Hg, and so only the matrix DH; is considered when bounding their
norms; this matrix possesses the smaller Lyapunov exponent of the two Jacobians
in the system, and on average stretches tangent vectors less than D Hs does. If the
reference region were P instead, or equivalently, if we considered the case where
p € [0.5,1], then DH; would possess the larger Lyapunov exponent, and so both
Uy, and @, would be increased.

The Lyapunov exponents for the cases where p € [0,0.5] are identical to those
where p € [0.5, 1], where we equate the case p with 1—p; the systems are dynamically
identical and simply differ by a shift in coordinates. Thus, a way to improve upon
these bounds (in particular, Wp,) would be to undergo the same process for the
cases where p € [0.5,1], then take the upper bound from the case p and the lower
bound from the case 1 —p. Following this, one could, in principle, perform the same
process we saw in the case of the LTM, considering preceding sequences of matrices
in order to the narrow the cones used. However, the calculation of a preceding

distribution would not be a simple task.

5.7 Summary

We have studied a method for obtaining bounds upon the Lyapunov exponents of
a parametrized family of linked twist maps. The method involved the use of the
existence of invariant cones for orbits returning to a reference region - in this case,
the region where the two annuli overlap - as well as the ability to fully express a

return time distribution for the points in this region for a range of parameter values.
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We improved upon the bounds we obtained by considering the sequences of
matrices which could precede these orbits, and explicitly calculating the preceding
distribution for a smaller range of parameter values. Although the best bounds using
this method are obtained by finding the entire distribution, a smaller improvement
is possible by simply finding any preceding distribution element, and applying it
in the proper way within the expression for the bounds. Furthermore, we stated a
theorem which repeats this process, to obtain a sequence of bounds which should
narrow upon the Lyapunov exponent.

We showed further that these bounds are applicable to systems other than LTMs
by explicitly calculating them for the case of another system formed via shear com-
position. In this case the return time distribution was explicitly calculable, however

we instead elected to bound the distribution for practicality reasons.
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6 Summary and Outlook

In this final section, we summarise our findings throughout this thesis and discuss

some possible extensions to the theory.

6.1 Summary

In this thesis we have studied the Lyapunov exponents of various systems in which
their explicit calculation is not possible. These systems are characterised by the
existence of some form of hyperbolicity within their dynamics. The strictest form of
hyperbolicity, uniform hyperbolicity, requires uniform bounds on the expansion and
contraction rates upon invariant regions of tangent space; the most typical systems
which possess this quality, such as Arnold’s Cat Map, have explicitly calculable
Lyapunov exponents, however adding some form of non-uniformity to the system
- for example by adding randomness as in Chapter 4, or by introducing spatial
dependence of the Jacobian as in Chapter 5 - can remove explicit calculation as a
possibility.

Where explicit calculation is not possible, one must resort to estimation, often
via the numerical calculation of finite-time Lyapunov exponents, or to obtaining
rigorous bounds on the Lyapunov exponents. This thesis has provided a method
which yields the latter of these two options, by utilising the existence of hyperbolicity
in the systems to find invariant cones in tangent space; these cones are used to reduce
the range of vectors one must consider when calculating the maximum and minimum
growth rates in tangent space.

We have derived and studied these bounds (primarily) for two families of maps.
The first was in the case of random products of hyperbolic toral automorphisms
formed via the composition of shear matrices, a method which built upon that of

Sturman and Thiffeault [54] in the case of random products of shear matrices. The
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second case concerned deterministic systems, with particular focus on the linked
twist map, where one could explicitly obtain (or at least bound) a return time
distribution to a reference region. Despite the linked twist map possessing regions
upon which the Jacobian is not hyperbolic, these bounds could still be obtained due

to the return map to the reference region being hyperbolic.

In the case of the family of random dynamical systems studied in Chapter 4, we
obtained explicit, elementary bounds on the Lyapunov exponents, labelled ¥; and
®;. We noted that the bounds provided reasonable estimates (up to 6 s.f.) for the
Lyapunov exponents in some cases where the cone was particularly narrow due to
the matrices chosen having eigenvectors which were more closely aligned, however

in other cases (i.e. wider cones) the bounds were not as tight.

With the results of calculating ¥; and ®; in mind, we endeavoured to improve
upon these bounds via narrowing the cones; this was made possible by considering
the matrices which could precede other matrices within a realisation of the infinite
orbit. This led to an improved version of the bounds, ¥y and ®,, which improved
accuracy over the previous bounds by a factor of between 100-1000 (2-3 s.f.) on a case
by case basis. Furthermore, the process of narrowing the cones could in principle be
repeated indefinitely, leading to a sequence of bounds ¥ and ®;, with the bounds
increasing in tightness with each k. While this process would be relatively simple to
code, the calculation time would increase exponentially with &, since every possible

combination of matrix and preceding matrix must be considered.

Following the results of Chapter 4, we applied a similar method to obtain bounds
on the Lyapunov exponent of a family of linked twist maps. In order to guarantee
that the orbits we considered were hyperbolic, we calculated a return-time distribu-
tion to the overlap region of the two annuli on which the shears were defined. The
theory involving the invariant cones in this case is similar to that of Sturman and

Thiffeault [54], and so bounds upon growth rates of vectors in tangent space were
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explicitly obtainable.

The return-time distribution for the linked twist map was explicitly obtainable,
although for the purpose of clarity we focused on a range of parameter values in
which the distribution was at its simplest. The distribution was obtained using
elementary geometry and as such is somewhat general in its application in principle;
to demonstrate this, we also calculated a return-time distribution (and subsequently
bounds) for another map formed via shear composition which possessed similar

properties in Section 5.7.

The first iteration of the bounds for the linked twist map provided an indication
of the value of the Lyapunov exponent to within a few decimal places. The cal-
culation time for this version was very quick, since the number of matrix products
we considered was reduced significantly from the random case, where every product
was possible. In order to improve the tightness of the bounds, we again considered
narrowing the cones in the same way as in Section 4.6, by considering the matrices
which can precede each matrix in an orbit. The calculation of this ‘preceding dis-
tribution’, while again involving only simple geometry, is intricate in practice but

seems widely applicable in such systems due to its simplicity.

Following the above calculations, we obtained an improved version of the bounds
upon the Lyapunov exponent of the linked twist map, particularly in the tightness
of the lower bound. For the purposes of accurate estimation, these bounds did not
initially appear as useful as those obtained for the random family of maps, however
investigation into the distribution of finite-time Lyapunov exponents of the linked
twist map appeared to indicate that, even after 10 iterates of a typical estimation
process involving Gram-Schmidt orthonormalization, a significant fraction (18.7%)
of the estimates lay outside of the improved bounds. We also noted that, in a similar
fashion to the random case, we could in principle extend this process of considering

the preceding matrices indefinitely; however, this process would be much more time
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consuming that in the random case, due to the requirement of calculating more and

more intricate preceding distributions.

6.2 Random bounds: three or more hyperbolic matrices

The bounds ¥, and ®, from Theorem 4.5 are stated specifically for the case where
we choose the matrices A and B with probability % at each iterate. The choice
to present this theorem (as well as others in the chapter) for this simple case was
made to attempt to emphasise the more interesting side of the bounds - the use
of the mutually invariant cones for these matrices. The generalization of these
theorems to cases where the chosen probability distributions are non-uniform is
immediate and obvious, as the theory regarding the cones does not change at all; in
fact, the only things that change are the frequency with which particular matrices
M, occur, and the expected length of each My, as discussed in Section 4.5. For
example, in Theorem 4.5, if we were to instead choose the matrix A with probability
% and B with probability %, then we would simply replace the term 27470=™~" with
gatm . 3=a=b-m=n_ We then find, via ratio tests, that the expected length of each
M,y is given by E(a + b) = %, so we replace the term }l with % and proceed as
before. In general, these bounds can be obtained provided one can acquire a joint
probability distribution for the matrices and those that precede them, and are not
limited to solely geometric distributions.

Extending the theory to the case where we consider three or matrices at once
is not as obvious. Let us consider a system where we choose from the matrices
Ay, As, ... Aq at random on each iterate, with respective probabilities pi, po, ... po
(where Z?Zl p; = 1). The first issue is the existence of a global, mutually invariant
cone for the matrices, as such a cone would need to be invariant under any product
A‘;j A?" for a;,a; € N. Fortunately, determining whether such a cone exists is no

more difficult than was the case for two matrices: one simply checks each possible
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Figure 50: A sketch of the globally invariant cone in the case of a system which chooses
from four matrices at random. The solid lines indicate the cones boundaries, in this case
given by the unstable eigenvectors of the matrices Ay and A4, which yield the widest

possible cone with boundaries given by unstable eigenvectors.

pair A; and A; to determine whether a mutually invariant cone exists for them. If
such a cone exists for every pair of matrices, then a globally invariant cone is given
by choosing the largest (widest) of these cones, as it will by definition encompass all
of the other pairwise invariant cones (see Figure 50). The condition for such a cone
existing remains similar: no stable eigenvectors for any of the matrices A; can be
located between the unstable eigenvectors for any pair A;, A, for 4, j, k € {1,...,Q}.

Another problem arises in the choice of matrix product to consider; that is, the
analogue to the matrices M, ;, = B*A® which we used to rewrite the term ||H"v|| in
the definition of the Lyapunov exponent. The most obvious choice appears to be
the matrix

— A% az Aai
Mal)a&a' aq — AQ e " A2 Al 9

ey

however, in order to account for sequences which skip one or more matrices in this

sequence (e.g. AfAI) or which occur in a different order (e.g. A5A7A3) we must
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allow for the numbers a; to be zero. In principle this does not add any complications
to the theory, as the resulting products could still be written down in general via
diagonalization as in Chapter 4; in the bounds, the summations would begin from
0 instead of 1, and we would need to carefully consider the expected length of the
matrices Mg, . qq-

In principle, it would appear that such bounds could be obtained for three or
more matrices; they would be explicit and elementary as desired, and would require
little modification to the theory already discussed. One concern may be that since
the global cone is, in some sense, the ‘worst-case scenario’ out of the pairwise mutu-
ally invariant cones, the resulting bounds ¥, and ®; may not be especially accurate
for low k. The cones should narrow significantly as k increases however, so it is
possible this problem would not persist to high & values. The computing time for
these bounds would increase significantly with &k (at least exponentially), and so

their practicality could also be called into question.

6.3 Random bounds: generalized Lyapunov exponents

Positivity of the maximal Lyapunov exponent of a system tells us that vectors will
grow at exponential rates following sufficient iteration. While this is in itself useful to
know due to reasons discussed previously, such as the indication of chaotic behaviour,
one may wish to obtain further information about the convergence of the Lyapunov
exponent. One method for achieving this is to observe the distribution obtained
when calculating finite-time Lyapunov exponents, similar to those we saw in Chapter
5, and see how this evolves when taking increasing numbers of iterates. This can be
a very lengthy procedure however, as one must calculate many finite-time Lyapunov

exponents to obtain a sufficient sample size.

An alternative method is to study the generalized Lyapunov exponents [17], ¢(q)
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for ¢ € N, which are given by
((q) = lim log B[ H"v, |, (125)
n—oo

for vy € R%. Each /(q) gives the growth rate of the ¢'» moment of the norm of
the matrix product H™. In a similar way to how Lyapunov exponents characterise
the expansion rates in tangent space, generalized Lyapunov exponents quantify the
fluctuations of these growth rates. For a more detailed discussion of generalized
Lyapunov exponents and their uses, as well as a method for estimating generalized
Lyapunov exponents, see Vanneste [58] and the references therein.

In our case, and in a similar fashion to Sturman and Thiffeault [54], we note that

[ May by On—1|| L HMal,blUOH>q
[on-1l lvoll ’

_E (||MaN,bNUN—1||)q . E <||Ma1,blvo\|>q
Jon-] [l ool ’

since ||v;|| are independent of each other. Finally, since we choose the matrices at

E||H"vo||? = E (

random, the a; and b; are independent and identically distributed random variables,

and so we obtain the lower bound

1 e’} M q
\Iqu) — ZL Z 2—a—b log ( min {M}) S f(q% (126)

wetan U ol

and the upper bound

I | Mol \?
(Q) —— a—b { a,b } >
D) 1 agbﬂ 2 log (vrencegz T > ((q). (127)

6.4 Deterministic bounds: general application

In Chapter 5 we derived and studied bounds for the Lyapunov exponents of a family
of linked twist maps, as well as an additional map formed via shear composition
which we introduced in Chapter 3. We note here that these bounds are, in principle,

applicable to a wider range of systems than those presented in this thesis.
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The most important condition in the acquisition of bounds of this form is the
existence of invariant subspaces (cones) in tangent space. Due to this, the method
naturally lends itself to finding bounds on Lyapunov exponents in systems with
some form of hyperbolicity, as the existence of invariant subspaces is a necessity in
such systems. An example of another system discussed in this thesis to which the
method could be applied is the map originally studied by Cerbelli and Giona [14],
which we discussed in Section 3.3, although it should be noted that the Lyapunov
exponents of this map can be evaluated explicitly. In fact, the invariant cones one
obtains for this map are simply the eigenvectors of the Jacobian corresponding to
the hyperbolic region, and so our bounds reduce to the exact Lyapunov exponent;
similarly, this happens in the case of systems such as Arnold’s Cat Map, where the
invariant subspaces also consist of a single vector.

The main limiting factor in the calculation of the bounds (assuming the pre-
requisites, such as the existence of invariant cones, are met) in deterministic systems
is the calculation of the return-time distribution, and subsequently the distributions
characterising the matrices which can precede other matrices in an orbit. It should
be noted that an exact expression of the distribution is not necessary to obtain
bounds, as we showed in Section 5.6 where we found bounds upon certain elements
of the distribution. If one could obtain an expression which could (non-trivially)
bound the distribution elements at each subsequent iteration of the bounds, then in
principle higher iterations of the bounds could become attainable. Note also that
while the above statement will hold true in theory, the existence of a system where
one could obtain useful bounds upon these distribution elements is not known to
the author, and a way to bound the distribution elements of subsequent preceding

distributions in the systems we have studied also appears unlikely.
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