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Abstract

Periodic approximations and spectral analysis of the Koopman operator: theory and

applications
by

Nithin Govindarajan

Modeling complex dynamical systems, with an eye towards accurate reconstruction
of individual trajectories, is an inherently difficult proposition. This difficulty, which
arises from exponential sensitivity to initial conditions, also makes it nearly impossible
to simulate long-term trajectories. Fortunately, in many applications, it is sufficient
if a reduced-order model is able to just capture the global invariant and quasiperiodic
structures which fall within the resolution of observation.

Koopman operator theory is a mathematical formalism which allows one to extract
these global structures. Many geometric notions in the state-space, as well as statistical
properties on the attractor, are characterizable in terms of the spectral decomposition
of this linear operator. The linearization of a system through the Koopman operator
is achieved by lifting the dynamics to the space of observables, making the technique
applicable to any system for which the flow map is well defined.

The generality of the Koopman formalism is specifically demonstrated here on a
nonsmooth system in which a pendulum is subjected to downward kicks at fixed angles.
In the absence of damping, it is shown that the fixed space of the operator yields a
characterization of the ergodic partition, whereas the set of limit cycles on the attractor
gives rise to a continuous spectrum. Under marginal damping, the continuous spectrum
is shown to disintegrate and the appearance of dissipative eigenvalues associated with the

transient dynamics of the stable fixed point can be related to a linear system by means

Vil



of a semi-conjugacy.

Critical to the wide-scale application of Koopman operator theory are numerical
methods which are able to approximate the spectral decomposition of observables. Given
that any computational method must reduce the infinite-dimensional Koopman operator
to something finite, this dissertation specifically examines how the Koopman operators
of finite-state dynamical systems are related to their infinite dimensional counterparts.

A convergence result is proven here in which the class of continuous, measure-
preserving automorphisms on compact metric spaces is shown to be approximable by
periodic systems on a finite state-space. The Koopman operators of these so-called “pe-
riodic approximations” are shown to converge spectrally to that of the original operators
in a weak sense. Herein, it is demonstrated that even though the individual rank-one
spectral projectors are spurious, smooth weighted sums of these projectors applied to a
fixed observable are meaningful and converge to the quantities one would expect for their
infinite-dimensional counterparts.

The results are generalizable to handle measure-preserving flows through an interme-
diate time-discretization. For convergence of the spectra to occur, a sufficient condition
is derived requiring the spatial refinements in the periodic approximation to happen at
a faster pace than the temporal refinements. Peculiarly, this requirement is somewhat
opposite to what the CLF condition dictates for stability of finite difference schemes. Al-
beit, the periodic approximation may be interpreted as a specific semi-Lagrangian scheme
where additional “global” efforts are made to prevent two grid points from collapsing into
one.

Given the aforementioned approximation results, numerically convergent methods
for computing spectra of observables are formulated. The crucial part of the numerical
method is the construction of the periodic map, which in the general case can be done

by solving a bipartite matching problem. It is shown that for Lipschitz continuous maps,

viil



this process can be executed in roughly O(n*"/?) complexity, where m is the dimension
of the state-space and n the size of the partition in each dimension. Since the remainder
of the numerical method exploits the structure of permutation matrices and only requires
computing Discrete Fourier transforms, the entire scheme is numerically stable and “fast”,
hence yielding a viable method to compute the spectral decomposition of Koopman

operators for the measure-preserving case.
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Chapter 1

Introduction

The classical perspective towards the analysis and modeling of dynamical systems re-
lies on the so-called “state-space” representation. This geometric viewpoint of Poincaré
certainly had been very fruitful for the scientific community, and its applications are
unquestionable, particularly in the area of control theory. In recent times, an alternative
viewpoint to dynamical systems has been receiving a lot of attention. This viewpoint,
which is based on the “dynamics of observables” picture, considers the evolutions of
functions (i.e. observables) defined on the state-space through the framework of the
Koopman operator [I]. A remarkable feature to this approach is that the dynamics are
always linear in the space of observables, irrespective of the underlying properties of the
dynamical system in the state-space.

Within the state-space formulation, there has always been a “disparity of comprehen-
sibility” when it comes to the analysis of linear systems versus nonlinear ones, with the
latter being significantly more complex. Given the tools of spectral operator theory, the
Koopman operator allows one to treat nonlinear systems in a linear setting. This fact
even holds true for non-smooth systems which are characterized by discontinuous orbits.

The associated benefits of Koopman operator theory do however come at the price of

1



Introduction Chapter 1

dealing with an infinite-dimensional system. Finite-dimensional approximations of an
operator and numerical approximation of its spectra are a delicate issue. Apart from
exploring the applicability of Koopman operator theory to nonsmooth/hybrid systems,

the main goal of this dissertation is to analyze these issues in greater depth.

1.1 The Koopman operator

Mathematically, the Koopman formalism can be expressed as follows. Let X c RY
denote the state-space and S* : X — X a flow map satisfying the (semi-)group properties:
Sto S%(x) = S™(x), S°(x) = x. Now consider an observable g : X — C, for some fixed

t € R, the Koopman operator is defined as the operation:

U'g) (z) :=go S'(x).

The Koopman formalism replaces the original system expressed by the tuple (X, S%,¢)
with the alternative representation expressed by (G,U",t), where G denotes the space
of observables. It is easily verifiable that U' is a linear operator on G. This linear
description of a nonlinear, and possibly, non-smooth system is obtained through “lifting”
of the dynamics on the state-space to a higher, infinite-dimensional space of functions.
The linearity of ' allows one to exploit the machinery of spectral operator theory.
In particular, eigenfunctions may be defined for the operator. A nonzero function ¢, € G

is called a Koopman eigenfunction if it satisfies:

(L{tgbA) (z) = Moy () (1.1)

for some eigenvalue A € C. Given the infinite-dimensional nature of the operator, U may

also contain continuous spectrum. In that case, one can extend the notion of eigenfunc-
2



Introduction Chapter 1

tions in an appropriate weak sense using the concept of distributions. These generalized

objects, referred to as eigendistributions, satisfy the relation:

/X(Z/lt%) (x)w(x)du = e’\t/xqﬁ,\(w)w(:c)du (1.2)

where w(z) is some arbitrary test function on X. Indeed, it follows that all eigenfunctions
are eigendistributions, but the converse does not hold true.

From a dynamical systems point of view, the interesting aspect of these eigenfunctions/-
distributions is that they are preserved under conjugacy. If S*: X — X, R': Y — Y are
two topologically conjugate dynamical systems under the homeomorphism h : X — Y,
i.e. hoS'(x)= R'oh(x), and if ¢, is an eigenfunction/eigendistribution of U}, then so
should ¢, o h be an eigenfunction/-distribution of Y. Also, the level sets of Koopman
eigenfunctions are directly related to many geometric state-space notions of a dynamical
system. That is, let:

Uy, ={r € X : dx(r) =c}

denote a specific level-set of an eigenfunction. Then the mapping of the set ¥§ forward

under the flow yields the relation:

St (ws,) = woor, (1.3)

The interpretation of ([1.3)) is that the level-sets of ¢, characterize how specific ensembles

of initial conditions are propogated under the flow.
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1.2 Koopman analysis of hybrid systems

Analysis of nonlinear flow fields through the spectral properties of the Koopman
operator has already been carried out under various settings [1]. These approaches have
been particularly useful in describing dynamically relevant modes in fluid flows [2, [3],
coherency in power systems [4], and energy efficiency in buildings [5]. The wide-scale
applicability of Koopman analysis is primarily because the linearization holds true for any
system for which the flow map is well defined. The framework is even applicable piecewise-
smooth dynamical systems where the orbits are characterized by smooth evolutions,
interrupted by discrete jumps.

This dissertation, explores some applications of Koopman operator theory to hybrid
systems. This is done by studying a model problem of a pendulum which receives a
downward kick at certain fixed angles. It is shown that eigenfunctions for this system
can still be computed using the technique of taking weighted time averages of observable
traces [6]:

t

lim ! e (U g) (x)dT (1.4)

t—oo t 0

Many of the connections of Koopman eigenfunctions to geometric quantities (e.g. invari-
ant partitions, isotables, isochrons) that have played a key role in the success of Koopman
operator theory for nonlinear systems, seem to naturally extend for this specific example
of a hybrid system.

In particular, one can use the eigenfunctions to establish a (semi-)conjugacy with a
linear system. As a consequence of the classical Hartman-Grobman theorem, a nonlinear
system is conjugate to a linear system around a small neigborhood of a stable fixed
point. In [7] it was shown that this conjugacy can be extended to the entire basin of

attraction. A remarkabld'] aspect to this fact is that the result also applies to a system

!But perhaps unsurprising for those who are familiar with the proof technique of [7].

4
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with discontinuous orbits!

1.3 Numerical methods for Koopman analysis

An important avenue of research is the development of reliable numerical methods to
compute the spectral decomposition of the Koopman operator. A lot of work has already
been dedicated on this subject. The existing numerical methods can roughly be classified

into four categories:
1. Computing time-averages
2. The Krylov subspace approach (e.g. DMD)
3. Galerkin-type methods (e.g. Extended DMD, Ulam approximation)
4. Reconstruction of spectra from moment data

The first approach which involves computing time-averages are straightforward numerical
implementations of classical ergodic theorems such as Birkhoff’s and Wiener&Wintner’s
results on measure-preserving systems (see e.g. [8, O, [10, [I1]). Although the classical
ergodic theorems apply to only eigenvalues on the unit circle, in [6] it was shown that
dissipative eigenfunctions may also be constructed from the generalization of harmonic
averages in ((L.4).

The second approach which relies on a truncated Krylov sequence to compute eigen-
values goes largely under the name of Dynamic Mode Decomposition (DMD) [3, [12].
Although DMD was originally formulated to extract spatial flow structures that evolve
linearly with time, the connections between DMD and Koopman modes were first es-
tablished in [3]. In [13], it was further shown that the eigenvalues and modes of DMD
converge to those of the Koopman operator for the given Krylov subspace.

5
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The third approach is based on classical Galerkin-type approximations of infinite-
dimensional operators using a truncated basis. A method which falls within this class
is Extended-DMD [I4], where the goal is to obtain a finite-dimensional approximation
of the Koopman operator from a “dictionary of observables”. In [15], it was shown that
accumulation points of the spectra converge weakly to eigenvalues and eigenfunctions
of the Koopman operator for the Extended-DMD algorithm. Another method of the
Galerkin-type is the Ulam approximation which is used for the Perron-Frobenius operator
[16], [17], the adjoint of the Koopman operator. This specific kind of approximation has
a Markov chain interpretation where indicator functions are used as the dictionary of
observables.

The fourth approach one could take is to compute spectra from moment data. This
route was advocated in [18] for measure-preserving systems where the Christoffel-Darboux
kernel was used to reconstruct the spectral measure. A feature of this approach is that

it is capable of distinguishing the atomic and continuous parts of the spectrum.

1.3.1 Periodic approximations

This dissertation introduces a new method for computing the spectral decomposition
of the Koopman operator. The philosophy behind the proposed method differs slightly
from the Krylov or Galerkin-based approaches, in the sense that, the operator is not
approximated directly in the space of observables. Instead, a discrete approximation of
the dynamical system itself is seeked, yielding a discretization of the operator indirectly.
The method closely recognizes that any computer/numerical implementation of a dy-
namical system will involve some kind of a reduction to a finite-state model, i.e. a map
T : X — X defined on a state-space X = {1,2,..., N} with finite cardinality.

The main question adressed here is how such finite-state models relate spectrally with
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the underlying dynamical system from which they were obtained. The focus in this dis-
sertation is to particularly investigate this matter for the class of measure-preserving dy-
namical systems on compact domains. For this class of systems, the Koopman operator is
unitary in an appropriate Hilbert space. The discrete equivalent of a measure-preserving
system on a finite state-space is a bijective map. The trajectories of such a map are
periodic and the associated Koopman operator is a permutation. It will be shown that
measure preserving systems can be approximated arbitrarily well by periodic discrete
maps, and they in turn, may be used to efficiently compute spectra. These so-called
periodic approximations are closely related to the Ulam approximation, but instead of
assigning transition probabilities, one explicitly enforces a bijection on the state-space

partition so that the unitary structure of the operator is preserved.

1.3.2 Inherent challenges of computing spectra

The computation of spectral properties of an infinite-dimensional operators is ac-
companied with inherent challenges. A classical challenge in this domain is the issue of
spurious eigenvalues that may arise in the finite-dimensional truncation. This issue was
first discovered in model problems of Hydrodynamic stability [19] where one is faced with

eigenvalue problem such as:

\Ijzzzz - )\\Ijzzg —1l<z<l1

U(+1) = W (+1) =0

The Chebyshev-tau method converts this infinite-dimensional problem to a generalized
eigenvalue problem of the form Ax = ABz. Apart from the close approximations of

the true eigenvalues, it was observed that the discretization also generated large positive
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eigenvalues. These spurious eigenvalues had nothing to do with those of the original
infinite-dimensional system (the true eigenvalues A\ = —n?r? were all negative). This
specific example shows that one always has to be cautious in the discretization of infinite-
dimensional operators.

Another challenge, more specifically related to Koopman operators, is the sensitivity

of certain spectral properties of a dynamical systems. For example, the map:

T(z) =(r4+w) mod 1

has isolated eigenvalues if w € Q and a dense set of eigenvalues if w ¢ Q. Another example

illustrating the sensitivity of the spectra is:

T (x) = (21,72 + w + esin(2mxy)).

This map has a fully discrete spectrum at ¢ = 0 (and also isolated if w € Q), but an
absolutely continuous spectrum when € # 0 (see e.g. [20] ). From a backward stability
analysis point of view, examples of this kind illustrate that the numerical approximation

of certain spectral quantities may be ill-posed if not formulated correctly.

1.4 The main contribution of this dissertation

The notion of a periodic approximation of a measure-preserving dynamical system is
not new [21], 22] 23], 24] 25|, 26, 27]. It is well-known amongst specialists that the set of
measure-preserving automorphisms, which forms a group under composition, are densely
filled by periodic transformations under various topologies (see e.g. [21]). These earlier
periodic approximation results were useful in proving certain claims such as whether an

automorphism is “generically” ergodic or mixing. Katok and Stepin [25] also showed

8
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that the rate at which an automorphism admits a periodic approximation can be directly
related to properties of ergodicity, mixing, and entropy. Certain spectral results were also
proven in [25]. For example, it was shown that if 7" admits a cyclic approximation by
periodic transformations at a certain rate, then the spectrum of the Koopman operator
is simple.

Despite of these spectral results, the formulations proposed by ergodic theorists are
not suitable for the applications considered in this dissertation. This is because of the dif-
ficulty to construct periodic approximations of the kind suggested in [25] from a practical
sense. The focus of this earier work was more on answering certain deep theoretical ques-
tions concerning global properties of automorphisms, rather than the more engineering
oriented applications adressed in [28, 29].

With that stated, the main novelty of this dissertation is really the application of the
concept of periodic approximations for the purposes of computing spectral decomposi-

tions of observable dynamics.

1.5 Permissions and Attributions

1. The content of chapter [2]is the result of a collaboration with Hassan Arbabi, Louis
van Blargian, Timothy Matchen, Emma Tegling, and Igor Mezi¢. The work origi-

nates from the conference paper:

N. Govindarajan, H. Arbabi, L. van Blargian, T. Matchen, E. Tegling,
I. Mezié, “An operator-theoretic viewpoint to non-smooth dynamical sys-
tems: Koopman analysis of a hybrid pendulum”, 2016 IEEE 55th Con-

ference on Decision and Control (CDC) in Las Vegas.

2. The contents of the remaining chapter is the result of a collaboration with Ryan

9
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Mohr, Shivkumar Chandrasekaran, and Igor Mezi¢. Most of the work is summarized

in the papers:

N. Govindarajan, R. Mohr, S. Chandrasekaran, and I. Mezi¢, “On the ap-
proximation of koopman spectra for measure preserving transformations”
arXiv preprint arXiv:1803.03920 (2018). (Submitted SIAM journal on

Applied Dynamical Systems)
and

N. Govindarajan, R. Mohr, S. Chandrasekaran, and I. Mezi¢, “On the
approximation of koopman spectra for measure preserving flows”, arXiv

preprint arXiv:1806.10296 (2018).

10



Chapter 2

A case study: the hybrid pendulum

A considerable number of dynamical systems in engineering practice are essentially hy-
brid in nature. These systems typically model non-smooth phenomena such as impact,
collision, and switching between several discrete modes. Under the hybrid automaton
framework, these discontinuities are often expressed in terms of guard conditions, state
resets, and switching between several “system modes”. The imposition of such con-
ditions result in so-called piecewise-smooth dynamical systems of which the orbits are
characterized by smooth evolutions, interrupted by discrete jumps.

This chapter illustrates how Koopman analysis can be applied to certain classes of
hybrid systems consisting of a single discrete mode, but are subjected to guard conditions
and state resets. The emphasis is on a specific benchmark pendulum system that is
subjected to downward “kicks” under fixed angles. Overall, two cases are considered: (i)
the undamped case where the continuous part of the system is Hamiltonian, and (ii) a

damped case where the pendulum is exposed to viscous damping.

Remark 2.0.1. The notation and variables defined in this chapter are independent of the

forthcoming chapters. Some of the variables will be re-used later for different purposes.

11



A case study: the hybrid pendulum Chapter 2

2.1 A model of a kicked pendulum

Consider a mathematical pendulum with length [ and mass m. In the absence of
damping or external forcing, the equations of motion for this system are formed by

defining 7 := (f,w) € S' x R=: X and f: X ~ R? such that:

w

—(g/l)sin®

i = f(x) =

Now suppose that the pendulum experiences an instantaneous backwards “kick” when
passing through the given angles £6*. This kick is modeled by an instantaneous change
in angular velocity Aw > 0. In the hybrid automaton notation, the kick is included in

the model as a reset map R : X — X defined by,

(=0, w+ Aw) if (0 = —0") A\ (w < 0)
R(O,w) = ,

(0", w—Aw) if (0=6%)A(w>0)

where, for ease of notation,the guard conditions are incorporated as well. Note that the
reset only occurs upon passing through +6* from below, so that the kick is always directed
towards the stable equilibrium point of the pendulum. Note that in this formulation, no
resets occur when the pendulum only grazes the “kicking surfaces” at £6*. The situation
is illustrated in fig. where also the corresponding hybrid automaton representation

and state-space are shown.

12



A case study: the hybrid pendulum Chapter 2

Normalized equations

To simplify the analysis, it is convenient to normalize the state x by dividing the

angular velocity w by the kick strength Aw, i.e.

0 Hp

5 |G lm)sing

and

R0 — (=0, p+1) if (0 =—0") A (p < 0) | 02

(0" p—1) i (0=0)Vv(p>0)
where p = w/Aw denotes the normalized momentum. The equations (2.1]), (2.2), are
parametrized in terms of py := Aw > 0 (the kick strength) and ps := w, := v/g/l >0
(the natural frequency of the linearized pendulum). Note that the continuous part of the

(undamped) hybrid pendulum is Hamiltonian. One can verify that the function:

H(O,p) = !

2
5 (ﬂp) +1—cosd (2.3)

M2

constitute an invariant for the flow of (2.1). This particularly implies that, in between

state resets, the trajectories of the pendulum are confined to level sets of (12.3).

The damped case

The dynamics of the kicked pendulum will also be studied under the effects weak
viscous damping on the system. The continuous part of the hybrid system in that case
is replaced by

0 Jp
- ' (2.4)
p| | = (u3/m)sind — kp

13
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Figure 2.1: The hybrid pendulum: (top) upon passing the angle £6* from below the
pendulum experiences a change in angular velocity by Aw, (middle) the corresponding

hybrid automaton representation, (bottom) the state-space of the system.

where k£ > 0 is the viscous damping coefficient.



A case study: the hybrid pendulum Chapter 2

2.2 Classic geometric analysis of the kicked pendu-
lum

In this section, the pendulum is analyzed from a geometric perspective using classical

tools. The undamped case is covered at first, followed by damped case.

2.2.1 Geometric analysis of the undamped case
The Poincaré map

The trajectories of the freely oscillating pendulum are confined to the level sets of

(2.3). Through this observation, it is clear that for initial conditions belonging to the set

A ={(0,p) € X : H(0,p) < H(0,0)} (2.5)

the behavior of the hybrid pendulum is exactly identical to that of the freely oscillating
pendulum.

The more distinctive behavior can be found only in the region: H(6,p) > H(6*,0).
In this part of the state-space, the pendulum gets “kicked” at least once in its orbit for
almost any initial condition. The only initial conditions that never get kicked here are
those that lie exactly on the homoclinic orbit of the unstable fixed point, and additionally
satisfy 6 > 6", p > 0or 6 < —0*, p <0.

The dynamics of the kicked region can be fully understood from a discrete map
defined on the kicking surfaces. Given that the orbits between two consecutive impacts
are uniquely determined by the momentum at +£6*, a map can be defined to describe the
(normalized) momentum p} g—rg- Of the pendulum right before the next impact. To do

this thoroughly, at first the points on the kicking surfaces that directly get mapped into

15
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the homoclinic orbit are described. Let:

Per = M2 /2 T2 cos b7 (2.6)

H1

denote the critical momentum required to be on the homoclinic orbit and assign the
variable 7 to be the state of the pendulum at the unstable fixed point. The Poincaré

map T : {RU~} — {RU~} is defined by

.

p+1l  p<—(per+1)
p+1  —Pe+1)<p<0
0 p=20

—lp=1 0<p<pe+1

p_1 pcr+1<p

v p=rorp=E(pe+1)

Asymptotic dynamics of the hybrid pendulum

To fully describe the asymptotic dynamics of the pendulum in the region: H(6,p) >
H(6%,0), the following result about the map (12.7)) is stated first.

Lemma 2.2.1. The map T : {RU~} — {RU~} defined by has the following

asymptotic properties:

(i) Ifpe D :={peR:p=yAp==£(per+ k), k €N}, then there exists M > 0, such
that:
T"(p) =7, Yn>M

16
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(i) If p ¢ D, then there exists a M > 0, such that:

T(p) e [-1,1], Yn>M

Proof. (i) can be established by computing the pre-images T%({~}) for k£ € N. To show
that (ii) is true, observe at first that T'([—1,1]) = (=1, 1), which shows that [-1,1] is a
positively invariant set. Now consider any p ¢ D with |p| > 1, then |T'(p)| = |p| — 1.

Using induction, it may be shown that:
" (p)| = [pl =7, |pl>n

from where it follows that 7" (p) enters the interval [—1, 1] in a finite number of iterations.

]

Lemma states that the interval [—1, 1] is an attracting set for (2.7)). Furthermore,
it states that the trajectories enter the interval [—1,1] in a finite number of iterations.

The interior of the attracting set is composed of:
(i) a fixed point at p = 0.

(ii) an uncountable family of period-2 cycles of the form:
{p1.p1 =1}, p1€(0,1) (2.8)

These results on the map ([2.7)) are related to the actual hybrid system in the following

way. The interval [—1,1] from Lemma corresponds to the set

Ao :={(0,p) € X : H_ < H(0.p) < H,,|0] < 6} (2.9)

17
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where:

H_:=H(6°,0), H,:=MH(6"1). (2.10)

This set is foliated by an uncountable family of limit cycles. In correspondence with
the period-2 cycles of the map (2.7)), the limit cycles can as well be parametrized by
{p1,p1 — 1}, p1 € (0,1). The following relationship can be obtained between the original

coordinates and the limit cycle in which the system is on:

f\/Q(’H(@,p)—l—i-cosQ*) p>0

pi(8,p) = (2.11)

1- ﬁ\/Q(H(Q,p) —1+cost) p<0

where (0, p) € A,. In summary, the following result follows.

Theorem 2.2.2. The trajectories of the hybrid pendulum, starting from almost every-
where in the region’: H(0,p) > H(0*,0), enter into a discontinuous periodic orbit in finite

time.

Proof. Trajectories in the interior of the set (15) are already in a discontinuous periodic
orbit. From lemma 1 it follows that almost all other trajectories eventually enter one of
these periodic orbits. A measure zero set of trajectories get kicked into the homoclinic

orbit, hence the statement almost everywhere. O]

Basin of attraction

The basin of a specific limit cycle p; can be found by repeatedly computing the pre-
images of the map ([2.7)). fig. shows the basin of the limit cycle at p; = 0.7 for three

different values of p..

18
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Figure 2.2: Basin of attraction for the limit cycle with p; = 0.7. p, = 1.65 (top),
per = 1.7 (bottom-left), p., = 1.73 (bottom-right).

Action-angle coordinates

If the pendulum is released at # = —#* with an initial momentum p; € (0, 1), then

the time required to reach a certain 6 € [—6*, 6*] is determined by the elliptic integral:

9 2 -
I'0,p] = /e*i [2 (% (%pl) — cos 6” +COS§>] d¢

The function I'[f, p;] permits us to define action-angle coordinates for the set (2.9)).

N

The period of a specific limit cycle {p;,p; — 1} is given by the formula:

Plp] =T[0", p] + T[0", 1 — pi] (2.12)
19
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On every limit cycle {p1,p1 — 1}, a phase coordinate ¢ € [0,27) can be assigned such
that: ¢ =0 at (0,p) = (—6*,p1). This is done as follows: let o(p;) denote the orbit of a

specific limit cycle, i.e.

o(p1) == {(0,p) € X : S*(—6*, p1) = (0,p) for some ¢t >0}

Then, the phase on o(p;) can be defined as:

1 | L0, pi] p>0

Y= P

(2.13)
L, pi] +T[0" = 0,1 —p1] p<O

where (0,p) € o(p1).
The formulas (2.13) together with (2.11)) define action-angle coordinates for the in-
terior of the set (2.9). That is, under the coordinate transformation (I,%) = h(0,p),

where:

hi(0,p) = p1(0,p) (2.14a)

h2(67p) =

1 F[97P1(97p)] p > 0

Plpi(0.7)] (2.14b)

the set A, is mapped onto the set

Y :=(0,1) x S (2.15)

20
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under which the flow is simply

RYI,v) = (I,(Q]t+1) mod 27) (2.16)

where Q[I] := 27/ P[I].
The kicked pendulum has an invariant measure whose support is restricted to the
set Ap. In fact, under the bijection (2.14) the dynamics on the set A is conjugate to

the Lebesgue measure-preserving system in (2.16)). Hence, if py denotes the Lebesgue
measure for the domain (2.15)), then

fra, = fry o h (2.17)

is an invariant measure for the hybrid system on (2.9).

2.2.2 Geometric analysis of the damped case

In this section, the damped hybrid pendulum is studied from the geometric perspec-

tive.

Poincaré map for the damped system

The asymptotic properties of the hybrid pendulum under viscous damping can again
be analyzed through the study of some discrete map. Because of dissipation, all trajec-
tories that start at H(6, p) > H(6*,0) must eventually enter the set (2.9). Given that all
trajectories in A; spiral into the stable fixed point of the pendulum, the analysis of what
happens in A, is critical to determining the global properties of the system overall.

The analysis is pursued by viewing the system in terms of its energy state H, which has

a one-to-one correspondence with the normalized momentum p if the inherent symmetry

21
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is exploited in the system. The discrete map that characterizes the dynamics inside Aj is
defined in reference to the value of the energy at the condition (+6*,p), where 0 < p < 1.

In the most general sense, the map takes the form:
H =u(H):= fod(H) (2.18)

Here, u is a composition of two separate functions: d, which represents the energy dis-
sipated due to damping as the pendulum traverses from +6* to F6*, and f, which
represents the energy change related to the kicking of the pendulum at +6*. By knowing

the change in momentum that occurs after a kick, and given ([2.3), one can derive that:

F(H) = H - <%)2p(H> ‘a (Z_) (2.19)

where:

p(H) = "2\ /2(H + cos 0" — 1)
H1

The dissipation function d, on the other hand, must be a monotonically increasing func-
tion and takes the form d (H) = r (H) H with 0 < r(H) < 1 for all H > 0. Based on
some numerical simulations (see figure , it is assumed that the dissipation function

is linear:

dH)=rH, 0<r<l

For the undamped case, the map (2.18]) is defined on the domain [H_, H.] (see (2.10))
and has a neutrally stable fixed point at Hy,o = H(0*,1/2). Furthermore, it has an
uncountable family of neutrally stable period-2 cycles , since f? := fo f = Id. The

introduction of damping restricts the domain of the map (2.18)) to [Hy, H, |, where Hy :=

22
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Figure 2.3: The dissipation function d computed for different viscous damping coeffi-
cients. The kick angle 6* is set to 7/3 rad, u; = 1 rad/s, and puy = 1 rad/s.

H_/r. The range of (2.18)) equals u([Hy, H+]) = [H_, H:], hence a subset of initial
conditions will eventually get mapped outside the domain of u. The next theorem shows
that this subset is, in fact, the entire domain except for one specific point corresponding

to the unstable fixed point of w.

Theorem 2.2.3. Consider the map (2.18]) and assume that the dissipation function is

linear. Furthermore, denote r =1 — ¢, with § > 0 sufficiently small. Then:
(1) there exists a unique fized point Hy,(0) > Hy,o which is unstable.

(i1) the map u:= f od, defined by ([2.18)), has no period 2-cycles.

(111)) VH # Hy,(0), 3n > 0 s.t. v (H) ¢ [Ho, Hy]

Proof. For notational convenience, let us denote 7 := /lj—; To show that the fixed point

Hy, moves to the right and observe that it must belong to the graph of the implicit
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function:

S(H: ) = 6H —p((1 — O)H) + 2o = 0

Since,

0 1
—s(H;0) = Hyppo (1 + )
99 §=0,H=Hjp r P(H o)

- 3pr70
> 0

the implicit function theorem guarantees that Hy, = Hy,(0), such that s(H,(d);0) =0

for a sufficiently small neighborhood around ¢ = 0. Furthermore,
Hyyp(0) = Hipo + 3H 00 + O(J0]")

which shows that the fixed point moves to the right for 6 > 0. The fixed point H,(9),

d > 0 is unstable. To show this, take note that u(H) = u(H;J), and:

JOH. Y 1
) =00 (1= S

Consider u/'(Hy,(0);0), the fixed point is unstable if, and only if, |v'(Hp,(9);9)] > 1.

Given that v/ (H,(0);0) = —1, the following needs to be shown:

W' (Hyp(0);0) < u'(Hpp(0);0) = —1
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Since,

a4 8
dd =0 n?
< 0, if0°#0

Q\
=
<
—
[«
~—
(=%
~—
I

(cosf* —1)

this is indeed the case, which completes the proof for (i).
To prove (ii), consider u?(H) := uou(H), it will be shown that for a sufficiently small

0 >0,

LR (HY = o/ (u(H ! () > 1

dH -
Since u?(Hy,) = Hy, with s5u?(Hy,) > 1, the above inequality would imply that u®(H)
has no other fixed points, which proves the non-existence of period-2 cycles. To show

that the inequality is valid, observe at first that «'(H) = «/(H;¢) and that v'(u(H)) =

u'(u(H;6);9). Furthermore,

u'(H;0) = u'(H;0)+ %u’(H; 5| 6+0(d?
6=0
/ . 5)- — 1 9 . 5)- 2

So that for sufficiently small § > 0:

d 2 o a / .

5> u'(H;0) + O(]6]%)
5=0
Hence, if it can be shown that:

k(H) := —u'(H;0) + 2u/(u(H; 6);9)

0

W' (H;0) >0
5=0
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then -Lu?(H) > 1. And indeed,

0 1.  J(H0) - M
gs (Hi0)| = —u(Hi0) = o
D ). 1 nu(H;0)
ggtl (WH:0):0)| C(H0) (1 — p(E)))?

and after some algebraic manipulations:

In?p(H)(1 — p(H)) + 1 — cos §*

KH) = =2 s P = )P
1 1
A I

which completes the proof for (ii).

The proof of (iii) follows directly from -Lu?(H) > 1. O

Corollary 2.2.4. For 6 > 0 sufficiently small, the trajectories of the hybrid pendulum,

starting from almost everywhere, asymptotically reach the fixed at 6 = 0.

2.3 Koopman analysis of the kicked pendulum

In this section, the kicked pendulum is analyzed from the Koopman operator theory

perspective. First, the undamped case is studied, followed by the damped case.
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Figure 2.4: Projections of observables onto the eigenspace of Koopman at A = 0.
The boundaries of the set of limit cycles (2.9)) is demarcated in black, p; = 1 rad/s,

s

pe = 1 rad/s, and 6* = § rad. The top two figures are the results obtained with
the Hamiltonian function , whereas the bottom two are those obtained with the

signed Hamiltonian function
results into the region [0,2] x

2.21|). The figures on the right show a close up of the
[0,2].

2.3.1 Koopman analysis of the undamped case

Eigenspace of Koopman at A =0

The level sets of Koopman

eigenfunctions at A = 0 partition the state-space into

invariant sets. In fact, the characterization of the eigenspace at A = 0 is directly related

to the ergodic partition [30), 2§].

To describe this partition for the hybrid pendulum, consider at first the dynamics

on the invariant set (2.9)). In section it was shown that this set is foliated by an
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uncountable family of limit cycles. Given this property, one can verify thatﬂ

¢0<07p) = 5(h1(0ap) - ]0)7 ]0 S (07 1) (220)

form a collection of eigendistributions at A = 0, where h; specifically refers to (2.14a}). In
a certain sense, these distributions are the building blocks of all eigenfunctions at A = 0.

That is, if ¢ : (0,1) — C denotes a function on the open unit interval, then:

P0(0.p) = / e(1)3(h1(6.p) — T)dI = c(hn (6. p))

is an eigenfunction at A = 0.

The definition of ¢y can be extended to outside of A, if all initial conditions belonging
to the basin of a particular limit cycle {p;, p; — 1} are assigned the value ¢(p;). Clearly,
if ¢ is a bijection, the level sets of ¢g describe the orbits of the system.

Eigenfunctions of the Koopman operator can be recovered by computing time-averages
of observable traces. These averages are projections of observables P*g onto the eigenspace
at A € C. The top two figures in fig. depict a high-resolution contour plot of a pro-
jection P%, when g is set equal to the Hamiltonian function . In the figures, initial
conditions that have the same color belong to the same level set, and hence, fall under
the same equivalence class of long-term dynamical behavior. Note that for this particular
eigenfunction, these equivalence classes are not the actual limit cycles themselves, since

trajectories that end up in the limit cycles:

{p17p1 - 1} and {1 — P1, _p1}7 b1 € (07 1/2)

have exactly the same time-average.

1§ denotes here the Dirac delta function
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To obtain a more refined partition, one generally needs to consider the product parti-
tion of multiple projections conjointly [31]. For the pendulum however, the time-average

of the observable:

9(0,p) = sign(p)H(, p) (2.21)

can be determined, which gives the Hamiltonian a sign, depending on the direction in
which the pendulum is moving. This observable is capable of separating the limit cycles
{p1,p1 — 1} and {1 — py, —p1} from each other. The bottom two figures of fig. show

contour plots of the projections obtained with this observable.

Spectral decomposition on the set of limit cycles

The hybrid pendulum is measure-preserving on the set . An invariant measure
is given by . Consequently, the Koopman operator is unitary on L?( Ay, j14,). This
implies that the operator admits a spectral decomposition.

An expression for the spectral decomposition is most conveniently obtained by first
deriving the decomposition for the conjugate system and then applying the fact
that eigendistributions are conserved under conjugacy [I]. The evolution of a square-
integrable function g(I,) € L?*(Y,uy) under the action of the Koopman operator is
given by,

U'q) (I,0) =g(I,¢+QJt mod 27).
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By expanding the observables in a Fourier series:

(U'g) (Iv) = U’ (Z gj(l)eij’”)

JjEZ
_ Z gj<])6ijQ(I)t€ijw
JjEZ

- /1go<f>6< ~ Iyds +
> [ ners o - pds.

JEZ,j#0

the spectral expansion can be written in the form:

U'g) (1. 4) = g"(1) + / 7dS (p)g (T, ) (2.22)

where the time average g* only has dependence on I and where the projection-valued

measure dS(p) has the explicit expression:

dS(p = > g(De5(iI) — p)dp.

JEZ,j#0

Substitution of (2.14]) into (2.22)) will yield the spectral expansion in the original coordi-

nates. Notice that the spectrum of the operator is continuous.

2.3.2 Koopman analysis of the damped case
Eigenspace of Koopman at A =0

From corollary [2.2.4] it follows that almost all trajectories end up at the stable equilib-
rium of the pendulum as time approaches infinity. The introduction of damping therefore
severely simplifies the eigenspace at A = 0, given that the only permissible eigenfunctions

are now those which are constant almost everywhere in X.
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Figure 2.5: The Koopman eigenfunction ¢ (z) of theorem shown for the regions
(2.5) and (2.9). The figures on the right display the eigenfunction at a cut: 0 = —6*,
€ (—1,1). The viscous damping coefficient is set to k = 0.03. Top row: The modulus

|¢pa(x)|. The phase Zpy(z).

Point spectrum of the operator

The addition of viscous damping turns the fixed point at 6 = 0 into a spiral sink. In
terms of the Koopman operator, these changes give rise to point spectrum in the left-
half complex plane. The point spectra are products of the eigenvaluesﬂ of the linearized

pendulum:

0 1
g=Ay, A= (2.23)
-1 —k

2This follows from the property Ugigs = Ug1) (Ugo).
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T
where y = [9 p} and whose eigenvalues are given by A\/A = —o £ 4n, with ¢ = %k,

Following the concepts discussed in [7], 32], one can show that an eigenfunction at A

and X\ can be computed from the observables:

9i1(0,p) = % {v @}_1 ’ , (2.24)

92(y) = e (2.25)

where v, v are the right eigenvectors of A.

Theorem 2.3.1. Consider the damped hybrid pendulum defined by (2.2)), (2.4). Then,

$r/3(0,p) = |6a(p, 0)] =4O (2.26)
with:
1 t
0200 = Jm g [ e @) 0.p)ir (2:272)
& 0
. 1 [t
I s g T W) (O p)dr (2.270)
are Koopman eigenfunctions at eigenvalues \/\ = —o % in.

Proof. The claim follows by showing that the integrals (33) converge (to a non-zero value)
for all initial conditions on the basin. If (0,p) € A;, the dynamics are identical to that
of the conventional pendulum, and therefore by Theorem 2.3 in [7], there exists a C'-

diffeomorphism h : A; — Y C R? between the flows S* and R!. For all other initial
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conditions on the basin, one can infer from theorem 2 and corollary 1 that there exists a
T* > 0 such that:

SH0,p) € Ay, Vt>T*
A change of variables may be used to prove convergence of the integrals in that case. [

Figure [2.5| shows a contour plot of the eigenfunction in theorem [2.3.1] The functions
|pA(0,p)| and e“?*@P) have the following geometric interpretation. The level sets of
|oA(0,p)| define the so-called isostables [32] and describe the set of points that have
the same asymptotic convergence toward the fixed point. It can be observed that the
isostables blow up in the region that corresponds to the unstable periodic orbit (associated
with the fixed point in theorem . The level sets of €2 (P) (or equivalently those
of Z¢x((0,p)), on the other hand, describe the set of points that simultaneously move in
phase around the fixed point.

The phase plots indicate that the kicking of the pendulum introduces a high level of
phase sensitivity [33] close to the unstable periodic orbit.

Overall, the eigenfunctions of theorem can be used to describe a semi-conjugacy

with a linear system. Specifically, the modulus and phase form a map:

(9>p) = (’¢)\(97p)‘7 AQS)\(eap))

such that under the new coordinates, the following simplified dynamics hold true:

d
a’gﬁ)\(eap)’ = —O”¢)\(9,p)‘

d
El%(e,p) = n
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The spectral decomposition of the

unitary Koopman operator

This section reviews the relevant spectral decomposition theorems of unitary Koopman
operators on a Hilbert space. The theorems are presented in order of increasing complex-
ity. At first, the spectral theory of one-to-one, finite-state dynamical systems is covered.
This is followed by a more general account of the spectral theorem applicable to invert-
ible, measure-preserving transformations on a compact state-space. Finally, the results
are further generalized to include continuous one-parameter families of unitary operators
that arise in the Koopman linearization of measure-preserving flows.

Although the spectral decomposition of finite-state dynamical systems is basic and
involves only knowing linear algebra, the theorems related to measure-preserving maps
and flows will require the more complex machinery of functional analysis. Nevertheless,
the results covered here on unitary operators are well-known and can be found in classical

texts such as [34].
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3.1 Spectral theory of finite-state systems

Consider a map T : X — X on a finite state-space X = {1,2,..., N}. Observables
g : X — C associated with such a map are effectively equivalent to a finite-dimensional
vectorf] g € C". Under the assumption that 7" is one-to-one, the Koopman operator can

RN><N

be expressed as a permutation matrix U € given by

= w=s (3.1)

0 otherwise

Permutation matrices are a special class of unitary matrices and the propogation of an

observable g € C" can be decomposed as:

N

U'g =Y e u(v)g) (3.2)

k=1

where ), € [r, m) and v, € CV (with v]v; = 1if k = [ and zero otherwise) are respectively
the eigenfrequencies and eigenvectors of the matrix.

Two spectral quantities of interest are defined:

1. The spectral projection of an observable g € CV on a interval D C S:

Spg= Y _ g (3.3)

0reD

!Notice that the vector quantity is expressed here with an “upright’ ¢ in order to distinguish it from
the “function” g.
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2. The spectral density functio of an observable g € CV:
N
p(0;8) = 56— bi)|v;gl’ (3.4)
k=1

The eigenvectors and eigenvalues of (3.2)) are easily found for a permutation matrix.
The cycle decomposition, which decouples a permutation matrix into its cycles, plays

a critical role here. That is, associated to every permutation U € RV*¥N there exists

RN><N

another permutation matrix P € such that by a similarity transformation:

PTUP = C, (3.5)
where C is given by:
0 0 0 1]
ct 10 0 0
C= ; cH.=1p 1 ... 00 e RM
C®)
0 0 1 0]

nW 1+ n® 4+ 1 pk) =N,

The decomposition of (3.1]) into its cyclic subspaces is obtained as follows. Initialize

U; := U and call:

@) . @ . n®
P U1€1 e U? e en(1)+1 e eq(n) , with Ul €1 = €71.

2A slight abuse of language here, given that it really is a distribution!
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A similarity transformation yields:

o)
Uy := PO U PO = ¢

Uy

Repeating this process for all s cycles should result in U, = C and P = PO ... P®),

It is well-known that the Discrete Fourier Transform (DFT) matrix diagonalizes any

k) c Rn(k) xn(k

circulant matrix. In particular, for C( " the decomposition reads:

C®) = (DFT) ) Ao (DFT), ), (3.6)
where:
1 1 1 1
1 w w? w"(k)_l
1
(DFT),0 = = |1 2 ot L2 1) ,
n
1 wl(n(k)—l) w?(n(’“)—l) Cu(7~b<k>—1)(7~b<k>—1)
W0
2T .
A = - and w = exp (WZ) )
wn(k)—l

By combining (3.5) with ({3.6]), the following explicit expression for the spectral decom-
position of (3.1)) is obtained:
U = VAV™, (3.7)
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where:

(DFT); o A,

(DFT); ) Ay

3.2 Spectral theory for iterative maps

Let T': X — X be a self-map on the compact, norm-induced metric space X C R™.
Associate with X the measure space (X, M, i), where M denotes the Borel sigma-algebra
and p is an absolutely continuous measure with its support equaling the state-space, i.e.
supp ¢ = X. The map T is given to be an invertible measure-preserving transformation
such that u(B) = u(T(B)) = u(T~1(B)) for every B € M (also referred to as a measure-
preserving automorphisms).

The Koopman linearization of 7' can be defined on the following Hilbert space:
%
POCM) = o3 X | ol <och o= ( [ latoPauto))
The Koopman operator U : L*(X, M, u) — L*(X, M, i), defined by:
Ug=goT (3.8)

is in this situation again unitary. The generalization of (3.2]) requires machinery from
functional analysis and is known as the integral form of the spectral theorem [34]. The

evolution of an observable can be decomposed as:
Urg = / e%dSyg, ke Z (3.9)
S
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Here, & is a self-adjoint, projection-valued measure on the Borel sigma-algebra B(S) of
the circle S parameterized by 6 € [—m, 7). The projection-valued measure satifies the

following properties:

(i) For every D € B(S),

is an orthogonal projector on L*(X, M, u).
(iii) If Dy, Dy € B(S) and Dy N Dy = 0, then

(Sprg. Spyh) = /X (Sprg)" (2) (Spyh) (2)dpa(z) = 0

for every g,h € L*(X, M, ).

(iv) If {Dy},e, is a sequence of pairwise disjoint sets in B(S), then

%E%OZSD'CQ = Spy, D = U Dy,
k=1 k=1

for every g € L*(X, M, ).
The quantities (3.3]) and (3.4 can be generalized as follows:

e The spectral projection of an observable g € L*(X, M, i) on a interval D C S:
Spg = / dSyg (3.10)
D

e The spectral density function of an observable g € L*(X, M, ), defined as the

39



The spectral decomposition of the unitary Koopman operator Chapter 3

distributional derivative:

[5 o (0)c(68: 9)d6 = / o (0)p(6; 9)6 (3.11)

S

of the so-called spectral cumulative function on [—m, 7):

c(0;9) = (Sj-=0)9, 9)

where ¢(0) € D(S) is some smooth test functions on the circle.

In essence, the Koopman operator still behaves as permutation matrix, albeit an infinite-
dimensional one. A method of computing numerical approximations to (3.10)) and ((3.11])

is the main focus of this dissertation, and will be developed in the upcoming chapters.

3.3 Spectral theory for flows

Let S* : X — X denote a Lipschitz continuous flow on a compact norm-induced metric
space X C R™, with S* satisfying the well-known group properties: S*o S*(x) = S*5(z)
for any t,s € R, and S°(z) = x. Again, associate with X the measure space (X, M, ),
where M denotes the Borel sigma-algebra, and p an absolutely continuous measure with
full support on the state-space. The flow S is invariant with respect to the measure p,
i.e. for every t € R and B € M: u(B) = u(S*(B)).

The Koopman linearization of a measure-preserving flow is again defined on:

X Mu) = {g: X C | Jgl<och, gl = (/X |g($)!2du(x))2-
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One now obtains a continuous one-parameter family of Koopman operators:
U'g)(z) :== g o S*(x), teR. (3.12)

Since S? is an invertible measure-preserving transformation for every ¢t € R, the family
of operators {U'};cg forms a continuous one-parameter unitary group. In other words,
is an unitary operator for every fixed ¢t € R and satisfies the group properties:
UtUs = Ut fort,s € R, and U° = I.

A detailed account on the spectral theorem for continuous one-parameter unitary
groups can again be found in [34]. The evolution of an oberservable g € L*(X, M, )
under can be decomposed as:

Ug = /ei“’tdSwg, teRr. (3.13)
R

In comparison to (3.9), notice that the integration is performed over the real line. Here,
S., denotes a self-adjoint, projection-valued measure on the Borel sigma-algebra B(R) of

the real line R. The projection-valued measure satifies the following properties:

SD ;:/ dS@
D

is an orthogonal projector on L*(X, M, u).

(i) For every D € B,

(ii) Sp=0if D=0 and Sp =1if D =R.

(111) If Dl, D2 € B and D1 N D2 = @, then
(Spygs Sp.h) = / (Sprg)" (@) (Spuh) (2)dpa(z) = 0
X
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for every g, h € L*(X, M, ).

(iv) If {Dy},2, is a sequence of pairwise disjoint sets in B, then
Tilgl)okz_;smg = Spy, D= kL_Jle

for every g € L*(X, M, ).
Similar to (3.10)) and (3.11)), the following quantities may be defined:

e The spectral projection of an observable g € L?(X, M, ) on a interval D C R:
Spg = / dS,g (3.14)
D

e The spectral density function of an observable g € L*(X, M, p), defined as the

distributional derivative:
| ¢ @etosais == [ ewiplwi g (315)
of the so-called spectral cumulative function on R:
c(w; ) = (S(-o0w)9> 9)-

where ¢(w) € D(R) belongs to the space of smooth test functions (i.e. Schwarz

space).
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Chapter 4

Periodic approximations - iterative

maps

Let T : X — X be a self-map on the compact, norm-induced metric space X C R™.
Associate with X the measure space (X, M, u), where M denotes the Borel sigma-
algebra and g is an absolutely continuous measure with its support equaling the state-
space, i.e. supp u = X. The map 7' is assumed to be an invertible measure-preserving
transformation such that p(B) = u(T(B)) = u(T~1(B)) for every B € M.

In this chapter, the unitary Koopman operator U : L*(X, M, u) — L*(X, M, )
associated with T is approximated by Koopman operators of one-to-one, finite-state
dynamical systems (i.e. permutation operators). This gives rise to the concept of periodic
approximations. The main result here is a spectral convergence theorem which relates

the spectra of these discrete Koopman operators to their infinite dimensional analogues.
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4.1 Discretization of the unitary Koopman operator

4.1.1 Why permutation operators?

The use of permutation operators as a means to approximate Koopman operator is
in many ways natural. Just like (3.8)), permutation operators are unitary, and therefore,
its spectrum is contained on the unit circle. But the Koopman operator also satisfies the

following properties:
L U(fg) = US)Ug).
2. U is Markov, i.e. Ug > 0 whenever g > 0.
3. The constant function, i.e. g(z) = 1 for every x € X, is an invariant of the operator.

Permutation operators are (finite-dimensional) operators which satisfy the aforemen-

tioned properties as well.

4.1.2 The discretization procedure

The following discretization of the Koopman operator is proposed. Consider any

sequence of measurable partitions {P,} -, where P, := {pn,l,png, ey pn,q(n)} such

that:

1. Every partition element p,, ; is compact, connected, and of equal measure, i.e.

,U(pn,j> - ) J € {1’27"'vQ(n)} (4'1)

where ¢ : N +— N is a strictly, monotonically increasing function. Asking for
compactness, one gets that the partition elements intersect. By (4.1]), it must

follow that these intersections are of zero measure.
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2. The diameters of partition elements are bounded by

diam(p, ;) = sup d(z,y) <Il(n) (4.2)

T,YEPn,j
where [ : N — R is a positive, monotonic function decaying to zero in the limit.

3. P, is a refinement of P,, whenever n > m. That is, every p,, ; € P, is the union

of some partition elements in P,,.

The main idea set forth in this chapter is to project observables g € L?(X, M, ;1) onto a

finite-dimensional subspace of indicator functions,

, q(n) 1 ze€py;
L2AX M) =g, X—=C | > e, (@), GECH, xp,,(2)=
j=1 0 z¢pn;
by means of a smoothing/averaging operation:
& g(n)
an gn,Xn] 7 Gn,j = /gl’xn]xdua: 4.3
(Wng)(x) ij j M(X)X()p‘()() (4.3)

and then replace (3.8) by its discrete analogue U,, : L2(X, M, u) — L2(X, M, ) given
by

ngn Z Ini X1t (Pn.j) ) (4‘4)

where T}, : P,, — P, is a discrete map on the partition.

The map T, is chosen such that it “mimics” the dynamics of the continuous map
T. The condition is imposed that 7,, has to be a bijection. By doing so, a periodic
approrimation is obtained of the dynamics. Since every partition element is of equal

measure (4.1)) and since T}, is a bijection, the resulting discretization is regarded as one
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which preserves the measure-preserving properties of the original map on the subsigma
algebra generated by Py, i.e. (T (pn;)) = 1(pn;) = (T (pnj))-

The discrete operators {U,}, -, are isomorphic to a sequence of finite-dimensional
permutation operators. The spectra for these operators simplify to a pure point spec-
trum, where the eigenvalues correspond to roots of unity. Let v,x = D> (Vnk)jXp., €

L2(X, M, i) denote a normalized eigenvector, i.e.
Z/{nvn,k - ewn’kvmka ||'Un7k|| =L
The spectral decomposition can be expressed as:
q(n)
Ungn = Z e/t 1,0 1 In (4'5>
k=1

where Sy, , 1 L2(X, M, i) — L2(X, M, ;1) denotes the rank-1 self-adjoint projector:

p(X) S
Snﬂn,kgn = Unk <Un,k; In) = Un,k </ vz,k(x)gn(x)dﬂ> =Unk | —/ sz,kjgnd
X

q(n) =
(4.6)
The discrete analogue to the spectral projection (3.10)) may then be defined as:
Sn,Dgn = / dSn,@.gn = Z Smemkgn (47)
D 0 xED
In addition, the discrete analogue to the spectral density function turns out to be:
q(n) )
Pu(05.92) =D |86, 90| 6(0 — On)- (4.8)
k=1

An overview of the discretization process is given in fig. [4.1]
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continuous case:

| |
| |
| |
| L |
3 |
: L2(X, Myp)i={g: X »C | gl <oo}, llgll:= Sy l9(2)?dn)?2 |
| |
I U: L (X, M, ) — L2(X, M, ) |
1 |
| !
: Ug)(2) = g o T(x) |
|
| ) |
| Ug = / elgdSQQ |
| 8 |
| !

| Spyg f/ dSpg
D |
I ————————————————————————————————————————— —

discretization of the automorphism: discretization of the observable:
q(n)
Tn : Pn = Pn Wng)(z) = gn(z) := Z In,jXpy,, ; (T)
Jj=1
Ty, is a periodic approximation n,j 1= gé;)) IX 9(z)xp,, j (z)dp
discrete case:
1 z€E€py
2 s
L2, Myp)i={gn: X »C | T eixp, (@), ¢ €CH,  xp, (@)= {0 e

Up : L2 (X, M, 1) = L2 (X, M, p)

a(n)
Ungn) (z) = Z In,j X—1 ()
= T (o )
am)
T
Ungn = Z € n’ksn,Qn’an
k=1
Sn,Dgn = Z S”’en,kg”
gn,keD

Figure 4.1: An overview of the discretization process.
4.2 Existence of a periodic approximation
It is possible to approximate the map T by a sequence of periodic discrete maps T;,,
as the following theorem suggests.

Theorem 4.2.1 (Existence of a periodic approximation). Let T' : X — X be a con-
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tinuous, measure-preserving automorphism with the invariant measure p absolutely con-
tinuous w.r.t. the Lebesgue measure and supp(p) = X. If {P,} —, is a sequence of
measurable partitions on X which are refinements and satisfy the conditions and
, then there exists a sequence of bijective maps {T,, : Py, — Py}, that periodically
approximates T in an asymptotic sense. More specifically, for every fized k € N and

compact set A € M:

lim i dp(T'(A), T,(An) =0 (4.9)

I=—k
where dy (A, B) = max{sup,c 4 infrep d(a,b), supycp infoea d(a,b)} denotes the Hauss-

dorf metric, and

A, = U D

PEPn: pNAF#D

s an over-approximation of A by the partition elements of P,,.

The proof of this result is postponed to the end of this subsection and will involve two
intermediate steps. From a numerical analysis standpoint, theorem claims that one
can make the finite-time set evolution of T, numerically indistinguishable from that of
the true map in both the forward and backward direction by choosing n € N sufficiently
large. In fig. the situation is sketched for one forward iteration of the map.

Note that the specific formulation of the periodic approximation used in this disser-
tation is more along the lines of that proposed by Lax [23], and also not equivalent to the
ones proposed by Katok and Stepin [25]. There, the quality of the approximation was
phrased in the measure-theoretic context, where the proximity of 7}, to T" is described in

terms of the one-iteration cost [25]:

q(n)

Y 1T (Pa) AT, (prs) (4.10)

=1
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Fn
TA)
T / ”{\ «{Dfl_\)jr\))
—
/ A
T 1)
j LJa
A i
A U -

Figure 4.2: Shown is a partition P,, of a compact domain X into square boxes. The
set A is (over-)approximated by the partition elements with A,. As a consequence of
theorem the distance between the images: T'(A) and T,,(A,), must converge to
zero in the Haussdorf metric as the partition is consecutively refined.

with A denoting the symmetric set difference, i.e. AAB := (A\B) U (B\A). It turns
out that a specific sequence of maps {7, : P, — P,}>2, may converge in the sense of
theorem , while not converging in the sense of . Relatively simple examples
of such sequences may be constructed. Take for example the map T'(z) = (z + %)
mod 1 on the unit-length circle and choose a partition P, = {pn1,Pn2,- .-, Pnsn} with

i-1 4

DPni = [ T } and r being odd. The mapping:

, i+ 5] jt+lzlsm
Tn(pn,j) = Pn,j*» ]* = )
R A R

is the best one can do in terms of the cost (4.10)), yet

q(n)

=1

As further remark, note that the convergence results of the measure-theoretic formulation
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(see [21]) were stated for general automorphisms on Lebesgue spaces. Here, the analysis

is restricted to just automorphism which are continuous.

Lemma 4.2.2. Let T : X — X satisfy the hypothesis stated in theorem[{.2.1. Then, for
any partition P, that satisfies the condition (4.1)), there exists a bijection T), : P, — P,

with the property:

T<pn,l) N Tn(pn,l) % Q) and Tﬁl(pn,l) N Tgl(pn,l) % Q), Vi {1, 2, cen ,q(n)} .
(4.11)

Proof. 1t suffices to show that there exists a map 7,, : P, +— P, with the property:
w(T(png) N Th(pny)) > 0 for all I € {1,2,...,¢q(n)}. This follows from the fact that
w(AN B) >0 implies AN B # () for any A, B € M, and:

(T (pny) NTo(pny)) >0, Vie{l,2,....q(n)} =

M(T_l(pn,l) N Tn_l(pn,l>) > O’ vl € {17 27 s aQ(n>}‘

The latter claim is easily verified by contraposition: suppose that T, ' (p,x) = pns and
(T (pns) VT,  (png)) = 0 for some k € {1,2,...,q(n)}, then (T (pp.s) NTr(pns)) = 0.

Let G, = (Pn,P,,E) denote a bipartite graph where P, is a copy of P, and
(PnkyPng) € E it w(T(ppg) N ppy) > 0. In order to generate a bijective map so that
w(T(png) N To(pny)) > 0 for all I € {1,2,...,q(n)}, every element in P, needs to be
uniquely paired with one in P;L connected by the edges of G,. Let this new graph be
called G, = (P,,P.,, E) (see fig. . To verify that such a graph assignment is possible,
it needs to be confirmed that G,, admits a perfect matching.

To show that this is indeed the case, let Ng(B) C P, be the set of all vertices in P,
adjacent for some B C P,. By Hall’s marriage theorem (see e.g. [35]), G,, has a perfect

matching if and only if the cardinality |B| < |Ng(B)| for any B C P,. Since T is a
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trim edges to
obtain bijection

_—

Gn = (,Pn’/P;wE)

Figure 4.3: Because of the measure-preserving property, the graph G,, satisfies Hall’s
marriage conditions, and hence admits a perfect matching.

measure-preserving automorphism and because of condition (4.1), it follows that for any

ke{l,2,....,q(n)}:

q(n)
1(X) 1(X)
WL (Prgk) N Prg) = , 0 < (T (pni) Npng) < -
> Tna) i) = {5 (T(pus) Npur) < 25
Because of these properties, it can be deduced that:
RIS oY D SE
keB l:/u'(T(pn,k:)mpn,l>0)
a(n) 2
> —5 D T (pok) N pni)
2 2
- Yi-1m
keB
for any arbitrary B C P,. Hence, GG,, has a perfect matching. n

The value of theorem [4.2.2] is that it can be used as a means to bound the distance

between the forward and inverse images of the partition elements in the Hausdorff metric.

Lemma 4.2.3. Let T : X — X satisfy the hypothesis stated in theorem and let

{P.}2, be a sequence of measurable partitions that satisfy both the conditions (4.1)) and
ol
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[4.2). If {T,, : Pn— Pu},—, is a sequence of bijective maps which satisfy the property
(4.11)) for each n € N, then

l l —
7“Lh~>I£lo Z maxdg(T"(p), T, (p)) =0 (4.12)

pG'Pn

for every k € N.

Proof. This result is proven using induction. Set & = 1, if T}, : P, — P,, is a bijective

map satisfying the property (4.11)), then:
du (T (pn ), Tn(pn;)) < diam(T'(pn,;)) + diam(T5 (pn,;)) (4.13)

and

dig (T~ (Pag), T, (Pny) < diam(T ™ (py5)) + diam(T, (pn g))-

Let ¢ > 0 and note that 7" has a continuous inverse, since the map is a continuous

bijection on a compact metric space X. By compactness, there exist a 6 > 0 such that:
diam(p, ;) <6 = diam(T'(p,;)) < €/4, diam(T ! (p,;)) < €/4
Pick n € N so that I(n) < min{d, ¢/4} to obtain:

Sy | | N R U S
At (T (0n3). T () + At (TP ), Talpag) < 5 +min {8, 7} + 5 +min {6,

< €

Since € and p, ; € P, are both arbitrary, (4.12)) is proven for the case where k = 1.
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Now to prove the result for £ > 1, note from the triangle inequality that:

du (Tk (pn,j)a T: (pn,j)) <du (T<Tk71 (pn,j))u T(Tfil (pn,j)))_'_

A (T(T ™ (Png)), Tl Ty~ (Pyg)))

Using the inductive hypothesis, assume that (4.12) is true for k — 1 so that the distance
du (T (pn;), TF"(pn;)) can be made arbitrarily small by choosing n € N sufficiently

large. By uniform continuity of T', there exist a N, € N sufficiently large, so that:

and  dy(T(TEF " (pny)), Tn(TE (pny))) <

| ™

de(T(T*(pn ), T(Ty " (Pny))) <

ool m

for all n > N,. Analogously, there exists a IV, € N so that:

(T (o)), T T (png))) <

ool ™

and

di (T (T, (), T~ HT  (png))) <

ool ™

for all n > N,. Setting N, = max {N,, N,}, one gets:

du (T_k(pn,j)’ Tn_k(pmj)) + dH(Tk(pn,j)7 Trlf(pn,j)) <

N

for all n > N.. Again, using the inductive hypothesis, there also exists a Ny € N so that:

k—1
S du(T'pay) Thpag) < 5. ¥n> N

l=—k+1

[NRINe
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By setting N = max {N,, Ny}, one finally obtains:
Z i (T () Ty (Png)) + dir (T~ (Do), T (Png) + i (T (Pny), T (png)) < €
I=—k+1

where € > 0 and p,, ; € P, was arbitrary. O

Note that continuity of 1" plays a critical role in the proof of theorem 4.2.3] Further-
more, observe that T' is assumed to have an absolutely continuous invariant measure with

supp(p) = X, which ensures that both conditions (4.1]) and (4.2]) are satisfied, simulta-

neously. With theorems [4.2.2) and [4.2.3] the proof of theorem can be completed as

follows.

Proof of theorem[{.2.1. Let {T,, : P, + Py} -, be a sequence of bijective maps that sat-
isfies the property of theorem for each n € N. Set ¢ > 0 and note that A, is
compact, since it is a finite union of compact sets. By the triangle inequality, it is known

that:

Z dH Tl Z dH Tl ‘|’ Z dH Tl (An))

l=—k l=—k l=—k

It will be shown that each term above can be made arbitrarily small by selecting n
sufficiently large. From uniform continuity of 7" and that dy(A, A,) is monotonically
decreasing to 0 as n — oo, it follows that there exists a N; € N so that the first sum is

bounded by €/2 for all n > Nj. In order to find also a bound for the second sum, notice
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that:

k k
S dn(TH(A). To(A) = dda| U T, U T

l=—k l=—k pE Py, ,pNAH#D pE Py ,pNAAD
k

Z max dH(Tl (p), Trlz (P))

P—t PE Py, pNAF£D

< Zmade (T'(p), Ta(p))

€P,
l——kp n

IN

where repetitive use is made of the Haussdorf property:

in the first inequality. From theorem [4.2.3] it follows that one can choose a n > Ny so
that the second sum is also bounded by €/2. Setting N = max {N;, No} completes the

proof. O]

4.3 Convergence of the operator

Whenever {T},} 7 | is a sequence of periodic approximations converging to the 7" in the
sense of theorem the associated discrete Koopman operators {U,, }, -, approximate
the operator (3.8) in some sense as well. To quantify this relationship, the following

lemma will be usefull.

Lemma 4.3.1. Let {A,} | be a sequence of compact sets converging monotonically to
the compact set A in the Haussdorf metric (i.e. lim, o dy(A, A,) = 0) and suppose that
w(Ay,) = u(A) for every n € N. Then,

lim p(AAA,) =0 (4.14)
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Proof. By definition: u(AAA,) = u(A\ A,) + p(A, \ A), and hence, to prove (4.14) one
must show that both of these terms go to zero in the limit. However, since u(A4,) = u(A),

and:

((An\ A) = p(An) — (AN Ay),  p(A\ Ay) = p(A) — p(AN Ay)

it follows that u(A\ A,) = u(A, \ A), and therefore it sufficient to show that either
w(A\ Ay) or (A, \ A) tends to zero.

Consider (A, \ A). Let Ay = Uyeca Ben)(x) be the e(n)-fattening of A where
e(n) :=dg(A, A,). Observe that:

(ANA) C(Aw\A) = 0< A\ 4) < p(Agw \ A)

Since €(n) is a monotonically decreasing sequence, from Theorem 1.19(e) in [36], it is

known that:
ﬂ Ay = A and  p(Aqn)) = u(A) as n — oo.
n=1
Therefore, ji(Aemy \ A) = 0 as n — oo, leading to the desired result. O

In addition to theorem some properties on the averaging operation (4.3]) must
also be identified. The operator is an approximation of the identity and therefore
lg — gnll = 0 as n — oco. This property can be verified by first establishing this fact for
continuous observables and then employ the fact that C'(X) is dense in L?(X, M, u). In
addition to being an approximation to the identity, is an orthogonal projector which
maps observables g € L*(X, M, p) to their best approximations g, € L2(X, M, u). This

follows from the fact that W, is idempotent and that (g — W,g, W,.g) = 0.

Lemma 4.3.2. Let T : X — X satisfy the hypothesis of theorem and suppose that

{T,, : P = Pu}, is a sequence of discrete maps that periodically approzimates T' in the
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sense of (4.9). Define:
g—Zc]Xp € L% (X, M, p), méeN
Then:
i 2
- I I _
lim > [’y —Upga|" =0
I=—k
for every k € N.

Proof. For notational clarity, write AY) := p,,;, ¢¥) =y, and g9 = W,¢¥. The

following can be derived:

q(m)

> eU'gD —UgD)
j=1

WE

k
S g -t

I=—k I=—k

q(m) ‘ .
Z 5| [[ed' gD — el g

(]

l=—k
q(m ) q(m)
5 MZ(ZHM’ o uzggﬂn), M=l
I=—k Jj=1
Z e U;ngf)

77777

IN
=
2

i
B
§

/_\

Hence, it suffices to show that:

! ] -
7}3&2 4" g =0, j=1,....m. (4.15)
=k
Since {P,}. ., are consecutive refinements, observe that g9 = ¢ for n > m, which
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implies:
k k
Do lty —ug?l = ot —ug?| itz m
I=—Fk I=Fk
k
= Y (T HAD)AT,H(AD)).
I=Fk

By theorem , {T[1(AY))) }:o:m converges to T~/(AY) in the Haussdorf metric. Also,
since (T~ (AY)) = w(T7H(AD)) for n > m, it follows from theorem [4.3.1] that:

O

Theorem 4.3.3 (Operator convergence). Let T : X — X satisfy the hypothesis of theo-
rem and suppose that {T,, : P, — Py}, is a sequence of discrete maps that periodi-
cally approzimates T in the sense of [4.9). Then, {Uy, : L2(X, M, ) — L2(X, M, u)} >,

converges to U in the following sense:
i 2
1 l —_ l =
rLll—r>Iolo lg_k HL{ g LlngnH 0 (4.16)

for every fized k € N and g € L*(X, M, ).

Proof. Let € > 0 and define:

q(m)

9m = chXpm,j S L?n(XwA/l?/JJ)) m € N.

=1

o8



Periodic approximations - iterative maps Chapter 4

The following manipulations are performed:

k k
STy - g’ = S UG~ gi + gu) — UG — G + g

l=—k l=—k
k
< > (g = gull + Wl = gl + [[th g — UL (g)al])°
l=—k
b 2
< Y (209 = gl + U g — Ul (gm)n]])
l=—k
" 1 " A\
< <Z4Hg—gmu2) +(Z}}u’gm—uz<gm>n}|)
l=—k I=—k

2

k 3
= [ 2llg - gull + (Z [z —u;<gm>n\\2>

I=—k

Since (4.3) is approximation of the identity, one can select a m € N so that ||g — g|| <

}1\/2. Using theorem further establishes that there exists a N € N such that:

Overall, the following can be established:

k
S Uy~ g’ <,
l=—k

which confirms (4.16]). O

4.4 Convergence of spectra

In this section, it will be analyzed how the spectral projectors (4.7)) converge to (3.10)

in the limit.
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4.4.1 An illuminating example

Before proceeding to the general results, it is worthwhile to work out the details of a
periodic approximation for a basic example in order to clarify certain subtelties on weak

vs. strong convergence of the spectra. In particular, consider the map:
1
T(z)=(x+ 5) mod 1, =z €]0,1),

which is rotation on the circle by a half.
For the partition P, = {pn1,Pn2;s-- -, Pnym} With p,; = (;1, in), j=1,...,r" for

some integer r > 1, one may define the sequence of map&ﬂ:

R FEREY Jtlzl<m
Tn<pn,j) = Dn j*, J = )
j+lsl—r g+ lzl>r
which clearly is a periodic approximation to the original transformation in the sense of

theorem The discrete Koopman operator associated with this map is isometric to

the circulant matrix. That is, the permutation matrices:

[Un]l] = <unXpn,i7 Xpn,j>7

1|.] denotes here the floor function.
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are equal to the circulant matrices:

[ 4 e o dy dy]
dy dy  dmn ds
U, = : d, d, - |, where dL%JH =1 and zero otherwise.
dpn_q L d
o dy o dy dy

The spectral decomposition of a circulant matrix can be obtained in closed-form using

the Discrete Fourier Transform [

—1)k41
rh ()“’7.‘.

1 o DG =) 3 T 1S even
) e T Xpay (), Onp =
Jj=1

Un () = ﬁ '

#ﬂ' — %7? r is odd
(4.17)
Recall that the spectra of the true (i.e. infinite-dimensional) operator consists of only
two eigenvalues located at 1 and —1. Yet, from the equations above, it can be seen that
this property is maintained for the discrete analogue when r is an even number. For an
odd r, the eigenvalues of the discrete Koopman operators seem to densely fill up the unit
circle as n — oo.
At first sight, this fragility of the spectrum in the discretization process appear as
a serious problem. However, if one weakens the notion of what it means for the dis-
cretizations to converge spectrally, this issue can be largely avoided. The ordering of
the eigenvalue-eigenvector pairs {6, , vn,k}znzl in provide clues on what approach
should be taken. Particularly, notice that the first set of eigenvalues (corresponding to

the slower oscillatory modes) are concentrated around the points § = 0 and = 7. One

may then ask which of the eigenvalue-eigenvector pairs actually play a significant role in

2The scaling 1/4/r™ here is required for normalization.
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the spectral approximation of a specific fixed observable. The following can be observed.
After application of the smoothing operator (4.3), any square-integrable observable
g € LA(T,B(T),u) on the circle (with ;1 being the standard Lebesgue measure in this

case), can be written in terms of the eigenvectors:

rn

gn(T) = Z CnkVnk(T),

k=1

where v, € L2(T,B(T),u) are nothing else but the discrete analogues of the Fourier
harmonics (see (4.17)). Henceforth, one can show that for any e > 0, there exists an

m =m(e) € Nand a N € N so that:

lgall = € <D leasl* < lgall,  ¥n > N.

k<m

For this specific m which only depends on e, the set {6, € S : k£ < m} is at most a
o-distance separated from the eigenfrequencies § = 0 and 6 = 7, where 9 > 0 can be
made arbitrarily small by choosing sufficiently large n € N.

In other words, as n approaches infinity, most of the “spectral energy” will get con-
centrated around the eigenvalues. From this perspective, the discrete analogues of the
Koopman operator do seem to approximate the infinite analogue spectrally. The situa-
tion described here is not something which holds true for only this basic example, but

applies more generally.
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4.4.2 Approximation of the spectral projectors

Consider any smooth test function ¢ € D(S) on the circle, and define:

Sp9 = /590(9>d8097 Snpn = Z P(0n1) S0, 19

Hn,keS

The following can be established.

Theorem 4.4.1. Let T : X — X satisfy the hypothesis of theorem[/.2.1] and suppose that
{T,, : P = Pu},, is a sequence of discrete maps that periodically approzimates T' in the
sense of ([L.9). For any smooth test function ¢ € D(S) and observable g € L*(X, M, ),
the following holds:

nh_{go ||8<pg - Sn,wgnH =0.

Proof. Expand the smoothed indicator function ¢(0) by its Fourier series: ¢(0) =

S bie™ ) and note that the series is uniformly convergent. Next, observe that:

Spg = / (Z b16”9> dSyg = Z by ( / deSeg) = i bid',

l=—00

where the last equality is a consequence of the spectral theorem of unitary operators [34].

Similarly, it also holds that:

ngogn— Z bl

l=—00

Hence,

Swg - Sn,apgn = Z bl(ulg - uqign)

l=—o00

Now let € > 0 and choose k € N such that:

D I

lt>k

63



Periodic approximations - iterative maps Chapter 4

This is possible, because the Fourier coefficients of ¢(6) are absolutely summable. Write:

||Ss@g - Sn,cpgnH < Z |bl| Hulg _uflgnH

l=—00
k
= bl g — thgal| + D Il [|ed'g — Ul g,
I=—k |U|>k
k
< MY |u'g—tga| + 2109l b
I=—k |1|>k
il €
< MY 'y -t +5

I=—k

For a fixed k& € N, it follows from theorem that there exist an N € N so thatf]

Z Hbllg | Vn > N.

l=—k

This yields:

HScpg - SmognH <e
O

Remark 4.4.2. Note that in the proof of theorem [4.4.1] explicit use is made of the fact
that the discrete operators are unitary, which in turn is a consequence of the periodic
approximation. Therefore, the arguments in the proof would break down if the periodic

approximation was replaced with a many-to-one map.

Recall the spectral projectors (3.10) and (4.7), and notice that they may be re-

3Note that the squaring of the norms in theorem is immatarial for a finite sum.
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expressed as:

Spg = / xo(0)ASsg.  Supgn= Y X0(00i)Sus,,9n:
S

97%1@65

where yp(f) is an indicator function on the circle for the interval D. To avoid technical-
ities like having eigenvalues on the boundary of D, a smoothed version of the projectors
using summability kernels [37] will be considered. That is, for some 0 < o < 27, define

QPQ:SXSHR+:

S (k) %0 <1
volz,y) = a (4.18)

0 otherwise

where d(z,y) is the Euclidian metric on S and K = ( f exp(:=%)dz)~'. Now replace

the indicator function with:

\o. (6) = / a0, xp(€)dE,

and define:

SDa e /XDa<9)dS€g’ 3 nDagn — Z XDa nk nBHkgn (419>
S

The following corollary is obtained.

Corollary 4.4.3 (Convergence of spectral projectors). Given any 0 < o < 2w and

interval D C S, it follows that:

lim ||8Dag - Sn,Dagn” =0,
n—oo
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where g € L*(X, M, ).

4.4.3 Approximation of the spectral density function

Recall the definitions of the spectral density function p(6; g) € D*(S), along with its

discrete analogue (4.8]):

q(n)

Pn(0; gn) = Z HSH,On,anH2 6(0 — 9n,k>

k=1

To assess the convergence of p,(0;g,) to p(0;g), the summability kernels will again be

employed (4.18)). The following result may be established.

Theorem 4.4.4 (Approximation of the spectral density function). Let:

pallg) = / a0, p(E e, panlB:g0) = / (0. palE:g)de. (4.20)

Then:

lim pan(0;9n) = pa(b;g), uniformly.
n—o0

Proof. To prove uniform convergence, two facts will be established: (1) pa(6; 9)—pa.n(0; 9n)
forms an equicontinuous family, and (ii) pa..(0; gn) converges to p,(6; g) in the L?-norm.
Uniform convergence of p, ,,(6; gn) to pa(6; g) is an immediate consequence of these facts.
Indeed, if this wasn’t the case, there would exist an € > 0 and a subsequence nj such
that [pa(0k; 9) — pans, (Ok; gn, )| > € for all & € N. But by equicontinuity, one can choose

a 0 > 0 such that:

d (pa(®; 9) = Pan(P; n), Pal0; 9) = pan(t; gn)) < €/2,  whenever d(¢,0) < 6.

This leads to a contradiction to (ii) as ||pa(-; 9) = Pamy (-5 Gne)||2 > €/23/6. What follows
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next is a derivation of the claims (i) and (ii):

1. To show that p,(0; g) — pan(0; gn) is an equicontinuous family, it suffices to verify
that the derivative p,,(6; 9) — p,.,(6; gn) is uniformly bounded. Consider the fourier

expansion of p,(0;9) — pan(0; 9n):

Pal059) = Pan(859.) = Zb (l; g)e"

ZGZ

where:

bn(l§ 9) = /Se_iw (pa(9§ g) - pa,nw; gn)) d¢

According to the spectral theorem of unitary operators [34], it follows that:

a(l;g) == /Se”ep(&g)dGZ (g,U'g),
and
an(l; gn) = /e_impn(G;gn)dG = (gn,U'g,), 1€Z.
S

The functions p,(0; g) and p,.»(0; g,,) are defined as convolutions with a C*> smooth
function, and recognizing that convolutions implies pointwise multiplication in the

Fourier domain, it follows that:

bn(l; 9) = da()(a(l; 9) — an(l; gn)),

where:

Ca
L+ Iy

da(l) = / e 0,(0,0)d and |d,(1)] < for every N € N.
S
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Now examining the derivative p, (6; g) — p;m(@; gn) more closely, it can be seen that:

1 )
— E ilb,(1; g)e'®
2 lez

1
< — 116, (1:
< ST lialig)

lez

Pa(0:9) = P (65 g)

= o S D) ol ) — ol )
2m

lez

= o ST 0] (9, U'9) — g Ui

lez

lgll* Call]
2 IR
lez

which is a convergent sum for N > 3. Notice that summability is possible because

the constant C, only depends on « and is independent of n.

2. To show that p,n,(w;gn) converges to p,(w;g) in the L?*-norm, Parseval’s identity
can be used to confirm that the sum: >, b, (I; 9)|? can be made arbitrarily small.

At first, note that:

a(l; ) — an(l; g0) = (g, U'g — UL gn) — (g — gn, UL g0)

By the triangle inequality and Cauchy-Schwarz, it follows that:

IA

gl [t g — Uy, gn | + lg — gnll ||t |

lgll (et'g = Ubgal| + llg — gall) -

la(l; ) — an(l; gn)|

IA

Let € > 0, and choose k € N such that:

D lda(D)]? <e. (4.21)

[l|>k
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This is always possible, because ¢, (6,0) is a C* smooth function, and therefore

also square-integrable. The following upper bound can be established:

> o)l = Z |da(D)*la(l; 9) = an(l; gu)|*

l=—00 l=—o00
< Z D (9]l (|[th'g = Uegal| + llg — gal))*
l=—00
k 2
< gl r,gl<6}><<k|d WY g = Unga]l” + 16 gl 1da(l)]?
I=—k || >k
+lgl* llg — gl Z da (D] (2][U'g — Upgnl| + [lg = gall) -
l=—00

Now apply (4.21)) and theorem to complete the proof.
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Periodic approximations -

generalization to flows

Let St : X + X denote a Lipschitz continuous flow on a compact norm-induced metric
space X C R™, with S* satisfying the well-known group properties: S* o S*(z) = S5(x)
for any t,s € R, and S°(x) = x. Associate with X the measure space (X, M, p1), where
M denotes the Borel sigma-algebra, and p is an absolutely continuous measure with full
support on the state-space, i.e. supp p = X. The flow S* is assumed to be invariant with
respect to the measure y, i.e. for every t € R and B € M: pu(B) = u(S*(B)).

In this chapter, the concept of periodic approximations is generalized for the unitary
Koopman family ¢! : L*(X, M, u) — L*(X, M, i) associated with S. A specific con-
dition is derived on the spatial and temporal discretization so that the spectra can be

approximated in a similar manner as in chapter [4
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5.1 Discretization of the Koopman operator family
The discretization of the Koopman operator family can be broken-down into two

steps: a temporal discretization and a spatial discretization.

5.1.1 The temporal discretization

Let {r(n)} ~, C RT denote a monotonically decreasing sequence converging to zero.
The first step in the discretization process is to convert the flow to an automorphism by
considering 7(n)-map S™™ : X s X. By doing so, one obtain the discrete one-parameter

group: {S*7M},cz along with its Koopman linearization:
{UF™ (X, M) DX M)},

where:

UM g)(z) =goSFM(z), keZ (5.1)

According to the spectral theorem [34], (5.1)) admits the decomposition:
U g = / cHas; Mg, kez (5.2)
s

Here, SQT ™) is a self-adjoint, projection-valued measure on the Borel sigma-algebra of the
circle B(S), parameterized by 6 € [—m, 7). The projection-valued measure on the circle

can be mapped on the real line by introducing S5™ such that:

3;(”) = S;(”), whenever 0 = (7(n){w}) N [—m, 7).
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By doing so, (5.2]) can be rewritten as:

. w(n)
ukT(n)g _ / GZkWT(n)dS;(n)g _ / GkaT(n)dS;(n)g, kLeZ. (53)
R —&(n)
where w(n) denotes the spectral bandwith:
w(n) =n/7(n). (5.4)

For any interval D = [a,b) C [~w(n),w(n)) contained within the spectral bandwith,

consider the spectral projection:

Sy = / ds7™yg. (5.5)
D

By comparison of (5.3) with (3.13) and using the fact that ¢ = e*2" the following
relationship between ((5.5) and (3.14)) can be established:

Sp"g=8p,g.  Du=JDY, DV =la+2i(n),b+2imn).  (5.6)
ez
The equality is a consequence of aliasing. Hence, to approximate the spectral
projection through the 7(n)-map S™™ will involve taking into account the errors
introduced by the sets DY for 1 # 0.

In practical calculations, this implies that 7(n) has to be chosen small enough, so
that the spectral bandwith of the selected observables are suffciently captured. Conse-
quently, observables with high frequency spectral content will require small time-steps.
The conditions on the time discretization are very similar to the Nyquist-Shannon sam-
pling theorem, which imposes restrictions on the sample rate of a continuous-time signal

so that it can be properly reconstructed.
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plw; g)

—3w(n) 2w(n) 3w(n)

—3w(n) 20(n) 3w(n)

Figure 5.1: The change that the spectral density function undergoes due to aliasing
(5.6). The top figure shows the original density plot, the bottom figure shows the
density plot after the time discretization.

5.1.2 The spatial discretization

The second step in the discretization process is to convert the map S™™ : X +— X
on a “continuous” state-space to a periodic map Sp P, — P, with periodicity ((n)
on a “discrete and finite” state-space. The spatial discretization is performed in exactly
the same manner as in chapter [4 and the partitions {P,},-; satisfy the same properties

as in section 4. 1.2l
The operators in (5.1)) is replaced by the finite group:

{ubm™)  L2(X, M, p) — LE(X, M, /‘)}kezm(n)
defined by the permutation operators:
q(n)
U™ g,) (2) = Zl GniXsoirng, o(@), k€ Z/C(n). (5.7)
=
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where g, € L?(X, M, 11) is obtained from averaging operator (4.3)). The eigenfunctions
of (5.7) can be expressed in terms of the basis elements of L2 (X, M, u), i.e.

q(n)

Umk(J]) = Z Un,kj Xpn,; (CL’)

J=1

where ||v,, ;|| = 1. The associated eigenvalues of (5.7]) are roots of unity:
UST(")vmk = eiw"’kkT(”)vnvk, Whk = Op i/ T(N).

Henceforth, the spectral decomposition of an observable g, € L?(X, M, ) under the
action of ([5.7)) can be expressed as:

q(n)

urlfT(n)gn _ Z 6ik7(n)wn7k8;5337k9n7 (58)
k=1

where ngﬁz,k c L2(X, M, ) — L2(X, M, 1) denotes the rank-1 self-adjoint projector:

(n)

q
Sn,(w,)lykgn = Unk <Un,k7 gn> = Un,k (/ Un,k($)gn<x>dﬂ) = Unk q(n) Z Un,kj9n.j
X

j=1

(5.9)
Let D = [a,b] C [-w(n),w(n)). The fully discrete analogue to the spectral projection

(3.14) (both in time and space) is defined as:

S g = /D dSi Vg0 = > SI0) gn. (5.10)

Wn,keD

Additionally, the discrete analogue of the spectral density function (3.15) is given by:

q(n) 9
pn(W; gn) = Z ) Sg(ﬁzkgn w — wnk)- (5.11)
k=1
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Remark 5.1.1. The periodic approximation Spm - P, — P, already inherits the measure-
preserving properties of the original flow on the subsigma algebra generated by P,, i.e.
w(ST™(p,, ;) = wlpn;) = u(S™™(p,;)). However, if the underlying flow comes from
a Hamiltonian vector field, additional constraints may be imposed so that the periodic

approximation also preserves the symplectic form.

5.1.3 Overview

The discretization of the Koopman operator of a measure preserving flow is split into
stages. In the time-discretization, a continuous one-parameter group is replaced by a

discrete one-parameter group:

{u': (X, M, p) = L*(X, M, )}, — (U DX M, p) = DX, M)},

teR

In the spatial discretization, the discrete one-parameter group is replaced by a finite

one-parameter group:

{uF ) (X M, ) Lz(X>M7“)}kez -

{UE D L2 M) = LMY

An overview of the discretization process is given in fig. [5.2

5.2 Existence of a periodic approximation for flows

In chapter [4] it was shown that for a measure-preserving automorphism 7" : X — X,
one could construct a sequence of periodic approximations {7, : P, — P,}>2, such

that the dynamics 7" is closely mimiced for longer periods of time after each consequtive
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refinement. More specifically, given a compact set A € M and k € N, it was shown that

the set evolution of A converges in the Haussdorf metric in the following sense:

k
: ! ! _
lim Z_Zk du(T'(A), Ty(An) =0, (5.12)
where:
A, = U p  and dy(A, B) := max {:Ztelg ggg d(a,b), 225 ;g‘ d(a, b)} .

PEPn: pNAAD

An analogous statement along the lines of (5.12)) can also made for measure-preserving
flows. In this section, it will be shown that it is possible to construct a sequence of periodic
approximations {S,TL(") : Pp = Pp}o2, to the flow S*: X +— X such that for every t € R:

t

lim [ dy (S°(A),S5(A,))ds =0, (5.13)

n—oo | _,

where:

&n(t) = sign(t) [%—‘ T(n). (5.14)

In order for to hold true, certain conditions on the spatial and temporal dis-
cretizations need to be satisfied. Recall that S5™ P, +— P, is defined as a periodic
approximation of the automorphism S™™ : X — X. But since S™™ tends to the identity
map as n — 00, it is necessary that the refinements in {P,}>°; happen at a sufficiently

fast rate, so that the dynamics of the flow are properly captured.
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5.2.1 Example: translational flow on the circle

To illustrate this technicality, consider a simple example of a translation flow on the

circle:

SHz) = (x + Q) mod 1, QeR, z € 0,1).
Suppose the following temporal and spatial discretizations are chosen for the flow:

gl . j—1 7
7'(77,) = Q_’LU"’ Pn = {pn,lapn,?a <. 7pn,r”} with pn,j = ( rn ’7“_”) )

where w,r > 1 are integers and v > 0 a positive real constant. It is not hard to derive

that the mapping[}
S:z—(n)(pn,j) = DPn,j*, j*: {(j_l_k?/(i) ) mod Tn—‘ +1a n:1,2,...,
w

forms a sequence of “optimal” periodic approximations that minimizes the cost:

Pn,j €Pn

The sequence of maps (5.15) can be interpreted as an exact discretization of the flow:
At A A r\"71Q fw\"
St(x) = (z+Qn)t) mod1l,  Qn)= h (—) ]— (—) . (5.16)

That is,
dp (S5 (Pnj), S5 (pny)) = 0, teR.

n

Whether (5.15)) satisfy the convergence criteria (5.13) depends on the ratio of . Overall,

three different situations can be distinguished:

1|7 denotes nearest integer function, where it was chosen to always round upwards for half-integers.

7



Periodic approximations - generalization to flows Chapter 5

e (Case .- < 1. In this scenario, the temporal discretization is refined faster than the
spatial discretization. Notice that Sr™ is matched to the identity map as soon
as n € N is large enough to make v (ﬁ)n < 3. Henceforth, lim Q(n) = 0 and

n—oo
convergence in the sense of ([5.13)) will not occur.
e (Case — = 1. In this scenario, the temporal discretization is refined at the same

rate as the spatial discretization. The (normalized) frequency mismatch is equal

to:

N

Q—Q(n)
Q

7]

y

lim
n—oo

e (Case - > 1. In this scenario, the spatial discretization is refined faster than the

temporal discretization. In this situation,

Hence, convergence in the sense of ([5.13]) must occur.

~

Since the Koopman operator converges spectrally only when lim,, Q(n) = , the

conditione = > 1 is critical in applications of spectral computations.

5.2.2 The general case: an asymptotic requirement on the tem-

poral and spatial discretizations

The analysis of the translation flow on the circle is a specific case of a more general
phenomenon that needs to be adressed in the discretization of flows. The following

technical result will be used which is a consequence of Gronwall inequality.

Lemma 5.2.1. Let S* denote a lipschitz continuous flow on a compact metric space X .
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Then for some L > 0,
d(S'(z),S"(y)) < eltld(z,y), teR and x,y € X. (5.17)

Proof. By compactness and Lipschitz continuity of the flow, it follows that
d (S (x), S'(x)) < L|s| and d(S5"(y),S'(y)) < £|s| for some constant L > 0. By

combining these facts, one can deduce that:
d (S (x), 8" (y)) < (1+ Lls|)d (S'(2), S"(y)) -
By repeated application of this inequality, one can show that for any n € N:

d (575 (x), S (y)) < (1 + %)nd (S(x), S (y)) -

Taking limits as n — oo yields d (S*%(x), S™*(y)) < exp(L|s|)d (S*(x), S (y)). O
The following theorem will be proven.

Theorem 5.2.2. Let S' : X — X be a measure-preserving flow on a compact metric

space preserving the absolutely continuous measure p with support supp p = X. Recall

from (4.2)) that diam(p, ;) <l(n). If:
lim Y —q, (5.18)

then there exists a sequence of periodic approximation {Sﬁ(") : Pu o= Pu}oo, such that

(5.13) holds:

t

lim [ dy (S°(A),S59(4,))ds =0

n—oo [ _,

for every fized t € R and compact set A.
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The asymptotic condition ((5.18)) is sufficient for convergence to occur, although it is

not necessary as it was noticable in the example of section |5.2.1|

Proof of theorem[5.2.9. By the triangle inequality:

/ t d (S°(A), S5 (A,)) ds < / t d (S°(A), S5 (A)) ds+

—t —t

t
/ dp (S9(A), S5)(A,)) ds

—t

Since the first term will tend to zero because of continuity of the flow S?, it suffices to

show that:
¢

lim [ dy (S5 (A), S5 (A,))ds = 0.

n—oo [ _,

The following can be further established:

IN
&)
3
=
+
\“
N
=
©
A
3
N
n
Ax%
3
N
o,
Va)

t
/ dpr (S5 (A), S5)(4,)) ds
—t

de | U Y0, U S50 |ds

PEPn: pNA#D PEPn: pNAZD

t
< et du (S (s) Sén(s) d
< e ()+/tpepyg§A¢w 1 (S50 (p), Sy (p) ds,
< /made an (),Sﬁ"(s)(p)) ds,

tpepn

where:

t
en(t) = / d (S*9(A), S)(A,)) ds and lim €,(t) = 0.

n—o0
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Let {Sﬁ(”) : Pn = Pn}2, denote a sequence of periodic approximations generated from

a maximum cardinality matching of the bipartite graphs (which are all perfect matchings

as per theorem |4.2.2)):
G, = (P.,P,,E), (P, D' ny) € B if 1(S™ (pi) N pny) > 0. (5.19)

To prove the theorem, it will be shown that {S5"™}°2 | satisfies:

t

lim [ maxdy (S (p), S5 (p)) = 0.

n—oo [_, peEP,

First of all, observe that for any p € P,, the following bound can be obtained:

IN

di (S77(p), S1 () < diam (57V()) + diam (577 (p))

IN

("7 4+ 1)i(n)
< (eFTM 4 1)M6LT(”)T(n).
B 7(n)
By employing the inequality:
di (87 (p), Sy (p)) < dpg (570 (ST (p)) , 57 (ST (p))) +

dgr (ST (SEDTM (), Sr (SEDT (Y)Y, e,

and using theorem [5.2.1} d (S*(A), SY(B)) < eHtldy (A, B), the following recursive rela-

tion can be derived:

dH (SZT(n) <p>’ Sf;’(n) (p)) S GLT(n)dH (S(l—l)T(n) (p)7 S,,(ll_l)T(n) (p))+(€L7(n)+1)%€LT(n)T(n)_
TN
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dH (Slr(n) (p)’ Sl'r(n) (p)) S (eLT(TL) + 1)“(_2) (eLT(n) 4.+ eLlT(n)) )
T

~—

Letting s > 0, this may be conveniently be re-expressed into a Riemann-Stieltjes notation:

6n(s) () QEn(s) Ly . 0 L) [ e o)
dy (S5 (p), S5 (p)) (™ +1) == et ?ldo.
0

7(n)

Following an identical procedure for negative time values, one obtains:

l 0
i (S S5 ) < (@0 4 I [ el
&n(—s)

Combining the results yields:

t

max dy (S5 (p), S5 (p))

—t pEP,

[\
—
o
h
pui
S
+
[—
SN—
VRS
A=
3|3
~— |~
N~
VR
Iy
f\
3 I
A
&

o
=
axY
3
s

a.

Q

o,

»n

N~

Indeed, by taking limits:

lim ' maxdy (59 (p), 55 (p)) < (2) (lim l(n)) (4(—1 4 elt — Lt)) |

n—oo [ _, pEP, n—o00 T(n) L2

and noting the condition ([5.18)), the desired result has been established. O]

Remark 5.2.3. In practice, ST : X — X is typically not known explicitly. Instead, one
has access to an order-s integrator S™™ : X — X which acts as an approximator to
the flow. Assuming that the integrator preserves the invariant measure of the flow, the
question arises whether replacing Srm . p s P with Si™ ;P s P, would still allow
theorem to fall through. The answer to this question is affirmative. This follows

from the fact that d(S™(z), 57 (z)) = O(75*(n)) and the triangle inequality:

dn(S™"(p), S;(p)) < dn (™) (), 7)) + du (57 (p), S (p)).
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Remark 5.2.4. Notice that the condition on the spatial and temporal discretizations (/5.18))
is different than, and in some sense opposite to the Courant-Friedrichs-Lewy (CFL)
condition which typically arises in finite difference schemes of Hyperbolic PDEs. In

section [5.5] this matter will be discussed in greater detail.

5.3 Convergence of the operator for flows

In this section, operator convergence is established for a sequence of periodic approxi-
mations to a flow. Since the proofs are very similar to the discrete-time case, most details
of the proof are left out.

Lemma 5.3.1. Suppose that {Sﬁ(n) :Pp— Pn} s a sequence of discrete maps that
n=1

periodically approzimates St : X + X in the sense of theorem[5.2.4. For some m € N,
define:

q(m)

g = chXpm,j € LG(X,M,,M)
7=1

Then, for any fixred t € R:

n—o0

t
lim / [tog — U@ g,||” ds = 0.
—t

Proof. Again, by continuity it suffices to just show:
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For notational clarity, write AY) := p,, ;, ¢¥) := y,, . and g = W, g,

t
[ e s, s <
—t

q(m)

t
e &n(s) oU) _ 16 (s) g0)]1* q )
q(m) ;:1 leif” | ,_max (/_tHU gV = U g || ds

Since {P,}.-, are consecutive refinements, observe that g9 = ¢ for n > m, which

implies:

t t
/ ||u€n(5)g(j) _ u§"(5>g§3’>H2 ds = / [ (Sén(S)(A(j))Aggn(S) (A(j))dfn(S)) ds, it n > m.
—t

The proof proceeds in a similar way as in the discrete time case. O]

o0

Theorem 5.3.2 (Operator convergence). Suppose that {SZ(") :Pp— Pn} 1S a se-

n=1

quence of discrete maps that periodically approximates St : X + X in the sense of
theorem[5.2.3. Then, for every fized t € R:
t 2
lim / |79 — U g, || " ds = 0, (5.20)
—t

n—o0

where g € L*(X, M, i) and &,(s) is defined by ((5.14]).

Proof. The proof is very similar to discrete time case. One can pick a
q(m)
Im = Z CiXpm,; € L?n(X,M, M)
j=1

that approximates g € L?*(X, M, u) arbitrarily well in the norm-wise sense by choosing

a sufficiently large m € N. O
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5.4 Convergence of spectra for flows

In this section, results related to spectral convergence are established. In particular,

it will be examined how (/5.10]) converges to (3.14)).

5.4.1 Approximation of the spectral projectors

Consider any smooth test function ¢ € D(R) on the reals, and define:

aw=lmmaw, §i5'0n = D Pwni)SiE), on.

wn,kGR

The following theorem will be proven.

o

Theorem 5.4.1. Suppose that {S;(n) :Pp— Pn} 1s a sequence of discrete maps that
n=1

periodically approzimates S' : X +— X in the sense of theorem [5.2.9. For any smooth

test function o € D(R) and observable g € L*(X, M, u1):
lim (|89 = 87200 = 0.

Proof. Express the test function in terms of its Fourier transform: ¢(w) = [ b(7)e"™dr,

and note that [*°_[b(7)|dT < co. It can be seen that:

S,q = /R ( /_ Z b(T)erT) dS,g = /_ Zb(T) ( /R e”“dSwg) dr = /_ : b(T)UT gdr,

where the last equality follows from the spectral theorem of unitary one-parameter groups

[34]. Similarly, it also holds that:

St = [ U g,dr

—00

85



Periodic approximations - generalization to flows Chapter 5

Hence,
[e.@]

S,9— ys%—/’uﬂww—%m%wr

—00

Now let € > 0 and choose ¢ € R such that:

€
|b(T)]dT < ——
[r>t 4gll

Noting that:

t

€

1809 — Supgall < M/ 79— s, ar 45,
—t

and using theorem the proof can be completed. O

Just as in the discrete-time case, smoothen the indicator function yp(w) using the

summability kernel, i.e.

MMMZL%@Qm@%,

where ¢, : R X R—= Ry:

gexp (1 ;Ey\ 2) \90;2,!\ <1
eal,y) = -(55) (5.21)

)

0 otherwise

for some @ > 0 and K = (f_ll exp(1=4)dz) . Define:

SDag:/XDa(w)dSwg, S;(D Gn = Z X Do (@Wn k) Sn o, 1 G- (5.22)
R

Wn, kER

The following corollary holds.
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Corollary 5.4.2 (Convergence of spectral projectors). Suppose that

o0

{SZ(") o Pn} is a sequence of discrete maps that periodically approzimates S* :
n=1

X — X in the sense of theorem [5.2.9. Given any o > 0 and interval D C R, it follows

that:

=0,

lim ‘SDag - S;fglgn

n—o0

where g € L*(X, M, p).

5.4.2 Approximation of the spectral density function

Recall the definition of the spectral density function along with its discrete analogue in

(5.11)). To assess the convergence of p,(w; g,) to p(w; g), again use is made of summability

kernels (5.21]).

Theorem 5.4.3 (Approximation of the spectral density function). Let:

palwi g) = / T e OEDAE, pan(wign) = / (0, ©)pn(E: ga)de.

[e.e] —00

It follows that:

im pon(w; gn) = pa(w;g), uniformly.
n—oo

Proof. To prove uniform convergence, the following two facts will be established: (i)
Pa(W; §) — pan(w;gn) forms an equicontinuous family, and (ii) pa.n.(w;gn) converges to

polw;g) in the L2-norm.

(i) To show that p,(w; ) — pan(w; gn) is an equicontinuous family, it sufffices to confirm

that the derivative p, (w;g) — p;m(w; gn) is uniformly bounded. Write:
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continuous-time, continuous-space:

[N

L2(X, Mop)i={g: X = C | gl <o}, gl = (Jx lg(@)?dn)
ut s L2(X, M, p) — L2(X, M, p)
U'g) (@) :=goS'(z), tER

utg = / eiwtdswg
R

discretization of the flow:
ST X s X

S7T(") is an automorphism

discrete-time, continuous-space:

[N

L2(X, Mop)i={g: X = C | gl <o},  lgll:=(Jx lg(@)?dn)
U™ L L2(X, M, p) — L2(X, M, p)
WU*™ (™ g)(2) := g o S*T(M) (), ke

Mkr(n)g:/'"/’(") k(@ g7 (n)
—n/7(n) © o

discretization of the automorphism: discretization of the observable:
a(n)
SIM Py o Py, Wng)(@) = gn (@) == > gn,jXp, ; ()
j=1

S:;<n) is a periodic approximation In,j = Sé;()) fX g(z)XPn,j (z)dp

discrete-time, discrete-space:

1 z€ppj

2 L . qa(n) ) —
L2(X, M) i={gn: X = C | 10 ¢jxp,, ;(2), 5 €C, xPn,Jmf{O e g

j=

un ™ L2 (X, M, ) = L2 (X, M, )
a(n)

(u,’ff(”)gn) (@)1= > gn X

j=1

Sr;kT(n)(Pnhj)(z)’ k € Z/p(n)

q(n)
Z/di‘r(n)gn _ Z SR (M@ g 5;’(5 L0

n,

Sppon= Y. S0 g,

n,wy k

Figure 5.2: An overview of the discretization process.
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1

pa(w§g> - pa,n(w§gn) = o /_OO bn(7—§g)ei7wd7—

where:

bn(739) = /_OO e’ (Pa(w; 9) = pPan(w; gn)) dw.

[e.9]

According to the spectral theorem of unitary operators [34], it follows that:

a(T;9) :=/ e "™ p(w; g)dd = (g,U"g)

and

an(TQQn) = / eii‘wpn(WQQn)dw = <gnau§bn(7)gn>a T€R.

The functions p,(w;g) and p,.n(w;g,) are defined as convolutions with a function
belonging to the Schwartz space. Recognizing that convolutions implies pointwise

multiplication in Fourier domain, note that:

bu(7359) = do(7)(a(T;9) — an(T; gn)),
where:

* —iTW Oa
do(T) ::/ e pa(w,0)dw and |du(7)] < T for every N € N.

—00

Now examining the derivative p, (w;g) — p;m(w; gn) more closely, it can be seen
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that:

Pa(W; 9) = Pon (W5 Gn) o

1 [ ~
—/ ith, (73 g)e"™dr

IN

1
27
2
00 Ca
i* [~ Gl .
T o LTIV

which is a convergent sum for N > 3.

1 / 7l1da (7)) [ {9,179} — (ga,UeDga)]| dr

IA

(ii) To show that p,.n(w;gn) converges to p,(w;g) in the L?-norm, Parseval’s identity
can be employed to confirm that the integral: [~ |b,(7; 9)|? dr can be made arbi-

trarily small. At first, note that:
a(759) = an(7:90) = (9. U'g = UV g) — (g — gu Uz ga)
By the triangle inequality and Cauchy-Schwarz, one obtains:

la(r:9) — an(ti90)] < gl (U9 = U Dgal| + llg — gall) -

Let € > 0, and choose t € Ry such that:

/| t |d (7)2dT < €. (5.23)

This is always possible, because ¢, (6,0) is a C* smooth function, and therefore
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also square-integrable. The following upper bound can be established:

/ T lou(rig)Pr = / " da(M)Pla(rs g) — an(r go)Pdr

[e.o] o0

< [ 1l (gl (|9 = 5] + g = 1)) dr
< gl mas, lda(r / |U7g — U, P dr +
1609l [ [da()Pdr +
|7|>t
ol lg =l [ 140D (2470 = Ul + g = )

Now apply (5.23)) and theorem to complete the proof.

5.5 Some remarks on the simulation of advection
equations

The generator of the associated Koopman unitary group is the operator f(x)-V, where
f(z) is the vector field that generates the measure-preserving flow S*(x) . Subsequently,
the time evolution of an observable under the flow S*(z) is equivalent to the solution of an
advection equation associated with the vector field f(z). Henceforth, the discretization

(5.7) is an approximate solution propagator to the advection problem:

((%_g) ¢)( ¥ = 0 (5.24a)

(A¢) (t,z) = ¢o(2), (5.24b)
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where:

Go(t, ) = f(z) - Vo(t,x),  (AP) (L, 2) = ¢, 7)],— -

Within the Computional Fluid Dynamics (CFD) community, there is already some fa-
miliarity on the concept of periodic approximation. Specifically, McLachan [38] coined
the term “cell rearrangement model” to describe such approximation schemes. In the
previous sections, it was shown that these methods are convergent both in a spectral
sense and operator sense. That is, if ¢, (f, z) := L{E”(t)quﬁo(x), then for any fixed t € R:

(). lm [l6(t.2) —du(t.x)| =0, (D). lim ||S,0(t.2) ~ S;D6u(t.2)] =0

n—oo

The advection equation is a hyperbolic PDE which has been heavily studied in the
literature. A whole plethora of alternative numerical schemes can be used to solve system
. A simple finite-difference scheme can already exhbibit very different convergence
properties than the periodic approximation approach. Consider the translation flow on
the circle which was examined in section . The generator G in this case equals Qa%
and is spatially invariant. Recall the temporal and spatial discretizations which were

used in the periodic approximation:

) = = 7(n) = e

A first-order upwind finite-difference scheme yields a sequence of discretizations of the
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Koopman operators, whose matrix representation is of the type:

L=y (5)" 7 (5)"

v ()"

L= (5)"

v(5)" 1= ()"

(5.25)

For a periodic approximation, weak convergence of the spectra was guaranteed when

— > 1 (see again section [5.2.1)). For the upwind scheme discretization, this is no longer

true:

o Case - < 1. In this situation, (5.25)) converges to the identity map. However, unlike

the periodic approximation, the limit is never achieved and only holds true in the

asymptotic sense. Weak convergence in the spectra is nevertheless not achieved.

e Case ~ = 1. In this situation, ([5.25)) is reduced to:

e — | 7

(5.26)

In the case when 0 < vy < 1, (5.26]) is the time evolution of a doubly-stochastic,

circulant matrix. In fact, the operator can be interpreted as an Ulam approximation

(see e.g. [16]) of the 7(n)-map for the underlying flow:

1
T, (x) = (m + —Q) mod 1.
yw"

As illustrated in fig. [5.3] the parameter v € (0, 1] signifies the probability of jumping
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to next partition interval. For the special v = 1, the operator is equivalent to a

periodic approximation. Nevertheless, the eigenvalue-eigenfunction pairs of the

discretized operator (5.26)):

n

(5 00,5) (@) = 42O (2)

for j =1,...,7r" can be found explicitly,

2 i) .
e,y 7"';2(])2

Qrm 1—~+ eQmﬁmi
A= 2mr, (7)) + log ( rTy )
v

and

2 ()(k=1) ;
Un,j (ZL“) = € " ZXpn,j (l‘),

where:

In fig. the location of eigenvalues are plotted for varying v > 0 and n € N.
The eigenvalues only remain on the imaginary axis in the special case 7 = 1 when
reduces to a periodic approximation. If 0 < <1 (the CLF condition for
the upwind scheme), the eigenvalues deflect off to the left-half plane, whereas for
~v > 1 they deflect off to right-half plane. Although refinements on the partition
do push eigenvalues corresponding to slow modes closer to the imaginary axis, the

eigenvalues corresponding to fast modes always either get dissipated or amplified.

e Case = > 1. The entries in (5.25) grow unboundedly. Hence, it is impossible to

have any operator or weak spectral convergence in this scenario.
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Figure 5.3: The “Ulam interpretation” to the discretized operator (/5.26)).

o y=5 =« y=75 o+ y=1 1 y=125 e n=5 = n=6 & n=7 i n=8
Im Im
= 407 Qg - -a 407Q -
e, . A MRS Pe Ak
., 32r0f AL *e Ay 2ral
., A = e, AL
e 240t A - " . ®e, M 24mal
® o o - A ° AL * A,
o o . A ° = A
L) “a1emQE LA ° s e oot
® e 0 A ° . e
Sooe. ™ A ® . '-“,
e A ® ogrl-
. . . . ﬁ . I Re L . . . . I Re
-20 -15 -10 -5 5 10 -20 -15 -10 -5 5 10
.00'87.'i N . :—g‘ -
P . A ° LIS 2
o ® 26O A o °® .= oofestal
o ® A
° ° . R
o © ° . A ° 5 PRSI
a -24Q% Y ° . " ' 4 A2amal
" A [} PR 4 AN
- " A . PR 2 e
- " =32 Q4 A i - * A -32mQ
_ A PR 4 A
- -40 ot N4 A -40mQl

Figure 5.4: Eigenvalues of ([5.26) for » = w = 2 and varying v > 0 and n € N.
Eigenvalues for n = 7 and varying v > 0 (left). Eigenvalues for v = 0.75 and varying
n € N (right).
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In general, statements on the spectral convergence properties of a finite diffference
schemes are harder to make. The generator is typically not spatially invariant and there
is no longer a specific structure to exploit other than the sparsity. The uniqueness of the
periodic approximation is that the discretization preserves the unitary structure of the
underlying operator. In [38], McLachan indicated that periodic approximations surpress
the formation of spurious oscillations in simulations. The restriction of the spectra to the
imaginary axis may play a critical role here, since it prevents instabilities and artificial

damping.
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Numerical methods

In the previous two chapters, a procedure was introduced in which the class of measure-
preserving maps and flows were approximated using periodic transformations on a dis-
cretized state-space. It was shown that the Koopman operators of these periodic maps
converge spectrally to that of original operator in a weak-sense. This method of dis-
cretization gives rise to a numerical method in which the spectral content of observables
can be computed.

In this chapter, the details of the numerical method are broken-down. Overall, the
method involves two steps. The first step consists of the actual construction of the
periodic approximation. The second step consists of evaluating the spectral projections
and density functions. What follows next is a detailed exposition for each of these steps.
The emphasis here will be on computing spectra for maps. In the last section, a few

pointers are given on how the methods is generalized for flows.
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6.1 Constructing the periodic approximation

A periodic approximation can be obtained either through explicit construction or by
analytic means. At first, the details of general algorithm will be discussed.

To keep the analysis simple, only volume-preserving maps on the m-torus will be
treated. Extensions to other domains and invariant measures are more involved and a

topic of further study. Henceforth, unless otherwise stated, in this chapter X = T™ with:

d(x,y) = emax min{|z; — yil, |1 — 2; — v} (6.1)

and T : T™ — T™ refers to an invertible, continuous Lebesgue measure-preserving trans-

formation on the unit m-torus.

6.1.1 General algorithm for constructing periodic approxima-

tions

The algorithm proposed here differs from the method proposed in [39], although in
essence they follow the same principle, given that a bipartite matching problem has to
be solved one way or the other. In particular, it will be shown that the construction can

be done “fast” if the underlying map is Lipschitz continuous.

Discretization of the m-torus Call:

L s
Pug = {‘]1~ 7J71} X {J2~ J@} x
n n n n

X [jm —! : Jﬂ] (6.2)

where:

n=~Ca", C,a €N, (6.3)
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and j = (j1,J2,---,Jm) is a multi-index with j; € {1,...,n}. To simplify the notation
in some cases, it is useful to alternate between the multi-index j and single-index j €
{1,2,...,n™} through a lexicographic ordering whenever it is convenient. Consider a

partitioning of the unit m-torus (with p(T™) = 1) into the m-cubes:
Po={pa},  qln) =0

and note that this set is isomorphic to N :={j e N : 0 <j; <n,i=1,...,m}.
The sequence of partitions {P,} -, of the m-torus form a collection of refinements
which satisfy the properties:
vm
n

1 . . -m
/“L(pn,]) = ﬁ_m and dlam(pn,j) = = J € {1727 R }7

where 7 is defined as in (6.3). It is clear from these properties that {P,} -, is a family
of equal-measure partitions which meet the conditions: u(p, ;) — 0 and diam(p, ;) — 0

as n — 0.

The bipartite matching problem A bipartite graph G = (X, Y, E) is a graph where
every edge e € E has one vertex in X and one in Y. A matching M C F is a subset
of edges where no two edges share a common vertex (in X or Y). The goal of the
bipartite matching problem is to find a maximum cardinality matching, i.e. one with
largest number of edges possible. A matching is called perfect if all vertices are matched.
A perfect matching is possible if, and only if, the bipartite graph satisfies the so-called

Hall’s marriage condition:

for every B C X implies |B| < |Ng(B)|
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where Ng(B) C Y is the set of all vertices adjacent to some vertex in A (see e.g. [35]).
Bipartite matching problems belong to the class of combinatorial problems for which

well-established polynomial time algorithms exist, e.g. the Ford-Fulkerson algorithm may

be used to find a maximum cardinality matching in O(|V||E|) operations, wheareas the

Hopcroft-Karp algorithm does it in O(\/|V||E|) (see e.g. [40l 41]).

The algorithm In the previous chapters, it was shown that the solution to the bipar-

tite matching problem of the graph[}

Gy = (Pn, P, Ey), (Pnys,Pnyg) € By it (T (pn,s) N pnyg) >0 (6.4)

has a perfect matching. This fact played a key role in proving theorem [.2.1] In practice,
it is not advisable to construct this graph explicity since it requires the computation of
set images.

Fortunately, a periodic approximation may be obtained from solving a related bi-
partite matching problem for which set computation are not necessary. Consider the

partition P,, and associate to each partition element p, ; € P, a representative point:

j1 — 1 — 1
Tnj = wn(pn,j) = ( - 2 T 2) € Pnj- (6.5)
Define:
. 1 . 1

to be the function that maps the representative points onto the lattice NZ* := {j € N™ :

0<j<ni=1,....,m}, ie. J= @u(rn5). Let [-] ([-]) denote the floor (resp. ceil)

!Note that the partition elements p, s € P, are interpreted here as vertices in a bipartite graph.
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function, and define the following set-valued map:
FO@@)={GeN: |gp(z)] —t+1<j§i <[onlz)] +t—1, i=1,...,m} (6.7)

to introduce the family of neighborhood graphs:

GO = (Pu,Pu, EL),  (Pagipnp) € BV if 1€ FO(T(x,5)) (6.8)
The proposal is to find a maximum cardinality matching for the bipartite graph G
Notice that £ - ET({S) whenever s > t. Hence, if no perfect matching is obtained

for some value of ¢, repeated dilations of the graph eventually will. The algorithm is

summarized below.

Algorithm 6.1.1. To obtain a periodic approximation, do the following:
1. Initialize t = 1.
2. Find the maximum cardinality maching of GY.

3. If the matching is perfect, assign matching to be T,. Otherwise set t < ¢t + 1 and

repeat step [2

Theorem 6.1.1 (Algorithmic correctness). Algorithm|6.1. 1| terminates in a finite number
of steps and yields a map T, : P, — P, with the desired asymptotic property described
in (5.12).

Proof. For large enough ¢, the graph G\ eventually becomes the complete graph. Hence,
the algorithm will terminate in a finite number of steps. However, one needs to show that
the algorithm terminates way before that, yielding a map with the asymptotic property
(5.12)).
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In [42], it was proven that for any Lebesgue measure-preserving map 7' : T¢ s T%,

there exists a periodic map for which:

sup  inf max{d(z, Yo (prs)) dA(T(E), u(Talpus))} < =

< 5=
pn,jepn Ier 2n

(6.9)

where d(-, ) refers to the metric defined in (6.1)). By virtue of this fact, if one is able to
construct a bipartite graph G,, = (Pr, P, E’n) for which:
~ 1

&p i) € E, if inf (T ) <
(Pngs D) € En i mg}n,gd( (@) ¥n(Pag)) < 5=

then this bipartite graph, or any super-graph, should admit a perfect matching. Indeed,
if one were to assume the contrary, then this would imply that one is required to con-

struct a periodic approximation 7;, for which d(T'(x), ¢¥n(Tn(pnjz))) > an immediate

contradiction of .

This fact has implications on the graph G, As soon as t hits a value for which

L
21’

EY D E,, the graph GY is gauranteed to have a perfect matching (although it may
occur even before that). Notice that by compactness of the m-torus, 7" admits a modulus
of continuity w : [0,00) + [0, 00) with d(T'(x),T(y)) < w(d(z,y)). An upper bound on

the value of ¢ for which G becomes a supergraph of G,, is given by:

t* = [nw(l/n) + %1 <(n+1) <w(1/ﬁ) + %) .

That is, the algorithm should terminate for ¢ < ¢*.

By assuming that the algorithm terminates at t*, a worst-case error bound can be
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established for any map generated from the bipartite graphs. It can be seen that:

Sup. A (To(pag))s T(Won(pag))) < o < P11 (w(l/m n i) .

pn,jepn n n 2n

Next, using the inequality:

A (T (png) Tn(png)) < diam (T (pn,;)) + d(n(Tn(png)), T(4n(png))) + diam(T'(pn,;)),

it follows that:

lim dy(T(pns), Ta(png)) < lim — + 222 (w(l/ﬁ) + %) + (/i) = 0.

n—o0 n—oo 1, n

From here onwards, one can proceed in the same fashion as the proofs of he proofs of

theorem and theorem to show that {7,,}°°, indeed satisfies the convergence
property (512). 0

Complexity of Algorithm Since the number of edges in GY is proportional
to the number of nodes for small t-values, the Hopcroft-Karp algorithm will solve a
matching problem in O(ﬁng) operations. If additionally, the map 7' is assumed to be
Lipschitz, i.e. w(d(z,y)) = Kd(z,y), the algorithm terminates before t* = [K + 3],
i.e. independently of the discretization level n. Hence, O(ﬁSTm) is also the overall time-

complexity of algorithm. Note that memory storage of a periodic map has O(n™) in

complexity. Ideally, it is desirable to obtain a formulaic expression for 7,.

6.1.2 Analytic constructions of periodic approximations

With the boxed partition of the m-torus (6.2)), a sub-class of maps may be periodically

aproximated analytically through simple algebraic manipulations (see e.g. [43]). In
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addition to some purely mathematical transformations, this also includes maps which
arise in physical problems. In fact, any perturbed Hamiltonian twist map like Chirikov’s
Standard Map [44], or certain kinds of volume preserving maps such as Feingold’s ABC
map [45] belong to this category.

A key observation is that these Lebesgue measure-preserving transformations consists

of compositions of the following basic operations:

1. A signed permutation:

§()zo)
T(x) = : , with o(-) a permutation and £(-) € {—1,1}. (6.10)

§(m)Zo(m)

which is periodically approximated by:

E(Woq)
To(png) = ¢y 0ot o : mod 7 | © ¢y, 0 ¢n(pnj).
(M) (m)
2. A translation:
1+ wp
T(x)= : mod 1. (6.11)
T + Wi

which is periodically approximated by:

jl + L@n(wl)—l
Tn(png) =ty o, o : mod 7 | © ¢y 0 ¥ (payg)-

Jm =+ [@n(wm)]
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where |-] denotes the nearest-integer function.

3. A shear:

x1

T(I) = 33'1'+f(l’1,...,l'i,1,$i+1,...,.’Em> (612)

Tm

which is periodicaly approximated by:

ji + L@n(f(%@?l(jl)a R 907:101'*1)7 907:1(ji+1)7 s 7()07:16771)))—‘ mod 7 ngnO@/Jn(pnj)

~

Jm

Any map which is expressable as a finite composition of these operations can be peri-
odically aproximated through approximation of each its component That is, the T'(z) =
Tso---oTi(x) is approximated by T,,(z) = Ty, 0--- 0T (). It is not hard to show that
this would lead to a sequence of approximations that satisfy . Examples of maps

which may be approximated in this manner are:
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e Arnold’s Cat map [46]:
21 I
T(x)= mod 1, (6.13)
11 )
which is the composition of a permutation and shear map:
T(I‘) = TQ @) T1 e} T2 ©) T1<.T>
where:
0 1 T 10 X
Ti(z) = , D(z)=
10 i) 11 T2
e Anzai’s example [47] of a skew product transformation:
T+ Y
T@)= | mod 1, (6.14)
T1 + X2

which is the composition of a shear map and a translation:

T(x) =TyoT(x)

where:

1 0 e T+
Ti(z) = , Ty(z) =

1 1 T T
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e Chirikov Standard map [44]:

x1 + w9 + K sin(2mzy)
T(x) = mod 1, (6.15)

x9 + K sin(27ma4)

which is the composition of two distinct shear maps in orthogonal directions:

T(x) =Ty 0Ti(x)

where:

T 11 T
Ti(x) = mod 1, Ty(z) = mod 1.
To + K sin(2mx) 1 0f |22

e The ABC-map of Feingold [45] which is the composition of 3 shear maps:

T(Z‘) = T3 @) TQ o} Tl(x),

where:

x1 + Asin(27xy) + C cos(2mz3)
Tl (l‘) = ) )

X3

x1
Ty(w) = |25 + Bsin(2rzy) + Acos(2mxs) | »

X3
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x
Ts(z) = T

x3 + C'sin(27mxy) + B cos(2mxy)
6.2 Evaluating the spectral projections and density
functions

Once a periodic approximation is obtained of a map, it may be used to compute
spectral projections and spectral density plots of observables. First the observable needs

to discretized as well.

6.2.1 Discretizating the observable

The operator is an orthogonal projector which maps observables in L?(T™, B(T™),
) onto their best approximations in L2(T™, B(T™), 1) . In practice, it makes no sense
to explicitly evaluate this projection since typically one is only interested in computing
the spectra of well-behaved functions. A discrete representation of the observable may
also be obtain by simply sampling the function at the representative points . The
averaging operator (4.3)) is replaced with:
q(n)

(an)( Z 9(Tn)Xpn,,; ()

Indeed, for observables that are continuous, it is not hard to show that ||g, — gn|| — 0

as n — oQ.
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6.2.2 Computing the spectral projection

Let g, € C1™ and Sn.D, € Ca(m)xq(n) respectively denote:

[gn]] - <Xpn,i7 gn> ) [Sn,Da]ij = <Xpn,¢7 Sn,DaXpn7j> )

then from (3.7) it is straightforward to show that:

Sn,Dagn - VnXDa (108; An)vzgna (616)

where:

\o. (6) = / a0, O p(E)de.

The evaluation of (6.16) will involve finding the cycle decomposition (3.5)), which in
turn requires traversing the cycles of the permutation matrix U, € R#™x*a(®)  Thig
requirement is equivalent to traversing the trajectories of the discrete map T, : P, — Pp.

The following algorithm is obtained.

Algorithm 6.2.1. To compute the spectral projection, do the following:
1. Initialize a vector f € R?™ of all zeros and set j = 1 and k = 1.

2. Given some j € {1,...,q(n)}, if [f]; = 1 move on to step 4 directly. Otherwise,

traverse the trajectories of the discrete map until it has completed a cycle, i.e.

pn,j(l) :T'rlz(pn,j(l))v [ = 1727"-7n(k)a

where:
. . (k)
J) =37 and pujo) =T, (Pnja))

To demarcate visited partition elements, set [f];;) =1 for I =1,2,... ,nk),
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21

3. Denote by w = exp (n<k> z) Apply the FFT and inverse-FFT algorithms to evaluate:

(k)

| 2wt — 1)\ g .
[Sn,0a8nl ;1) = EZXDQ <T> W=D Zw(t D g (pn i)
r=1

for [ =1,2,...,n™. Increment k + k + 1.

4. Move on to the next partition element p,; € P,, i.e. j <= j + 1, and repeat step 2

until all partition elements have been visited.

Complexity of Algorithm The most dominant part of the computation is
the application of the FFT and inverse-FFT algorithms on the cycles. Hence, the time-
complexity of the algorithm is O(>";_; n®logn®). In the worst-case scenario, it may
occur that the permutation consist of one single large cycle (possible for ergodic
systems). In that case, the conservative estimate O(f¢logn) is obtained. Note that
the evaluation of the spectral projections may be further accelerated using sparse FFT
techniques. This is true especially for projections wherein the interval D C S is small,

leading to a highly rank-deficient S, p, € ca(n)xaln)

6.2.3 Step 3b: Computing the spectral density function

By modifying step 3 of the previous algorithm, one may proceed to compute an

approximation of the spectral density function (4.20)):

Dm0 ga) = /S 2a(€.0)pn(E: gn) e,
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where:
K —1 d(z,y)
o exp ( _(d(=y) 2) o <1 an) 2

(,Da(l‘, y) = ' ( ¢ ) ) pn(e; gn) = Z HSnﬁn,kgnH 5(0_0n,k)
0 otherwise k=1

If (4.20) needs to evaluated at some collection of points {6, }22., C S, the algorithm would

look as follows:

Algorithm 6.2.2. To evaluate the spectral density function on {6, }%, C S, do the follow-

ing:

1. Initialize a vector f € RY™ of all zeros and also initialize pa.,(0,;g,) = 0 for r =

1,..., R. Furthermore, set j =1 and k = 1.

2. Given some j € {1,...,q(n)}, if [f]; = 1 move on to step 4 directly. Otherwise,

traverse the trajectories of the discrete map until it has completed a cycle, i.e.

DPn.jy = Té(]?n,j(l)% [=1,2,... ,n(k)

I

where:

. . (k)
J1) =7 and puioy =10 (Pnja))-

To demarcate visited partition elements, set [f];;) =1 for I =1,2,... . nk),
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3. Denote by w = exp (%z) Apply the FFT algorithms to update:

Pon(0r5 Gn) < Pan(0r; gn)+

2

n(k) n(k)
K -1 11—
— g exp 5 g w1 1)9(¢<pn7j(l))) (6.17)
no 2m(t—1)
11—l J

«

forr=1,2,..., R. Increment k < k + 1.

4. Move on to the next partition element p,; € P,, i.e. j <= j+ 1, and repeat step 2

until all partition elements have been visited.

Complexity of Algorithm Since a > 0 is typically small, the most dominant
part of the computation wil again be the application of the FFT algorithm in step 3. As-
suming that R << n®| the time-complexity of the algorithm will be O(}>;_, n¥ log nV),

reducing to O(f7?log#) in the worst-case scenario of a cyclic permutation.

6.3 Extending the numerical method for flows

The numerical methods described in this section are easily extended for flows. A pe-
riodic approximation is obtained in almost the same manner. In the case of a brute force
construction, one of course needs to keep in mind the consequences of condition ([5.18|)
in theorem [5.2.2] Analytic constructions of periodic approximations can be obtained in
some cases using symplectic lattice maps [48]. Symplectic lattice maps are integer arith-
metic implementation of symplectic integrators that leave a lattice in the state-space

invariant. It can shown that these integer dynamics are related to a symplectomorphism
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of a nearby time-dependent Hamiltonian of the original system. If the trajectories of
this nearby Hamiltonian are bounded for a given domain, then a periodic approximation
is also obtained for that region. For a planar hamilonian system with bounded energy
curves this is always the case: a small time-dependent pertubation of the Hamiltonian will
not destroy these energy curves. For higher dimensional Hamiltonians, time-dependent
perturbations may introduce Arnold diffusion causing the trajectories not to return to

their starting points.
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Examples

In this chapter, the numerical method of the previous chapter is demonstrated on a
set of examples. At first, the method is tested on three canonical examples of Lebesgue
measure-preserving transformations: the translation map, Arnold’s cat map, and Anzai’s
skew-product transformation. These examples permit an easy closed form expression of
both the spectral projectors and density functions, making them a good test bed to
illustrate the workings of the numerical method. Next, the method is applied on the
Chirikov standard map which is a classical example of a perturbed twist map. After
this, the spectra is computed of two planar Hamiltonian systems: the simple pendulum
and the Duffing oscillator. This is followed by an analysis of the spectra of a quadruple
gyre which is contructed from a stream function with periodic forcing. The final example

considered is the volume-preserving Arnold-Beltrami-Childress flow.

7.1 Canonical examples on the 2-torus

In this section, the spectra is analyzed of the translation map (6.11)), Arnold’s cat

map (6.13), and Anzai’s skew-product transformation (6.14)). The examples cover the
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full range of possible “spectral scenario’s” that one may encounter in practice: the first
map has a fully discrete spectrum, the second one has a fully continuous spectrumE], and

the third map has a mixed spectrum.

7.1.1 Translation on the m-torus

Consider a translation on the torus (6.11)):

T +OJ1

T(x)= : mod 1.
T + Wy
This is the type of map one would typically obtain from a Poincare section of an integrable
Hamiltonian expressed in action-angle coordinates. Denote by k = (ki,...,k,) € Z™

and w = (w1,...,wy,) € R™. The map (6.11)) is ergodic if and only if k- w ¢ Z for all
ke Z™ and k # 0.

Singular and regular subspaces

The Koopman operator associated with (6.11)) has a fully discrete spectrum. More-

over, the Fourier basis elements turn out to be eigenfunctions for the operator, i.e.
u€27ri(k-x) _ 627ri(k-w) 2mi(k-x)

e .

The singular and regular subspaces are respectively:

H, = span{e?mitb-z) | € Zm}, H, = 0.

'Expect for the trivial eigenvalue at 1
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Spectral density function

The spectral density function for observables in the form:

g= Z ak€2m'(k-x) € Lm(Tm,B(Tm>,/L),

kezm
is given by the expression:
p(0:9) = > lar6(6 — 27 (k- w) mod 2r). (7.1)
kezm

Noteworthy to mention is that the spectra of the operator for the map (6.11)) can switch

from isolated to dense with arbitrarily small perturbations to w € R™.

Spectral projectors

Given an interval D = [a,b) C S, the spectral projectors can be expressed as:

SDg _ Z ak€2m'(k~a:) ‘

27 (k-w) mod 2mreD
Numerical results

In fig. , the spectral density function (3.11)) is plotted for the case when d = 1,

wy; = 1/3, and:
sin(47x)

9(x) = 1+ cos?(2mx) + sin(Trx) (72)

As the partitions are refined, it is evident from fig. that the energy becomes pro-

. ) 2 (k1)
gressively more concentrated around the eigenvalues of the true spectra at e’ 3

, with
k=123

In fig. , the case when d = 2 and (w1, wz) = (3, 3) is examined. The trajectories
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of this map are all 6-periodic, and eigenvalues are also located 6th roots of unity (i.e.

7:271'(k'—1)

e~ 6 ,with k =1,2,...,6). Shown are spectral projections (5.10]) of the observable:

1
g(z) = sin(2mz) cos(2mxy) + sin(mxy) + —5——— — 1 (7.3)
sin(mwxy) 4+ 1

around narrow intervals of these eigenvalues.

7.1.2 Arnold’s cat map

Consider the area-preserving map 7' : T2 — T2, defined in ((6.13)):

Arnold’s cat map ([6.13) is a well-known example of a Anosov diffeomorphism, in which
the dynamics are locally characterizable by expansive and contractive directions. The
map ((6.13)) has positive Kolmogorov entropy, is strongly mixing, and therefore also er-

godic.

Singular and regular subspaces

The Koopman operator associated with Arnold’s cat map is known to have a “Lebesgue
spectrum” (see e.g. [46]). A Lebesgue spectrum implies the existence of an orthonormal
basis for L?(T? B(T?), 1) consisting of the constant function and {¢s¢}sersez, I € N,
such that:

ul@s,t = Qs L E€EZ.

It follows from such a basis that the eigenspace at A = 1 is simple, i.e. consisting only

the constant function, with the remaining part of the spectrum absolutely continuous. In
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the case of the Cat map, the basis {(s+}ser ez is just a specific re-ordering of the Fourier
elements {e?™Fiithaz2)} o o) 0. Indeed, by applying the Koopman operator (3.8) onto
a Fourier element, the following transformation is observed:

/ —
Uerikizithazs) ei2”(kllzl+k/2x2), s Ak ) (k1, ko) € zZ2. (7.4)

Ky = ki+ko

Partitioning Z? into the orbits of (7.4]), i.e. Z% = §U & U & U Es ..., notice that all
orbits, except for & = {(0,0)}, consists of countable number of elements. The singular

and regular subspaces are respectively:

Hs = Span{l}7 Hr — Span{eiQﬂ'(klzlJrksz) : (kl’ kg) 7& 0}

Spectral density function

The spectral density function (4.20]) of a generic observable is found by solving the

trigonometric moment problem [34]:

d = U'g,g) = /

T2

') @) = [ plbig)a0. 12

If the observable consists of a single Fourier element, note that: (i) (k1,k2) = (0,0)
implies d; = 1, VI € Z which leads to p(#;1) = 6(0) (i.e. Dirac delta distribution), (ii)
(k1,k2) # (0,0) implies d; = 0 VI # 0 and dy = 1, leading to p(6; e?mkierthaza)y — L (je,

a uniform density). By virtue of these properties, the spectral density function (4.20]) of

a generic observable in the form:

g = Qo + Z Zas,t(ps,t € LQ(T2?B(T2)7 ,u)a |aO|2 + Z Z ‘a&t’Q < OO, (75>

seN tez seN tez
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can be expressed as:

o(056) = laol?5(0) z(zz . ) | 76)

1€z \seN tez
Spectral projectors

For an interval D = [c — §,c + d) C S, one can use the Fourier series expansions of

the indicator function:

i —icl ( ,—1dl 0l
p 1 e (e =€) 1#0
Xp =Y _b(D)e",  b(D):= %/e 0y 1 (0)d = o .
ez S 20 =0
(7.7)

to obtain an approximation of the spectral projector with the help of functional calculus.
Using the Lebesgue basis in ((7.5)), the following expression for the spectral projection can

be obtained:

Spg =Y  b(D)U'g = agv(D)+ Y bi(D) (Z > as,tsos,m)

lez lez seN tezZ

where the singular measure v(D) = 1 whenever 0 € D. The frequency content of the
projection increases drastically as the width of the interval is shrinked. This is because
the Lebesgue basis functions ¢, become increasingly oscillatory for larger values of ¢,
and reducing the width of the interval places more weight on these higher frequency

components.
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Numerical results

For observables that consist of only a finite number of Fourier components, a closed-

form expression of the spectral density function can be obtained. For example:

7 (.T) — eZm’(Qaclerg)

go(z) = e2mi(2w1taz) | 16(2m(5z1+3x2))

. 1 , 1,
93(1,) _ 62#1(29614-:02) + _6(27rz(5x1+3x2)) + Z_JL627r1(13x1—i-8902)

yields
1
0;91) = —

p(:91) = 5
1 /5

p(0; g2) = o \a T cos (7.8)
1 /21 10 1

p(0;g3) = - <E + 5 cos 0 + 5 cos 29)

In fig. , the spectral densities of these observables are approximated with
using the proposed method. Clearly, the result indicate that better approximations are
obtained by increasing the discretization level. In fig.[7.4] the spectral projections for the
first observable are plotted. As expected, shrinkage of the interval leads to more noisy

figures.

7.1.3 Anzai’s skew-product transformation

One can use skew-products of dynamical systems to construct examples of maps that

have mixed spectra [47]. An example of such a transformation is the map (6.14)):

T(zy,x9) = (x1 + 7,21 +22) mod 1, (7.9)
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for which v € [0,1). The map (/6.14)) is the composition of a translation and a shear. The

transformation is ergodic whenever v € R is irrational.

Singular and regular subspaces

The mixed spectrum of the operator is recognized by examining the cyclic subspaces
generated by the Fourier basis elements. Essentially, Fourier elements that solely depend
on the coordinate x; behave as if the dynamics of the map are that of a pure translation,
whereas the remaining Fourier elements do observe a shear and belong to a cyclic subspace
of infinite length. The singular and regular subspaces of the operator are respectively

given by:

Hy = span{o, := e2miltz)  t € Z}

and

H, = span{p ;,, := e>rillttswaitssa) = g e Z t € N with s # 0,¢ < |s]}.

Spectral density function

Application of the Koopman operator yields:
-1
, 2mil | t+s( wt—5-
Z/{lO't — €2ﬂzlt70_t and ul@s,t’w — e Uy’ ( s(w 2 ))’YQOS’t’uH,l.

Solving the trigonometric moment problem for observables expressed in the form:

9= ao+ > Y ) Corawparw € LT3 B(T?), 1),

teZ s€Z,s#0 teN,t<|s| weZ
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yield the density function:

p(0;9) = Z la;[?5(6 — 27yt mod 27)+

teZ

% Z Z (Ze2ml(t+s(“’JFZ_TI))VC:JM_ICS’t’w) ¢l (7.10)

leZ \seZ,s#£0teNt<|s| \weZ
Spectral projectors

For the interval D = [¢c — d§,c+ ) C S, an expression for the spectral projection is

given by:

SDg = Z GtUt—I—Z bl(D) Z Z Z e2ml (H_S (w—‘rlTl))’ycs,t,wSOs,t,erl )

2wty mod 27€D lez s€Z,5#0 teN,t<|s| weZ

where the coefficients b,(D) are defined as in (7.7)).

Numerical results

Now set v = 1/3 and consider the observable:

1 . 1 . 1 .. . 1 .
g(‘rb ZL'Q) — 2_0627rm:1 + 2_0647rw1 + g667rza:1 + 627rm2 + 56(271'2(:v1—|—12)) (711)

The spectral decomposition is given by:

1 2m 1 4m 1 (5
(0.0 = 5 (30450 =20 ) o000~ ) - (54 os)

In section [7.5] the spectral density function is plotted for different discretization levels.
Convergence of the spectra is observed by refinement of the grid. In section [7.5] spectral

projections of the observable are shown for small intervals centered around the eigenvalues
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ei%(gfl), with £ = 1,2,3. Note that the exact eigenfunctions are not recovered due to

the presence of continuous spectra which is interleaved in the projection. In section [7.5]

projections are shown in a region where only continuous spectrum is present.

7.2 The Chirikov standard map

In this section, the Koopman spectra is analyzed for the family of area-preserving

maps introduced by Chirikov (6.15)):

x1 + 9 + K sin(27xq)
T(x)= mod 1
x9 + K sin(27z4)
Unlike the examples of the previous section, finding an explicit expression of the spectra
is highly non-trivial (except for the case when K = 0). In figs. to the spectral
properties of the standard map are examined for K-values ranging between 0 and 0.35.
In fig. approximations of the spectral density functions (4.20]) are plotted for the

observable:

g(x) = T | BT () 0112772 (7.12)

It can be seen that sharp peaks form at locations other than eigen-frequency 6 = 0. These
peaks illustrate that the purely continuous spectra disintegrate, with the rise of discrete
spectra for the operator. Eigenfunctions of may be recovered from the spectral
projections by means of centering the projection on narrow intervals around the respective
eigenfrequency. In figs. to this is done for respectively 0 = 0, 7,27 /3, 7/2. The
eigenfunction at § = 0 yields an invariant partition of the state-space, the eigenfunctions
of the other frequencies 8 = m, 27/3, /2 provide periodic partitions of period 2,3 and 4,

respectively (see also [9, 10]).
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7.3 Planar Hamiltonian systems

Hamiltonian systems are defined on unbounded domains. But in many situations,
the trajectories belonging to a sub-level set of energy surfaces are bounded. Hence,
for that subdomain of the state-space, periodic approximations may be constructed to
compute spectra. For a separable, one degree-of-freedom Hamiltonian systems, periodic
approximations can be obtained readily from a symplectic lattice map (see discussion in
section . What follows next is an analysis of the spectra of the simple pendulum and

the duffing oscillator.

7.3.1 Simple pendulum

Consider the simple pendulum:

T T
=] 77 (7.13)

Ty —sinxy

restricted to the domain:
X ={z;€[0,2n),20 eR: 125 —cos(z1) < in* +1}.

Apart from the single eigenvalue at A = 0, it was shown in [49] that the spectra of ([7.13))

is fully continuous. In fig. [7.11] the spectra is plotted of the observable:
L,
g(x1,x0) = 5%2 ~ (coszy) . (7.14)

In fig. spectral projections are shown for various intervals.

124



Examples Chapter 7

7.3.2 Duffing oscillator

Consider the duffing oscillator:

oz 2 , (7.15)
To —bxy — az}
restricted to the domain:
X ={z1 €RzyeR:  Izj+1ba} + taz] < in®+ 1b7° + Lan'}.
Set b= —1, a = 1 and consider the observable:
g(xy,29) = %x% - %x% + ix‘f (7.16)

In fig. the spectra is plotted and in fig. projections are shown.
Let us fix a = 1 and vary the coefficient b from negative to positive values. In figs.|7.15

and [7.16], the spectral density is plotted of the observable:

1 1
g(x1,29) = 53:3 +i (535%) : (7.17)

When b = 0, the system undergoes a pitch-fork bifurcation. In fig. [7.15] the spectral
density is plotted for small perturbations of b, i.e. around the bifurcation point. From a
topological point of view, the duffing oscillator clearly undergoes a sudden transition with
the birth of two new fixed points. But from a spectral sense, this transition is however
smooth and unnoticable. The smooth transitation can be clarifed by the close proximity
of the new fixed points during the bifurcation. Noticable changes in the spectra occur

only when b is modified signifanctly, as evident in fig. [7.16] Since the bifurcation does not
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induce immediate global topological changes, from a spectral point of view, the transition
will remain smooth as the Koopman framework inherently incorporates finite resolution

in measurement and observation.

7.4 The quadruple gyre

Next, consider a variation to the double gyre dynamics introduced in [50]. The

quadruple gyre dynamics are described by the differential equations:

i wAsin(m fi(z1, x3)) cos(m fo(xs, x3)) df1£{;11,:c3)
By | = | —mAcos(nfi(w1,x5)) sin(7 fo(w, v5)) L2i2se) (7.18)
.1.'3 1

on the domain X = [0, 1] x [0,1] x [0, 1), with:

fi(z1, x3) = desin(2ras)a] + (2 — desin(27as)) 2y,

and

fog, m3) = desin(2mas)zs + (2 — desin(27a3))wy.

The system ([7.18)) arises from a time-periodic stream function. In fact, the variable x3
is periodic and equal to the time (modulo the period).

In fig. the spectral density function is plotted for the observable:

g(x1, e, x3) = i(sin(dmrxy) sin(4ras)) + (1, 22), (7.19)
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where:

The computations are performed for A = 1/(27) and € = 0.05. A spatial partition of
700 x 700 x 100 was used and the time step was set to 7 = 0.01. As evident from
fig. it appears that the quadruple gyre has a mixed spectrum for these parameters.
The location of the discrete spectra correspond to resonant frequencies of the KAM tori
islands shown in fig. [7.17 This is also noticable in figs. to where spectral

projections are shown for certain intervals of interest.

7.5 The Arnold-Beltrami-Childress flow

Finally, consider the Arnold-Beltrami-Childress (ABC) flow on the unit 3-torus, i.e.

X =[0,1)3. The motion is described by the differential equations:

I Asinzg + Ccoszy
Iy| = |Bsinz; + Acosas| - (7.20)
T3 C'sinxzy 4+ B cos 1

For small 7-values, the flow S™ of ([7.20) can be approximated by:

S7(x) = 573 0 §5/% 0 573 (x) (7.21)
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where:
z1 + Z(Asinzs + C cos x) 71
577 a) = vy - SP@ = w4 5(Bsing + Acosy) |
T3 T3
X1
CHAMEE T2

x3 + Z(C'sinwy + Bcos )

This approximate volume-preserving T-map is called the ABC map [45] and is the com-
position of three shear maps. A periodic approximation of ([7.21]) is obtained readily by
periodically approximating each of the shear maps separately. In fig. [7.22] the spectral

density function is plotted for the observable:

9(z1, 29, x3) = exp(4mizy) + 2 exp(6mizy) + exp(2mizs) (7.22)

The computations are performed for A = v/3/(27), B = v/2/(27), C = 1/(27). A spatial
partition of 400 x 400 x 400 was used and the time step was set to 7 = 0.025. In figs.

and [7.24] spectral projection are shown onto various intervals.
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7 =100 7 =1000 7 =10000

Figure 7.1: Approximations of the spectral density function (3.11)) for the translation
map (6.11)) with m = 1 and w; = 1/3. Spectra is approximated for the observable
(7.2) with o = 27/500. The black curve is approximation and the red curve is the
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Figure 7.2: Results obtained for the translation map (6.11) with m = 2 and
(w1, we) = (%, %) Computations were performed for the observable (7.3 at a spa-
tial discretization of n = 1000. Shown are spectral projections of the observable at

. . o (k—1
narrow interval around the eigenvalues 0 = %.
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Figure 7.3: Approximations of the spectral density function of the cat map for
the observables in . The spectral resolution is set to o = 27/500. The black
curves denote the approximations and the red curve is the true density. The first row
shows approximations of p(f;g1), the second row shows p(#; g2) and the third row
shows p(6; g3).
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Figure 7.4: The spectral projections of cat map (|6.13)) for the first observable in (|7.8]).
Projections were computed at the discretization level 7 = 2000.
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Figure 7.5: Results obtained for Anzai’s skew product transformation (6.14]) with
~ = 1/3 and observable . Spectral projections were computed at a discretization
level . = 2000. The top row shows approximations of the spectral density function at
different discretization levels. The spectral resolution is set to v = 27/500. The black
curves denote the approximations and the red curves are the true density. The middle
row shows spectral projections computed at narrow intervals around the eigenfrequen-
cies # = 0,27/3. The bottom row shows spectral projections computed at intervals
that contain only continuous spectra.
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Figure 7.6: Evolution of the spectral density function of the Chirikov map (6.15)) for
the observable (7.12]). Results for n = 2000 and « = 27/500.
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Figure 7.7: Spectral projections computed for the Chirikov map (6.15) at the in-
terval D = [—0.02,0.02] with 7 = 2000. The depicted projection approximates the
eigenfuncions at § = 0, which generates an invariant partition of the state-space.
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Figure 7.8: Spectral projections computed for the Chirikov map (6.15]) at the interval
D = [r —0.02,7 4 0.02] with 7 = 2000. The depicted projection approximates the
eigenfuncions at 6 = w, which generates an period-2 partition of the state-space.
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Figure 7.9: Spectral projections computed for the Chirikov map at the interval
D = [2r/3 — 0.02,27/3 + 0.02] with 7 = 2000. The depicted projection approxi-
mates the eigenfuncions at § = 27 /3, which generates an period-3 partition of the
state-space.
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Figure 7.10: Spectral projections computed for the Chirikov map (6.15)) at the interval
D = [r/2-0.02,7/2+0.02] with 7 = 2000. The depicted projection approximates the
eigenfuncions at 6 = 27/3, which generates an period-3 partition of the state-space.
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§

Figure 7.12: Spectral projections for the observable (7.14) on the invervals

D = [-0.3,0.3) (top-left), D = [1.5,2.0) (top-right), D = [4.0,4.5) (bottom-left),
and D = [7.5,8.0) (bottom-right).
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Figure 7.13: The spectral density function (o = 0.1) for the observable (7.16)).
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Figure 7.14: Spectral projections for the observable ([7.16) on the invervals
D = [-0.3,0.3) (top-left), D = [2,2.5) (top-right), D = [4.5,5) (bottom-left), and
D = [7.5,8.0) (bottom-right).
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Figure 7.15: The spectral density function (o = 0.1) for the observable (7.17))
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Figure 7.16: The spectral density function (o = 0.1) for the observable (7.17)).
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Figure 7.17: Cross-section of trajectories at x3 = 0 for the quadruple gyre with

A =1/(2m) and € = 0.05. Clearly noticable in the plot are the KAM tori islands aong
with the chaotic region.

Figure 7.18: The spectral density function (o = 0.01) for the observable (7.19)).
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Figure 7.19: Spectral projection of the observable (7.19) onto the interval
D = [-0.4,0.4). Top-left: x3 = 0, top-right 3 = 0.25, bottom-left: z3 = 0.5,
bottom-right: x3 = 0.75.
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Figure 7.20: Spectral projection of the observable (7.19) onto the interval
D = [6.5,10.0). Top-left: z3 = 0, top-right 3 = 0.25, bottom-left: x3 = 0.5,

bottom-right: z3 = 0.75.
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Figure 7.21: Spectral projection of the observable (7.19) onto the interval
D = [11.1,11.4). Top-left: z3 = 0, top-right x3 = 0.25, bottom-left: z3 = 0.5,
bottom-right: z3 = 0.75.

Figure 7.22: The spectral density function (o = 0.01) for the observable ((7.22)).
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Figure 7.24: Spectral projection of the observable ((7.22) onto the interval D = [7.36,7.56).
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Conclusions

The spectral properties of the Koopman operator are closely related to the geometric
properties of a dynamical system in the state-space. In this dissertation, these rela-
tionships were specifically explored for a nonsmooth dynamical system characterized by
discontinuous orbits. By considering an example of a kicked pendulum, it was illus-
trated that many of the geometric concepts associated with Koopman eigenfunctions
(e.g. isostables, isochrons, invariant partitions, conjugacies, etc.) apply to nonsmooth
systems as well. While the fixed space of the operator gave a description of the ergodic
partition, the eigenfunctions associated with eigenvalues in the left-half complex plane
established a (semi-)conjugacy to a linear system.

Given the central role of the spectral decomposition in Koopman-based analysis of
dynamical systems, the focus of this dissertation was to advance the development of
numerical methods to compute them. The emphasis was placed on computing spectral
decompositions directly from a discretization of the dynamics. Herein, it was recognized
that any computer simulation of a dynamical system would always involve some type of
a reduction to a finite-state model. Given this observation, it was explored how these

models can be used to approximate spectral quantities.
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As a result, a new procedure was introduced to discretize the unitary Koopman
operator of an invertible, measure-preserving transformation on a compact metric space.
The method relied on the construction of a periodic approximation of the dynamics,
wherein the measure-preserving system was approximated by a one-to-one map on a
partitioning of the state-space. The action of the Koopman operator was thereby reduced
to a permutation, yielding a discretization of the operator that preserved its unitary
structure.

The unitary discretizations were shown to approximate the spectral decomposition
of the Koopman operator in a weak sense. These weak convergence results showed that
the individual eigenvalues and spectral projectors of a finite dimensional approximation
may have very little to do with the original infinite-dimensional operator. However, when
smooth weighted sums of these projectors were applied on some fixed observable, control
on the approximation error was achieved in the average sense under the L2 -norm. This
convergence results did not require any specific assumptions on the spectral type of the
operator and treated systems with continuous or discrete spectra all under same the lens,
i.e. measure-preserving transformations with continuous spectra can be approximated
arbitrarily well by periodic systems with a fully discrete spectrum.

The concept of periodic approximations was generalized to measure-preserving flows.
In order for weak convergence of the spectra to still occur, it was shown that a condition
must be satisfied requiring the spatial refinements to happen at a faster rate than the
temporal refinements in the discretization process. It was observed that this condition
is somewhat opposite to the CLF condition required for finite difference schemes. This
was however expected, given that the periodic approximation more closely resembles a
semi-Lagrangian scheme.

The entire discretization procedure was constructive and allowed for the development

of numerical methods to compute spectra. It was shown that a periodic approximation
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can generally be obtained from solving a bipartite matching problem, although in special
cases, a direct analytic construction was also possible. The general algorithm did not
require the evaluation of set propagations (i.e. as in the Ulam approximation) and was

3m/2) complexity, where m is the dimension of the state-

shown to have roughly O(n
space and n the size of the partition in each dimension. Once a periodic approximation
was obtained, the computation of the spectral projections and density functions become
straightforward. The permutation structure of the discretization gave way for a fast
evaluation (i.e. with O(mn™logn) complexity) of these spectral quantities using the
FFT algorithm.

In reflection, the proposed numerical method turns out to be very closely related to
taking harmonic averages of observable traces. Instead of approximating the harmonic
averages of a generic (hence typically aperiodic) system, the averages were computed of a
“near-by” periodic system. For periodic systems, these averages are effectively reducible
to the Discrete Fourier Transform. In the end, only smooth weighted sums of these
averages turn out to have any “spectral meaning”. It is generally hard to assess how a
finite-state model approximation of a dynamical system, in combination with an infinite
series truncation, may affect the computation of time averages. This dissertation has
shown that, in the special case of measure-preserving systems, these concerns are fully
addressed if one uses a periodic approximation.

There are still several open questions which remain. The most important question is
how the current method can be generalized to include dissipative dynamical systems. One
approach would be to extend the notion of periodic approximation with an “eventually
periodic” approximation: whereas the attractor is discretized by a union of cycles, the
basin is approximated by a union of trees. It is not immediately clear how to obtain such
an approximation correctly in practice, neither is it clear how the Jordan blocks of the

transient dynamics are spectrally related to the infinite-dimensional operator.
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