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Abstract

We study the field of quantum chaos, which involves quantum systems that exhibit chaotic
behaviour in the classical limit. To approach this topic, we examine the quantisation of the
delta-kicked oscillator, a well-known system with a Hamiltonian that consists of the harmonic
oscillator coupled to a delta function that is periodic in time. We consider the system both
in its commonly studied form and also with a different potential term related to the sawtooth
function, and we compare our results for these two cases.

First we analyse the classical dynamics, using intuition from KAM theory to give a quali-
tative description of the result of increasing the coupling between the harmonic oscillator and
the kick term. We quantise the system and determine approximate analytic expressions for the
breaking time (the time of departure from the predictions of Ehrenfest’s theorem) for both a
weak and strong coupling strength. We give numerical evidence to support these expressions.

We present a well-known argument relating the kicked oscillator to the problem of an
electron in a lattice and show how the phenomenon of Anderson localisation arises in the
system, and give numerical evidence for this in the form of IPR calculations.

We study the kicked oscillator in the presence of a dissipative environment and show that
(1) a sufficiently strong coupling to this environment can make the breaking time arbitrarily
large and reduce the effect of localization, and (2) that complete quantum-classical correspon-
dence is not possible in the chaotic regime.

The main result is a derivation for the breaking time in the case of the sawtooth potential,
both in the system without an external environment (closed system) and when it is subject to
dissipation (open system). We also present numerical calculations of the inverse participation
ratio for both potentials.
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1 Introduction

1.1 Classical and Quantum Chaos

Quantum chaos is a field of mathematics and physics concerned with quantum systems that exhibit
chaotic behaviour in the classical limit.

There are numerous ways of defining chaos in the classical sense. The definition we will use
in this dissertation concerns the maximum Lyapunov exponent (LE) of the system. For discrete
dynamical systems with evolution equation z,,,1 = f(x,) in an N-dimensional phase space there
are N LEs characterising the rate of separation of nearby points along each axis of the system’s
phase space. The maximum of these is given by the equation

1 oo
A= lim =S In|f'(z:)]. 1.1
nggon; n|f'(x;)] (1.1)

We then call a system chaotic if this maximum exponent is positive and at least one of the other
LEs is negative. This captures the idea of sensitive dependance on initial conditions that is usually
part of an informal definition of chaos. However, there are other definitions of chaos, e.g. in terms
of topological mixing properties [17].

We can also use the LEs to define a notion of dimension for the set on which the dynamical
system lives. The Kaplan—York dimension (KY-dimension) of a dynamical system in R" with LEs
/\1 Z)\Q Z Z/\NIS[Zl]

ALt A

, (12)
[Aj1]

Dy =j +
where j is the largest integer for which A\; 4 --- 4+ A\; > 0. A non-integer K'Y-dimension suggests
that this set is a fractal [26], a geometric shape that is self-similar on all scales.

We call a Hamiltonian system integrable if the Hamiltonian can be expressed only in terms of
the action variable in action—angle coordinates [40]. Otherwise we call the system non-integrable.
Chaos does not occur in integrable systems, though being non-integrable is not enough to ensure
chaotic behaviour. We will explore this more in Chapter 3.

Due to the linearity (and integrability) of the Schrédinger equation, chaos does not occur in
quantum systems in the same way that it does in classical systems. In fact, it may be more precise
to say that quantum chaos is simply the study of non-integrable quantum systems.

1.2 The Delta-Kicked Oscillator

A commonly-studied model is the delta-kicked oscillator, which is well documented due to its
relative simplicity, the fact that it exhibits many of the interesting phenomena associated with
quantum chaos, and the ability to realise it experimentally [7, 24]. Classically, the kicked oscillator

has Hamiltonian
2 2.2
P mwx
H=—
2m + 2

+ AV (x) i d(t —nt), (1.3)

n=—oo

where 7 is the period of the kicking potential, A is the kick strength, and V' (z) is a periodic (or
quasi-periodic) potential. Most often, scholars consider the potential V' (z) = cos(kx), but other



potentials can give rise to different dynamics that are less well studied, especially in the quantum
regime [32]. In this dissertation, I will look at two different potentials. The first is the cosine
potential

V(z) = cos(kx). (1.4)
Motivated by [44], we will also consider the potential given by the Fourier series
KT K2 o= 1 2jmx
V(‘r>:7+ﬁj:1j_2(jos< o ), (15)

which we will call the sawtooth potential. This potential lacks the symmetry of the cosine potential.
In the classical case we will see that it is the derivative of the potential that matters, and the
derivative of (1.5) is a sawtooth function of period k:

(1.6)

Classically, the kicked oscillator with the potential (1.5) has been studied by Lowenstein [43, 44],
but it has not been examined in the quantum regime to our knowledge.

Although the kicked oscillator (especially with the cosine potential) has been extensively dis-
cussed in the literature, the system in the presence of an external environment has been less well
studied. As well as studying the system in isolation, we will also consider a dissipative environ-
ment modelled by a zero-temperature reservoir and discuss what effect this has on the dynamics
in both the classical and quantum regimes. A system subject to such outside effects is called open,
otherwise it is called closed.

We discuss our main course of study in the next sections.

1.3 Breaking Time

Loosely, Ehrenfest’s Theorem states that quantum-mechanical expectation values obey Newton’s
classical equations of motion. Formally, given a quantum system with Hamiltonian A and an
observable A, the theorem states

d, . 1,4 » 0A
Z(A) = — (1A, ) + < — > , (a7
which reduces to Newton’s equations when applied to the position and momentum operators.

It should come as no surprise that (1.7) is true only with some important caveats, such as the
assumption that the system is classically integrable [54]. Schrodinger proved that this is indeed
true for the standard harmonic oscillator [49], but in more general situations the correspondence
may break down in time.

We call the time at which the correspondence first breaks down the Ehrenfest time or breaking
time t. For t < t; a quantum wave packet follows the dynamics of a classical trajectory (guar-
anteed by Ehrenfest’s theorem), but when ¢ > t; even a coherent wave packet may spread over
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all of phase space or otherwise diverge from the predictions of classical physics. It is known that
for kicked systems such as (1.3) in the chaotic regime and with maximum LE ), the breaking time
satisfies

th o< A In(A%p/h), (1.8)

where A?p is the initial uncertainty in momentum [6].
The situation for the kicked oscillator when it is not in a chaotic regime is less clear, but there
is evidence to suggest that t;, is of order 7.

1.4 Localization

We say a quantum state is localized in a region ? if the wavefunction decays exponentially outside
of ). Localization can occur in position, momentum, or both, depending on the expression for the
wavefunction in position/momentum space. By viewing the state as a probability distribution over
basis states, one can think of a localized state as one in which most of the weight of the distribution
is on a small number of basis states.

Localization can occur through various mechanisms. Quantum interference suppresses the
classical diffusion of particles in some disordered systems, a phenomenon called Anderson local-
ization. The phenomenon was first studied by Anderson, who suggested the possibility of electron
localization inside a semiconductor and introduced a tight-binding model for the evolution of the
wave function on a lattice. It has been shown that this kind of localization only requires a very low
degree of disorder or randomness [27].

1.5 Outline

The remainder of this dissertation is organised as follows.

In Chapter 2, we overview the classical dynamics of the kicked oscillator, both for the closed
system and in the presence of a dissipative environment. We use a KAM theory approach to analyse
the transition from non-chaotic to chaotic behaviour.

In Chapter 3, we discuss the quantum dynamics of the closed system with a view towards gain-
ing a deeper understanding of the classical dynamics and how they might arise from the quantum
regime. Our main result is an expression for the breaking time of the system, but we will also
consider localization and show that the system can be put in the form of a tight-binding model.

In Chapter 4, we study the quantum system in the presence of a dissipative reservoir. The main
result of this section is an expression for the breaking time and the determination of parameter
regions for which this is infinite. It is known that the presence of an environment can also suppress
or enhance localization, and we will also investigate this issue.

In Chapter 5, we summarise the results obtained and offer some final remarks on quantum-—
classical correspondence in the presence of a dissipative environment. We also offer some sugges-
tions for future work.

We present the code used for numerical simulations in the appendix.



2 Classical Dynamics

We begin by deriving the equations of motion for the kicked oscillator. With the Hamiltonian as in
(1.3), Hamilton’s equations of motion are

o

dz  p dp , dV
> _ = = _ — AL — ).
= o mw-x o E d(t —nr)

n=—oo

In between the kicks, the time evolution is exactly the same as for the standard harmonic oscillator.
To deal with the kicks, we integrate the equation for dp/dt over some neighbourhood about the
kick at n7 to derive the mapping

p((n+ 1)71) = p(nt) — AV (z(n1)). (2.1)
Combining Eq. (2.1) with the standard solution for the harmonic oscillator

p(0)

z(t) = x(0) cos(wt) + o sin(wt),
p(t) = p(0) cos(wt) + mwz(0) sin(wt),

and introducing the notation z,, = x(n7), p, = p(nt), we obtain a mapping from the instant
before the nth kick to the instsnt before the (n + 1)st:

sin(wr)

[P — AV’ (zn)],

Pt = [pn — AV (2,)] cos(wT) — xmw sin(wr).

Tpy1 = T cos(wT) + 2.2)

2.1 The Closed System

2.1.1 Cosine Potential

First we consider the cosine potential given by Eq. (1.4). By changing coordinates to a dimension-
less position v and momentum u defined by

v = kuz,

kp (2.3)
U= —,

mw

we obtain the nondimensionalised form of Eq. (2.2):

Upt1 = Up cos(a) + sin(a)[u, + K sin(v,)] 54
Upt1 = [y + K sin(v,)] cos(a) — vy, sin(a), 24)

where K = Ak?/(mw) is the renormalised kicking strength and o = w is the ratio between the
period of the kicks and the period of the oscillator. These are the only free parameters.

We take « = 27/q. When the resonance condition ¢ € Q is satisfied, there is rotational
symmetry of order ¢, as we can see in Fig. (2.1a). When ¢ € {3,4,6} there is crystal symmetry
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given by a tessellation of the plane with triangles, squares, and hexagons respectively. This can be
seen clearly in Fig. 2.1. Otherwise, there is quasicrystal symmetry, except in the degenerate cases
=1,2[13].

The symmetric structure that arises is often called a stochastic web [58], as it takes the form
of an interconnected web of unstable dynamics spread throughout phase space. Inside this web
the motion is chaotic. As the parameter K increases the chaotic regions begin closer to the fixed
points of (2.4) and cycles of the system (which fall in the centres of the ’cells’). Visually, the
cells gradually become overtaken with regions of chaos [13]. Although some symmetry is lost, the
g-fold rotational symmetry remains.

The choice of irrational ¢ removes all traces of crystalline structure from the phase plane,
producing a region of complete disorder (seen in Fig. 2.1b). For both rational and irrational ¢, the
trajectories are unbounded in phase space.

We can also approximate the largest LE for the system using the standard approach given in
[51]. As we stated in Chapter 1, a positive maximum LE is an indicator of chaos. Figure 2.2 shows
that for some value of K, the maximal LE becomes postive and continues to grow as K becomes
larger. We investigate the regions in which the maximal LE is 0 in more detail in Chapter 2.2.

Another helpful way of visualising the evolution of Eq. (2.4) is to examine the evolution
of a probability distribution. This gives something that is easier to compare with the associated
quantum system, where we cannot follow a single trajectory. The plots in Fig. 2.3 show the
evolution of an initial set of points drawn from the Gaussian distribution, for various kick strengths.
The centre part of the stochastic web in Fig. 2.1 is clearly visible in Fig. 2.3a.

150

100

50 -

—50}

=100}

-150}

-2

00 I I L L L I I
—200 -150 -100 =50 0 50 100 150 200

(a) ¢ = 6. (b) g = V2.

Figure 2.1: Plots of the mapping (2.4) for K = 2 and both a rational and irrational choice of ¢
after 10000 kicks. For rational ¢, we observe a stochastic web structure that spreads unboundedly
in phase space as n — oo. For irrational ¢, the phase space lacks the rotational symmetry, but the
orbit still eventually fills the entire phase space.
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Figure 2.2: Maximal LE X for the mapping (2.4) as a function of K for ¢ = 6. It becomes positive
at i ~ 1.7. A positive LE is an indicator of chaos.
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Figure 2.3: Classical probability density function (PDF) for (a) n = 9 and (b) n = 500, with
K = 2 and ¢ = 6. The right image shows the stochastic web begining to emerge. We generated
these plots by drawing an ensemble of 10° initial conditions from a Gaussian distribution with
mean O and deviation 1, and then evolving them for n time steps using the mapping (2.4). We
calculated the PDF for the evolved data was then calculated using kernel density estimation [50]
and plotted on a 1000 x 1000 mesh grid.



2.1.2 Sawtooth Potential

We now analyse the sawtooth potential given by Eq. (1.5). Substituting this into Eq. (2.2) and
changing to dimensionless quantities defined by

yields the mapping
Upt1 = Uy cos(a@) + sin(a)[u, + L(|v,] — v,)],

Upt1 = [Un + L(|vn] — vp)] cos(a@) — vy, sin(a), 2.5)

where L = A/(mw) is the renormalised kicking strength and o« = w is once again the ratio
between the period of the kicks and the period of the oscillator. Again we make the choice of
a =2m/q.

In Fig. 2.4a, we show a plot of Eq. (2.5) for a small value of L, which clearly shows quali-
tatively different dynamics to the stochastic web for L. = 6 in Fig. 2.4b. For small L, the orbit
decomposes into identical star shapes (sometimes called supertiles in the literature [44]) and is
unbounded. This is qualitatively different behaviour to Eq. (2.4) with a small kick strength.

For L large enough to ensure a positive maximum LE, we see a growing fractal (with Dgy ~
1.78) that is structurally different to the web we had before in Fig. 2.1a. However, the g¢-fold
rotational symmetry is present in all cases. Irrational choices of ¢ produce a similar picture to Fig.
2.1b. For sufficiently large L, the trajectories are again unbounded for both rational and irrational
q.

We plot the LE for Eq. (2.5) in Fig. (2.5). The fact that the LE increases more rapidly than
in (2.4) leads to a faster onset of the disordered behaviour mentioned in Chapter 2.1.1 as L gets
larger than 4. These results tell us that the motion seen in Fig. (2.4a) is not chaotic according to
our definition, although it clearly shows some interesting structure.
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Figure 2.4: Plots of the mapping (2.5) for ¢ = 6 and different values of L after 10000 kicks. For
small choices of L, the dynamics are still largely regular, with regions of stability delineated by the
invariant tori. The ‘supertiles’ tile all of phase space, which we would see if we took n to be larger.
For large values of L we get a stochastic web, as for the cosine potential. If we enlarge the central
region we see structure that, while still being broadly symmetrical, is much more disordered. As
we can see in the right panel, the whole image looks like a branching fractal structure with g-fold
rotational symmetry.
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Figure 2.5: Maximum LE X of (2.5) as a function of L for ¢ = 6.

2.2 KAM Theory

We will use a Kolmogorov—Arnold—Moser (KAM) theory approach (though not any particular
theorem) to see what behaviour arises in the classical kicked oscillator system when we choose a
kick strength that is small enough that the system is not in a chaotic regime. In the literature this is



sometimes called weak chaos or pseudochaos [28, 44]. This will give us some intutition for how

we expect the quantum system to behave in this regime, in particular what effect a choice of small

kicking strength (i.e., small enough so that no LE is positive) should have on the breaking time.
KAM theory is concerned with the study of systems of the form

where A is a parameter, Hy is an integrable Hamiltonian, H; is a nonintegrable Hamiltonian, and
J and 0 are action—angle variables [40]. These variables allow one to determine the frequencies
of oscillatory or rotational motion without solving the equations of motion.

For sufficiently large A, the entire system becomes nonintegrable, as the H; term dominates.
With KAM theory, we study the regime where A is small enough for H; to act as a perturbation
to the otherwise integrable system. The main concern of KAM theory is with the persistence of
quasiperiodic motion under this perturbation [2].

For A = 0, the system (2.6) is integrable, so motion is confined by invariant tori in phase space.
Hamilton’s equations give

df _0Ho _

a 00

dd  O0H,

= or
SO

J(t):J(),

H(t) == V(J())t + 90,

for the initial conditions J, and 6,. Thus, the motion is confined by a torus of frequency v(Jy),
where frequency refers to the average direction that the orbit moves around the torus. We are
interested in the persistence of this invariant torus as we increase A. The KAM theorem of Arnold
states that under certain conditions and for a small non-integrable perturbation, the KAM tori of
the perturbed system are expected to be similar but distorted versions of the original KAM tori [1].
We now take Hj to be the harmonic-oscillator Hamiltonian and H; to be the kick Hamiltonian:

2 2,.2

D mw e
Hy=—+
*7 2m 2

x) »_ 8(t—nr).

n=—oo

The invariant tori of the harmonic oscillator are circles, all of which have the same frequency. To
apply the formal statement of the KAM theorem in [1] we require that each torus has a different
frequency (i.e., the frequencies are non-degenerate). This condition is often called the twist con-
dition, and it is not met here, so we cannot use the theorem explicitly. However, we can still apply
the ideas of KAM theory and, along with some numerical calculations, investigate the breakdown
of the KAM tori in a qualitative way.

Consider the cosine potential (1.4). We introduce the action—angle coordinates .J and 6 using

—J cos(6

| |
ﬁ
E

1
— J sin(6

[\3
3



With these coordinates, the Hamiltonian is in the form of (2.6), with

Hy(J,0) = cos (\/% J cos(f ) Z 5(t — nr). (2.7)

Note that the action variable J corresponds directly to the radius of the orbits of the harmonic
oscillator and hence to the invariant tori of its phase space.
The cosine term in /; can be replaced by its series expansion to give

Hl(J, 0) Z ( 2]{32J2) Ccos 1(0) Z ql(S(t . m’), (28)

—\ mws (21)!

n=—oo

where we have introduced ws = 27/7, s0 ¢ = w;/w is the ratio between the two frequencies of the
system, the same as in Chapter 2. We can express Eq. (2.8) in the more readable form

Z ) fi( ], 0, ws) Z Gin(Ws, q),
1=0 n=—o0

where

—2k272\ ! cos?(0)

s = (S5 ) G
gin(ws, q) = ¢'6(t — n1).

In Eq. (2.8), it is the relationship between the frequencies w and ws that is paramount. The function
gin(ws, q) depends on ¢ and hence gives a way of seeing the effect of the choice of ¢ has on the
existence of resonant frequencies in the complete system. Indeed, we can see from Eq. (2.8)
that in addition to the frequency ws, the cosine term is sampled at infinitely many other resonant
frequencies w; = w~!, and it is these resonances that cause the breakdown of the tori in phase
space. KAM theory indicates that only tori with sufficiently irrational frequencies will survive
under perturbation.

Note from Eq. (2.8) that the kick term can be described by only the first few terms of this
sequence when the argument .J cos(6) is small [16]. If we can adequately describe the series by its
first few terms, the number of resonances w; that come in to play is small. As we have identified
J with the orbits of the unperturbed system, we can predict that tori centred around the origin
and around the period-q fixed points (which can be translated to the origin [16]) will survive the
longest under perturbation, as the contribution from the non-integrable term is small in this region.
Observe the effect of a small kick strength in Fig. 2.6a, where the circular KAM tori around the
origin remain but have been deformed.

In regions of phase space away from the fixed points, more terms are needed to approximate
Hy, so the number of resonant frequencies involved grows, leading to a breakdown of the tori.

As A grows, the regions around the fixed points contract. The resonances cause some tori to
break and the rest to distort, leading to regions of chaotic behaviour forming around the distorted
tori and finally to the stochastic web that we observed in Fig. 2.1. We can see this beginning to

mws
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occur in Fig. 2.6b, where the orbit of the point (2,2), coloured pink in the figure, is no longer con-
strained by invariant tori and instead spreads across phase space in the gaps between the remaining
tori.

As some integrable structures remain for small A, we expect that the quantum system will show
a better correspondence with the classical system than in the case of large A. We investigate this
further in Chapter 3.

<
2 / \~ 2
s of % ] 5 ol Y
S
. S J .
- %
(a) K = 1.5. (b) K =1.7.

Figure 2.6: Plots of the cosine potential mapping (2.4) for ¢ = 6 and two values of K. Each
colour corresponds to the orbit of a different initial condition. It is clear from these images that the
invariant tori of the harmonic oscillator persist under small enough perturbations, albeit with some
deformation. As K increases, the tori further out from the fixed points and cycles break down,
leading to chaotic dynamics.
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(a) L =0.1. (b) L = 1.
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Figure 2.7: Plots of the sawooth potential mapping (2.5) for ¢ = 6 and different values of L,
where each colour corresponds to the orbit of a different initial condition. This potential has more
interacting frequencies and less symmetry than the cosine potential, which leads to more complex
dynamics. Panel (a) shows that tori around the g-cycles persist under small perturbations and that
the chaotic motion is still constrained by regions of integrability. As L increases, the tori stretch
into ellipses and eventually break, which we can see occuring in (b) and (c). Some remain even
under fairly large perturbations, as we can see in (d).

2.3 A Dissipative Environment

Classically, we will model a dissipative environment by introducing a damping term proportional
to the velocity, so between the kicks the system evolves according to

¥+ wlr+ T4 =0, (2.9)

where I' > 0 is the dissipation rate. This is not the only way of incorporating dissipation into the
model, but it is the simplest and models a real-world situation, that of the oscillator undergoing
friction.

12



We can then derive a form of Eq. (2.2) that incorporates dissipation:

__-T7/2 _ sin(@) B ,
T = €T (@ c08(@) + = [ — AV (@), 2.10)
Pt = € T2 ([pn — AV (2,)] cos(@) — z,mQsin(a)),
where
O =y/w?—-T172%/4,
Pn = m(in + T2,/2), (2.11)

a = QOr.
This is similiar to Eq. (2.2), but with a new oscillator frequency €2 and the addition of an expo-
nential decay term. Previously the kick mapping depended on two free parameters, but it now also
depends on a third, the dissipation rate I'.

2.3.1 Cosine Potential

As before, we switch to dimensionless variables

v = kux,
_ kp
U= ——

me)’

and a nondimensionalised form of Eq. (2.10)

Uit = e T7/2(T, cos(@) + sin(a)[u, + K sin(v,)]), 2.12)
lnyy = € V% ([tG, — K sin(T,)] cos(@) + 0, sin(a)), .

where K = Ak?/(mfQ) is the new dimensionless kick strength and & = Q7 plays the same role as
before.

In Fig. 2.8 we see that the introduction of the dissipative environment has destroyed the
stochastic web we observed in the system without a reservoir. In fact, the fixed points of the
conservative system have become strange attractors, with Dy =~ 1.62 [19]. The crystal symmetry
is also no longer present, and numerical experiments for several values of I'7 /2 that give rise to an
attractor do not seem to be different for rational versus irrational choices of g.

In Fig. 2.9a we show the maximum LE as a function of I', with K and q held constant. Observe
that there are now interleaved regions of chaotic and non-chaotic dynamics unlike in Fig. 2.2,
which shows only chaotic dynamics after a certain value of K. We show the bifurcation diagram
for v in Fig. 2.9b. We observe a cascade of period-doubling bifurcations which occur when
changes in the parameter lead to the system switching to a new behavior with twice the period of
the original system. Such bifuractions are seen in many chaotic maps, most famously the logistic
map [45].

13



Figure 2.8: The attractor that results from plotting Eq. (2.12) with K = 6,1'7/2 = 0.36, and ¢ = 6
after 10000 kicks.

1.0

0.5}

0.0 0.2 0.4 0.6 0.8 1.0 0.6 0.8 1.0

72 72

(a) LE. (b) Bifurcation diagram.

Figure 2.9: (a) Maximal LE ) as a function of I'7 /2 for K = 6 and ¢ = 6. For each value of I'7 /2,
we calculate the exponent along a single trajectory by iterating the map 10° times, calculating the
separation of nearby points at each step, and then averaging to obtain an approximate A\. We then
average these over 10° trajectories with initial points chosen uniformly from around the origin. (b)
Bifurcation diagram for the system. The vertical axis corresponds to 10 iterates of u after the first
10° transients have been discarded. We show only u € [—2, 2] for clarity.

2.3.2 Sawtooth Potential

‘We nondimensionalise with

Sl
I
|

mQk’
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to obtain the kick-to-kick mapping

Uny1 = € 77/2(0, cos(@) + sin(a) [, + L(|0n] — 7)),

e Y S e _ e (2.13)
Upi1 =€ ([tn, + L(|0n] — 0y)] cos(a) — v, sin(@)),

where L = A/(m(Q) is the dimensionless kick strength.

In the open system, we observe a sharp difference between the sawtooth and cosine potentials.
In Fig. 2.10a, we see the strange attractor (with Dy ~ 1.17) takes a completely different form to
that shown in Fig. 2.8. The bifurcation diagram in Fig. 2.10b illustrates that the effect of dissipa-
tion is to constrain motion in phase space, with higher values eventually forcing all trajectories to
a fixed point. This is a clear contrast with the case of the cosine potential, where we saw that the
system exhibits period-doubling bifurcations.

For small L, even small I" destroys the structure observed in Fig 2.7a. Again, all trajectories go
to a fixed point.

2 0. ) 1.0 15 2.0
v 72

(a) Attractor. (b) Bifurcation diagram.

Figure 2.10: (a) Plot of Eq. (2.13) with L = 6, ¢ = 6 and I't/2 = 0.36. (b) Bifurcation diagram
for the system. As in Fig. 2.9b, the vertical axis corresponds to 10 iterates of u after the first 10°
have been discarded, and we show only u € [—2, 2| for clarity.
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3 Quantum Dynamics of the Closed System

3.1 The Quantum Delta-Kicked Oscillator

We quantise the kicked oscillator system by replacing the classical observables x and p in Eq. (1.3)
by their quantum analogues, the operators z and p defined by

() = x[p(z )>
Pl (x)) =—Zﬁ— () -

It is convenient to express the quantised Hamiltonian H in terms of the harmonic oscillator creation

operator
o mw
a=2z
2h hw

and its adjoint a'. The Schrodinger equation is then [24]

m%w) - [hw (a*m%) +AV< Z:M(aua)) > 6(t—nr)

n=—oo

) (3.1

We apply Floquet theory [31], a technique for handling differential equations with periodic coeffi-
cients, to Eq. (3.1) to derive an equation for the evolution of the wave function. Analogously to the
classical case, we immediately arrive at the equation for the time evolution of the wave function

between kicks: .
(1)) = e @4 (0)) .

To take the kicks into account, we integrate over an infinitesimal interval around each kick, leading
to the Floquet operator for the system, which maps the wave function from the moment before a
kick to the moment before the next one:

= e—i(aTaH/z)ae—iAqvm /(h/Qmw)[&T-i-d})’ (3.2)

where av = wT = 27/q as in the classical system and A, = A/h is the quantum kick strength.

3.2 The Semiclassical Limit

Our primary interest is in the semiclassical limit &~ — 0, so we will consider & as an additional
parameter of our system. For both the cosine and sawtooth potentials, we can find a dimensionless
effective heg (we also call this a classicality parameter), which is the ratio between the true 7 and
a typical action of the system. We consider the limit 7. — 0.

We define 7fi.g so that it is dimensionless and dependent on other parameters of the system.
This allows us to vary it in experiments, which we cannot realise with h, which is constant. This
makes it attractive, as it allows us to confirm our analysis experimentally.
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3.3 The Phase-Space Formulation of Quantum Mechanics

We wish to study how the dynamics of (3.2) change as we adjust a parameter, e.g. whether there is
a difference between rational and irrational choices of ¢. Classically, we often do this by following
a single trajectory to explore phase space and its structures, as in Chapter 2. In the associated quan-
tum system this is impossible for us to do, as the uncertainty principle prevents one from defining
a single trajectory. Instead, we attempt to link the wave function to a probability distribution in
phase space, an idea that was pursued independently by several early quantum theorists but most
famously by Herman Weyl and Eugene Wigner [55].

This approach is intutive if we consider a probabilistic formulation of classical mechanics.
Quantum mechanics is linear, which seems to pose a problem when dealing with classical nonlinear
systems, but even for nonlinear systems the classical probability distribution still evolves in a linear
fashion according to Liouville’s equation

op
ot

and in this sense all of classical mechanics is also linear.
The tool that we use in the quantum regime is the Wigner function, introduced by Wigner in

[55]. Consider a quantum system with Hamiltonian /{ in a state given by the density operator p.
The Wigner function for the system is defined by

{H, p}, (3.3)

1 . . 2
W67 = 5 [ 2 Wy, XA G4

where 5 = x + ip for suitably rescaled position x and momentum p [23]. The characteristic
function x is given by
(A, \*) = Tr[pe?® =79, (3.5)

where Tr is the operator trace. This function arises in the study of quantum characteristics, which
are phase space trajectories that arise from the Wigner transform of the operators = and p [53].

The distribution is real-valued and behaves as a joint distribution for x and p, two of the axioms
for probability distributions. Strictly speaking, VV is only a quasiprobability distribution as it dos
not obey the third axiom: it can take on negative values. We call these regions of negative prob-
ability quantum interference. From a physical perspective, there interference regions correspond
to parts of phase space that are classically forbidden. The uncertainty principle ensures that these
regions are small (i.e., are contained within compact sets of radius O(h)) and hence disappear in
the classical limit.

The Wigner function evolves according to the equation

DY (W
o nE2n  92n+1 2n+1 (3.6)
:{ﬁ>W}+Z 2( "R 0*"tIWo W’

£~ 2 n(2n + 1)! gz2ntt Jp?rtl

where {{.,.}}yp is the Moyal bracket [47] and {.,.} is the classical Poisson bracket. Equation
(3.6) is similar to the Liouville equation (3.3) for the evolution of a classical PDF, but there is also
a quantum correction.
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The Wigner function (3.4) encodes the entire state of a system [57]. Hence when taken along-
side its evolution equation (3.6) it forms the basis of a complete formulation of quantum mechanics,
often called the phase-space formulation [4]. This formulation does not rely on a Hilbert space or
on observables, and is hence attractive for discussing comparisons between classical systems and
their quantum counterparts.

An alternative to the Wigner function is the Husimi distribution (i.e., Q-function [33]), which
can be obtained from the Wigner distribution by applying a Weierstrass transform (local smoothing
via a Gaussian filter [59]). We have looked at plots of the Husimi distribution for the kicked
oscillator, but do not include them here.

3.4 Cosine Potential

Recall the cosine potential V' (z) = cos(kx). In this case, the Floquet operator is

A

= e—i(dT&+1/2)ae—qu Cos(n[&f-i-d])’ (3.7)
where we have introduced the Lamb—Dicke parameter
h
n=ky/ —. (3.8)
2mw

The Lamb—Dicke parameter is the classicality parameter for the kicked oscillator with the cosine
potential. Equation (3.7) has three parameters: K, «, and 7. This contrasts with the classical
evolution in Eq. (2.4), which depends only on the first two. No change of variables is going to
remove the dependence on 7). Note that we can write the kick strength in terms of this parameter:
K, = K/(2r?).

In Fig. 3.1 we show the Wigner functions for the kicked oscillator for two values of 1. We
observe better correspondence with the classical structure shown in Fig. 2.3a as we reduce 7,
though regions of quantum interference are still present.
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(a)n = 0.5. (b) 1 = 0.25.

Figure 3.1: Wigner functions for the kicked oscillator with the cosine potential, with parameter
values K = 2 and ¢ = 6 after 9 kicks, for different choices of 1. We generated these using the
QuTiP library for Python [35], which provides methods for computing the matrices of operators
and Wigner functions. We used a Hilbert Space of dimension 2%, and the initial state is a coherent
state centred at the origin (i.e., |0), the ground state of the harmonic oscillator). We plot the Wigner
function on a 10® x 10 grid.

If we choose comparable initial conditions, then initially the classical and quantum systems are
identical. Classically we consider a normal distribution centred at the origin and with variance 1.
This has PDF

The comparable quantum state is a coherent state centred at the origin; this has wave function

1
f(l’) _ _e—mwx2/2h,

V2r

up to a normalisation constant. Note that we can translate the classical normal distribution so that
it is centred at any point, and that similarly we can translate the coherent state to get one centred at
any point.

As time goes on, nonlinearities in the potential become important and cause a breakdown of
quantum—classical correspondence. The time at which this breakdown first occurs is the breaking
time, which we can estimate using the characteristic function (3.5).

Let |¢,) be the state vector for the system just before the nth kick. Substituting the density
operator p,, = |1,,) (1, | into Eq. (3.5) and taking the trace, we obtain the following expression for
the characteristic function after n kicks:

XA XT) = (1, 24720 [y,

o et ea A 3.9
= <wn—1‘ FTGAGT_)\ “r ‘wn—1> .
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We substitute the Floquet operator into (3.9) and expand the exponential in terms of Bessel func-
tions .J,,,. We use the Jacobi—Anger expansion

=) = N T (2)e™?, (3.10)

m=—0oQ

to obtain a recurrence relation for y,,, which in turn gives us an expression for the characteristic
function (3.5) in terms of the initial value Cj.

[e.9]

XA = Y Ty (21) T (20) Co(Ans A3, (3.11)

where ‘
/\k = )\k,lem + ka’f],

2, = 2K sin(py),
= =5 O+ X)),
Ao = A,

The full proceedure for this is given in [22]. We omit the details here, and will give a variation on
the full argument for the sawtooth potential in Chapter 3.5, as it is a new calculation.

To estimate the breaking time, we compare Eq. (3.11) with its classical analogue. The classical
expression for the characteristic function is

X;:llaSS()\’ )\*) _ //peka*—k*ad)\d)\*

for a classical PDF p and a complex number a. The classical formula is almost identical to (3.11):

(3.12)

XA = > T (K /0?) o, (K /17) Co (A, AL, (3.13)
MY ,yeeey My =—00
where 1 is as in Eq. (3.12). Because 2K, = K/(n?), these expressions are similar when

sin(ug) ~ pp (i.e., when |pug|<< 1). From Eq. (3.12), we know that py, o 7, so for small val-
ues of 1 we have |u;|< 1, and there is good correspondence between the classical and quantum
predictions. Eventually A\, grows large enough to cause this correspondence to break down.

The time at which this breakdown occurs is the breaking time ¢;. When | K sin(a) > 1], it was
shown in [22] that

In(2K/n)
N 3.14
"7 In(K sin())’ (314)
When | K sin(a) < 1], the breaking time takes the form
1
th ~ — 3.15

We can support these results for the breaking time with numerical computations. To do this, we
require an appropriate notion of a ‘distance’ between quantum and classical systems. One choice
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is to compare the Wigner function with the classical PDF using Eq. (3.6). By comparing the
magnitutes of the Moyal and Poisson brackets, we obtain an estimate for the size of the quantum
correction. However, this presents problems both in terms of the computational cost and also the
experimental difficulty of resolving narrow interferences fringes in the Wigner function.

For our purposes, it is simpler to consider the relative distance between the variances in the
quantum (AZv) and classical (A2 v) distributions:

d

A2v — AZw
== (3.16)

2
AZv

Although the variance is far from a complete characterisation of the distributions, this simple mea-
sure already shows the scaling behaviour predicted above (see Fig. 3.3). Other possible measures
include the von Neumann entropy [52] and the Kullback-Liebler distance [5].

The annihilation operator is @ = (v + i@)/(2n), where 0 and @ are the rescaled position and
momentum operators that correspond to the dimensionless quantities (2.3). To ensure we use the
same scale for the classical and quantum systems, we use the substitution (v, u) — (v,u)/(2n) to
introduce 7 into the map (2.4).

Numerically, we exhibit the breaking time as the first time for which d,. exceeds some threshold
value €, which we have chosen to be 0.1. In Fig. 3.2a, we consider K = 2 and plot d,. for two
different values of 7. As we expect, the distance d, stays below e for a longer time when 7 is
smaller. In Fig. 3.2b, we show the results for X' = 0.5. As our expression for the breaking time
predicts the quantum—classical correspondence stays good for much longer and the distance d,
grows very slowly.

In Fig. 3.3, we plot the values of breaking time obtained through this method versus Eq. (3.14)
for K = 2 and Eq. (3.15) for K = 0.5 to check whether our analytical expressions do in fact
have the predicted scaling behaviour. Despite the oscillations in the plots, they both show some
agreement with the analytical predictions.
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Figure 3.2: Plots of Eq. (3.16) with (a) K = 0.5 and (b) K = 2 for ¢ = 6 and n = 0.1. Observe
that for K’ = 2 the breaking time is fairly short as expected, with ¢; ~ 10 kicks. For small values of
7 the breaking time is very long, with ¢; ~ 250 for K = 0.5. This agrees with both our analytical
result (3.15) and the intuition from KAM theory (see Chapter 2.2) that the associated classical
system is close to being integrable.
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0.0 0.5 1.0 1.5 2.0
n n

(a) K =0.5. (b) K =2.
Figure 3.3: Breaking time as obtained analytically (blue curve) and numerically using Eq. (3.16)
(points) for two values of K. For K > 1, the numerical predictions show similar scaling behaviour

to the analytic predictions, although there are some oscillations. For K < 1 we observe a good
correspondence between the two results.
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Figure 3.4: Plots of the breaking time ¢; using the diagnostic (3.16) for a fixed value of = 0.1
and different values of K. We cut off the graph at ¢;, = 50 for clarity. Observe that the breaking
time grows rapidly as K — 0, as we expect. There is a rapid drop in breaking time as KX — 1.
This agrees with the KAM theory discussion in Chapter 2.2 that suggests that the dynamics near
the origin becomes increasingly non-integrable around this value.

3.5 Sawtooth Potential

Recall the sawtooth potential (1.5):

Substituting Eq. (1.5) into Eq. (3.2) yields the Floquet operator

A

= efi(&fd+1/2)aefian(&Ter)/QefiLq >, G : (3.17)

where we have introduced the operators
A 1
G = — cos(jolal + a)), =1,2,3,...

the classicality parameter

and the quantum kick strength
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Figure 3.5: (Left) PDF for the kicked oscillator with the sawtooth potential after 9 kicks for L = 6
and ¢ = 6. (Right) Wigner distribution for the associated quantum system with the same param-
eters and 0 = 0.1. We observe many differences between the quantum and classical distributions
even for this low value of 0. For example, the quantum distribution is centred at approximately
(—2,0), whereas the classical distribution is closer to (—1.7,0.5).

Once again, we estimate the breaking time by comparing the quantum characteristic function
in Eq. (3.5),
X(A, )\*) — rI\I,[p’*e)\&T—A*fl]’

class )\ )\* //pe)\a —A* ad}\d}\*

To do this we proceed as outlined in Chapter 3.4, by substituting the Floquet operator into the
characterisitic function y (A, A*) and expanding the result to obtain an expression in terms of Bessel
functions that can easily be compared to the classical expression.

The infinite sum in the Floquet operator (3.17) poses a problem, so we approximate it by only
considering the first M terms:

with its classical counterpart

FM _ z(aTa+1/2)Oé —quU(a+aT)/2 —ZLq ZJ 1é (318)

This is justified by the observation that for sufficiently large j, the entires in the matrix of G j (when
we consider a finite dimensional Hilbert space for the system with the basis of eigenstates of the
harmonic oscillator) are very small, and hence contribute little to the sum. This can be shown
numerically, and implies that for large M, Fy~F.

Substituting Eq. (3.18) into Eq. (3.5) and applying the relations

0 f(@a.aN)e " = flae! ale!),
e_mf(d, dT)emT = fla+ t,&T), (3.19)
¢ f(a,af)e = f(a.a + 1)
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we obtain

Xn(A, A*) = (Yp_1] exp (zL ZG ) exp(Ae™®a) exp(—A*e ™ al) exp (—z Zé ) [Yn-1) ,

(3.20)
where we have also used the fact that the operators G; are self-adjoint. To expand (3.20), we define

M
Dy(N) = exp (zL ZG ) exp(Ae™®a) exp(—A*e al) exp (—ZL ZG )
Jj=k i=k
Because the operators G ; commute with one another, we can write
M
Di(N\) =exp (zL Z G, ) exp(iL,Gy) exp(Ae®a) exp(—A* e a") exp(—iL,Gy) x
j=k+1
M
exp <—2Lq Z GJ) s
j=k+1
which is equivalent to
M
Dy(\) =exp (@'Lq Z Gj> exp(Ae'a) exp(—Ae'®a) exp(iL,G},) exp(Ae'®a) x
j=k+1

M
exp(—Ne ™ al) exp(—iL,Gy) exp(A e~ at) exp(—A el exp (—z’Lq Z C%)

j=k+1

Again using the orderings (3.19), we obtain

M
N ) L )
Dy(X) =exp <iLq Z Gj> exp(Ae'@a) exp (Zw_k(; cos(kola’ +a + Ae“"])) X

j=k+1

M
L * * _—ion . -
exp (_Zﬁ cos(kala’ 4+ a — \e ])) exp(—A*e al) exp (—qu E Gj) :

j=k+1

(3.21)
The exponentials of the cosines commute, so we can combine these terms in Eq. (3.21) to obtain
- 2L . ok ; * _—iQ e} .
Dip(\) = Z J (? sin ( (A" — N'e ))) Dii1(Ne 4+ isgko), (3.22)
Sp=—00

where we have used the Bessel function expansion (3.10). Iterating Eq. (3.22), we obtain the
expression

Dy (N) = Z Js, (21) - Jsy, (2ar) Dari1(Aar)
(3.23)
= Z Jsl (Zl)""]SM (ZM)e/\Meiaae_)\}fwefmaT’

25



where 4
A = Ap—1€" + 183850,

&k = Sk = K,
0§ .

e = TkO‘k + AL (3.24)
oL,

2k = W_f,z sin(pug),

Ao = .

Substituting Eq. (3.23) into Eq. (3.20) yields a recurrence relation for the characteristic function:

(e o]

Xn()\a )\*) = Z Jsl(Zl)“-JSM(Z]\/[)Cn—l()\Ma>\>]k\/[>7
which we expand to obtain
XaMWA) = Y0 T (21) e (23) ColAnnt, M), (3.25)

where Cj is the initial value of the characteristic function. We compare Eq. (3.25) with the classical
version of this expression [22],

. s 21 2L, :
amo= > () (2 ). 620

2 2 2 2

81 4eeny S M =—00 /ﬁ:gla Hg”MU
For Eq. (3.25) and Eq. (3.26) to be comparable, we require |sin ()|~ |ux| (i-e., |ug|< 1). Assum-
ing that this condition holds, and taking into account that the Bessel functions are exponentially
small when |s;|> |u], it follows that

‘81’% Sll’l(Oz) |)\€za 4 )\*efza’ ’

&y
| s0| sin(@) |(/\62m + )\*6_2“") — 2&1s10sin(a) |,

&

Lsin(a) nMia * _—nMix : :
|Snar |~ c |)\e + e — 26 s10sin((nM — 1)) — ... — 28— 1Sam—10 s1n(a)| .

OGn
(3.27)

We first consider the case when | L sin(a)[> 1. Higher powers of L sin(«) will dominate in (3.27),
so we have




We can then estimate the magnitude of 1, to be

6]%71— ’S |_ (L Sin(a))kofk
2L, " 2L

I (3.28)

The breaking time is the kick n at which some ji,,, = 1 for k € {1,..., M }. Among the first block

of M terms, the largest term is

(Lsin(a))MoM
2L '

With our assumption that |L sin(«)|> 1 we can see that |py/|— oo as M — oo. Thus, in contrast

to the cosine potential, the breaking time is ¢; ~ 1 kick.

We also examine the case when | L sin(«)|< 1. We take L < 1 and sin(a) ~ 1, as [sin(a)|< 1
implies that |wT|= |a|< 1, and that the timescale considered (one kick period 7) is significantly
less than the period of an oscillation [22]. For simplicity we consider just « = 7 /2. From Eq.
(3.27), we obtain

|~ (3.29)

sl
sl —,
' o&1
L2
So|lR —,
2] S
e L L
sl — + —,
T IRT (3.30)

L L3
] — 2k — 3)— L’
|Sok—1] 3 + ( 3)053 + O(L?),

kL?
|sok|~ —— + O(L*).
o&1

We estimate the magnitude || to be

mL2o k=2m—1
e “ , (3.31)
mLo&y/2 k=2m
which yields the breaking time
2
th ~ ——. 3.32
nR T (3.32)

We study the sawtooth potential numerically, as we did for the cosine potential. If we attempt
to compare the classical and quantum distributions using (3.16), we find that for L > 1 the dis-
tibutions do indeed separate after just one kick, even when o is very small (as Fig. 3.5 suggests).
For I < 1 we observe the predicted O(c~!) growth, as can be deduced from Fig. (3.6a). This
provides some numerical support for our analysis.
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Figure 3.6: (a) Breaking time for the kicked oscillator with the sawtooth potential as a function
of o with L = 0.1 and ¢ = 6. The blue line is the analytical prediction, and the black points are
the numerical calculations. Apart from the deviation that occurs between 0.4 and 0.6, which is
most likely due to the imprecise nature of (3.16), the numerical calculations agree with (3.32). (b)
Breaking time as L varies, with ¢ = 0.1 fixed, cut off at ¢;, = 50 for clarity. Once again there
are oscillations, but we can see that for small L the breaking time is rather high. It plummets as
L approaches 4 and finally falls to just 1 kick, consistent with our analysis. The value at which it
falls is consistent with Fig. 2.5, which shows the maximum LE becomes positive at roughly the
same L, and with Fig. 2.7, which illustrates the persistence of periodic orbits near to the origin for
L = 3. Our asymptotic analysis is not precise enough to give a description of the breaking time in
this parameter regime.

3.6 Localization

We aim to determine the cases in which localization occurs in the kicked oscillator system. Our
argument follows [27]. We consider the Floquet eigenstates of the kicked oscillator system (3.2)
and put it into the form of a tight-binding model for an electron on a lattice, which we recall from
Chapter 1.4 was Anderson’s original problem. This approach is independant of the potential V.

The number basis {|j)} is comprised of eigenstates |j) of the harmonic oscillator Hamiltonian
with corresponding eigenenergies (1/2 + j)hw. In this basis, the Floquet operator (3.2) can be
written as

A

= efia/ZefiajefiAqV(:f:).
The quasienergy eigenstates |¢) of the Floquet operator F are then defined by
Flg) =e ™). (3.33)

where the eigenphase A of the Floquet eigenstate has a corresponding quasienergy hA. The exis-
tence of these states and that fact that they form a basis is guaranteed by Floquet’s theorem [20].
Define a new operator W by

A

W = — tan {%V(@)} , (3.34)
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which we can construe as rewriting the kick propogator:

o-idgvi@) _ 1T ZVI/
1—W

By substituting Eq. (3.34) into (3.33) we obtain
(1+iW)e U2 gy = (1 — i) ).
We now let C' = a(j 4+ 1/2) — A and gather terms on one side to obtain
(e7C — 1+ iWe™ +iW)|¢) = 0. (3.35)
We define |¢) = (1 + e~*“) |#), with which we can rewrite Eq. (3.35) as

e—iC_17 ,Ae_ic—i—l

e 0T 10 =0

We use a standard identity for tan to obtain
. C T
—itan 5 +iW |¢p) = 0. (3.36)
Dividing Eq. (3.36) by i and introducing 7' = — tan(C'/2) yields

(T +W)|é) =0.

Expanding |¢) in the number basis {|j)} then gives

(T +W)l|¢) = Zu GIT|6) + LW [6)]

8

<J|T|¢ 1) +Z GIW 1) |9) 13)]

7,0=0

<.
||

If we equate the coefficients for each |j), we arrive at a discrete Schrodinger equation

Tic;+ Y Wie = ec;, (3.37)
I#j
where ¢ = —I¥;; and B
= l9),
T, = tan[((j + 1/2)a — A)/2], (338)
Wi = (W 1)

The properties of the system (3.37) and the sequence 7} are studied numerically in [27]. In the
discussion below, we quote the results of that paper.
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For rational ¢ the eigenphases of the Floquet operator are rational fractions of 27, the eigen-
states are delocalized Bloch waves, which are wave function solutions |¢) with the form

[6(r)) = e"Fu(r),
where r is position, k is a real vector and u is a periodic function [37]. Bloch waves commonly
arise as solutions to problems in crystals, like the problem of an electron on a lattice studied by
Anderson. This underlying relationship of the kicked oscillator to the problem of electrons in a
crystal is linked to the appearance of the crystal and quasicrystal symmetry observed in the classical
system for rational ¢ (see the left panel of Fig. 2.1).

These Bloch wave solutions are unbounded in space (and hence delocalized) and in energy.
They have a continuous spectrum and the total energy of the system (3.37) rises as a roughly
quadratic function of time. These cases are sometimes called quantum resonances in analogy with
the classical case, where a rational value of ¢ in & = 27 /q is the resonance condition [19].

For irrational ¢, there is strong numerical evidence (presented in [27]) to suggest that the se-
quence T is a pseudorandom number generator, with the values being distributed roughly accord-
ing to the Cauchy distribution [36]. In this case, the conclusions of Anderson’s study hold and there
are localized Floquet eigenstates with a discrete spectrum, the phenomenon dubbed Anderson lo-
calization. The term pseudorandom refers to the fact that the sequence 7; passes computational
tests to determine randomness but is not actually random, as we know it to be generated by a
deterministic process.

One can study localisation numerically using the inverse participation ratio (IPR). Consider
a quantum system described by an N-dimensional Hilbert space with basis {|j)},;=;.. n that is in
state |¢)). The Born rule guarantees that p; = |(1[j)|? is the probability of finding the system in
state |j) upon measurement. For the kicked oscillator we will take |j) to be the number basis. The

IPR is [28]
1

N .
j=1Dj

IPR = (3.39)
The IPR can take values between 1 (if the system is in the basis state |j) for some j) and N (if it
can be in each basis state |j) uniformly with probability 1/N). If the IPR is small relative to NV,
we interpret the system as being localised, as few of the available basis states are occupied.

In Fig. 3.7, we plot the IPR for the kicked oscillator with the cosine potential (3.7) for K = 2
and for both rational and irrational ¢ in a system with 2% states. In both cases the IPR remains
below 60, which is much less than the available 2° states. Figure 3.7 only includes the results for
the first 100 kicks for clarity, but we have plotted the IPR for up to 100000 kicks and it does not
exceed 60 in that time.

For the sawtooth potential with irrational ¢, the quantum distribution becomes localized very
quickly, and this causes the classical and quantum distributions to drift further apart as time goes
on. We can see this in the plots of the IPR in Fig. (3.8).

It is worth noting here that for general potentials V', Eq. (3.37) does not describe a true tight-
binding model. In order for the comparison to be exact, we need

V(z) = —2arctan(k cos(z) — €). (3.40)

See the discussion in [27] for more details on why this is the case. If we plot the potential functions,
we see that the sawtooth potential is much closer to the form of (3.40) than the cosine potential,
which may account for the more pronounced localization we see in Fig. (3.8b).
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Figure 3.7: IPR (3.39) for the cosine potential with K" = 2, n = 0.1 and two values of q. We use a
Hilbert Space of dimension 2° for the computation. Observe that for both rational and irrational g,
the IPR remains small relative to the dimension of the Hilbert Space, suggesting that the quantum
distribution spreads over only a small portion of phase space.
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Figure 3.8: IPR for the kicked-oscillator sawtooth potential with . = 6, 0 = 0.1, and different
values of q. We observe Anderson localization for irrational ¢, and it is far more pronounced than
it is for the cosine potential (see Fig. 3.7), with the distribution spreading over only a very small
number of the 28 possible states. For rational ¢, we see that after one kick there is a large increase in
the IPR, suggesting the that quantum distribution occupies many states. The classical distribution
does not spread as rapidly, so this may contribute to the poor quantum—classical correspondence
that we have observed for the sawtooth potential.
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4 A Dissipative Environment in the Quantum Regime

4.1 Representing the Environment

To represent an open quantum system, we move away from state vectors and into the formalism of
density operators, which provides a more general setting that allows us to discuss both so-called
pure states and also statistical mixtures of states. For a quantum system described by a Hilbert
Space H and in a state 1)) € H, we define the density operator to be p = [¢) (¢/|, a bounded
operator on H. In general, a density operator p is any bounded operator on H that is positive, has
trace 1, and is self-adjoint.

In this formalism, the Schrodinger equation is replaced by the von Neumann equation [8]:

op Q.

where p is the density operator for the system, taken in the Schrodinger picture. Note that although
this looks very similar to the Heisenberg equation of motion for an operator in the Heisenberg
picture, Eq. (4.1) only makes sense when we take the density operator in the Schrodinger picture
(in the Heisenberg picture these operators are constant).

This describes the unitary dynamics of the system, and we introduce the nonunitary effect of
the environment by adding the Lindblad operator [42]:

Lp="y Sepel = elep — peley), 4.2)

)

where the collapse operators ¢; determine the form of the system—environment coupling and the
constants 7; determine the strength of the coupling. Eq. (4.1) is very general and can be derived
under the assumption of complete positivity of the density operator, as well as the Markovicity of
the system. A quantum system is Markov if there is a continual, one-way loss of information to
the environment [9]. Although many real environments retain information and may feed it back
into the system, resulting in a non-Markovian evolution, Markvoicity is a good approximation
provided the memory of the environment is very short. See [42] for a full derivation of Eq. (4.2)
and discussion of the assumptions required.

Combining Eq. (4.1) and Eq. (4.2) gives the Lindblad master equation, which describes the
influence of the environment on our system:

% - —%[H, pl+ Lp. (4.3)
All that remains is to define the appropriate ¢; and ; for our environment.

We consider dissipation caused by a zero-temperature reservoir with coupling strength I, in
the case of the weak-coupling limit I' < w. Recall that w is the frequency of the harmonic
oscillator. This weak-coupling assumption implies that the system undergoes many oscillations
within the decay time, allowing us to use the rotating-wave approximation, where one neglects
rapidly-oscillating terms in a Hamiltonian [56]. In this case the coupling can be described by
a single operator a, the harmonic oscillator annihilation operator [12]. If we define H' to be a
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Hamiltonian with the same form as in Eq. (3.1) but with w replaced by the €2 from Eq. (2.11), as
in the classical case, then Eq. (4.3) becomes:

8 i . T
9P — _UH B+ = (apat — atap — pata). (4.4)

TR
The choice of frequency (2 ensures that the classical and quantum frequencies coincide. As with
our choice of model for the classical system, there are many other ways that we could introduce
dissipation (including some in which we would not need the weak-coupling assumption) but this
is the simplest. Another common choice is the Caldeira—Legget model [10].

It is important to note that Eq. (4.4) is not completely equivalent to the classical system de-
scribed in Chapter 2.3. The two situations are difficult to reconcile: a classical distribution subject
only to dissipation collapses to a point distribution (i.e., a probability distribution with all of the
weight on one point), whereas a quantum distribution ends up in a ground state, which must have
some finite width due to the uncertainty principle. Our results will be valid in the semiclassical
limit, but will not correspond directly to the fully classical case based on the map (2.10) [12]. We
expect the uncertainty principle to play an important role in the dynamics around the system’s fixed
points. We will return to this idea in Chapters 4.3 and 4.4.

It is also worth making a few remarks about the subject of non-Markovian environments. These
can be described by an equation of the same form as Eq. (4.3) but now the Hamiltonian, the
collapse operators, and the coupling strengths can depend on time (even if the Hamiltonian is
time-independent before the introduction of an environment).

A time-dependent version of the Lindblad operator always generates completely positive dy-
namics provided the ~;(¢) are non-negative for all times. This is the Gorini—Kossakowski—Sudarshan—
Lindblad theorem [25, 42]. It is an interesting open problem to formulate general necessary and
sufficient conditions for a time-dependent Lindblad equation to lead to such dynamics [9]. It
would be informative to study a system like the delta-kicked oscillator in the presence of such a
non-Markovian environment, although that is beyond the scope of this dissertation.

4.2 Evolution Operator

The addition of the extra terms to the von Neumann equation requires us to revisit the evolution
operator. If we turn off the delta-kick, we can rewrite Eq. (4.4) as

Jp 4

L =5p 4.5
o = P (4.5)
which uses a superoperator S defined by
1

P | o
7o, )+ 5 ([ap,a'] + [a, pa'])

Sp=— 5
where H, is the harmonic-oscillator Hamiltonian with frequency (). A superoperator is a linear
operator that acts on a vector space of linear operators. In the context of quantum mechanics, the
term refers more specially to a completely positive map that preserves the trace of its argument,
which is necessary to ensure that it does not generate density operators that violate the uncertainty
principle. Any master equation of the form (4.3) can be written in the form of Eq. (4.5) with the
definition of an appropriate superoperator [4].
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Formally, the evolution of the density operator is then given by

p(t) = exp(St)p(0).

Finally, we turn the delta-kick back on by adding Fier, the part of the Floquet operator (3.2)
associated with the delta-kick, to obtain an equation for the density operator just before the (n-+1)st
kick: o R

prs1 = exp(ST) Ficipn Fie. (4.6)

4.3 Cosine Potential

The result of adding a dissipative environment to kicked systems with this sort of potential has
been well-studied in the literature [34] and covered in textbooks such as [29]. Prior research has
determined that quantum interference effects are extremely sensitive to perturbations produced by
an environmental reservoir. This implies that the quantum and classical distributions should remain
closer together than they did in the closed system. Results for the breaking time have been deter-
mined by several methods, and these do indeed predict better quantum—classical correspondence
than we had for the closed system [12, 34].

In Fig. 4.1, we see that the quantum dissipative kicked oscillator with the cosine potential is
(at least visually) very close to its classical analague, though small-scale structures in phase space
are not present, as is evident from comparing with Fig. 2.8. Importantly, the quantum distribution
does lie in the same region of phase space as the classical attractor.

A good correspondence is to be expected, as Fig. 2.9a indicates that the dynamics get closer to
being integrable for certain values of I'7/2, and our choice of 0.36 for this parameter lies close to
the region of integrability near I't/2 = 0.4.

34



-4 -2 o] 2
v

0.0189
0.0168
-
0.0147
0.0126
0.0105
0.0084
0.0063
0.0042
0.0021
n 5 s 0.0000

0.032 s
0.028
0.024
-
0.020
0.016 >
- — -
0.008 —4
0.004 -
) -6 —4 —2 0 2 a 6 8 0.000 _8,8 s
Figure 4.1: (Left) Classical PDF for the dissipative kicked oscillator with the cosine potential after
9 kicks for K = 6, ¢ = 6, and I't /2 = 0.36. (Right) Wigner function for the analagous quantum
system using the same parameter values and 7 = 0.5. Although there is a good correspondence be-
tween the two plots, small-scale structures from the classical system are not present in the quantum
system. It looks like the Wigner function does have any negative regions, seemingly a contradic-
tion of the known fact that it must take negative values somewhere. This is because the regions of
negative probability are smaller than the size of the cells in the grid over which we compute the
function. The fact that these regions are so small predicts that we obtain a better quantum—classical

correspondence than in the system without a reservoir, where visible quantum interference patterns
appeared in a Wigner function computed on a grid of the same size (103 x 10%).

For the dissipative kicked oscillator with the cosine potential, the characteristic function is
almost the same as that given by Eq. (3.11). The only difference is that the first term in (3.12) is
now

Me = No1€%e T2 4 imyn, 4.7)

where [ is the coupling strength introduced in Chapter 2.3. In addition to the harmonic rotations
caused by the first exponential term, exponential decay results from dissipative drift [12].

The breaking time now also depends on the values of this dissipation strength I'. One can
calculate the breaking time by the same approach as in the case without a reservoir. We summarise
the results for the | K sin(«)|>> 1 case in Table 1:

Nonlinearity Strength | I'7/2 < In(n/2) | I't/2 > In(n/2)

In(K sin(a)) > I'7/2 | (a) t ~ 1 kick | (c) ts ~ %

In(Ksin(a)) < I'r/2 | (b) t; ~ 1 kick | (d) t, — o0

Table 1: The breaking times for the dissipative kicked oscillator with the cosine potential in various
parameter regions.

The first column in Table 1 corresponds to a deep quantum regime [12] characterised by
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I'7/2 < In(n/2), where a single kick is enough to separate the quantum and classical predic-
tions, regardless of the strength of the nonlinearity. It is interesting that even when the value of I’
is large enough so that the classical system is in a non-chaotic regime, the correspondence is still
lost.

In the weak quantum regime for which I't/2 > In(K sin(@)), the nonlinearity strength be-
comes important. For case (d), the dissipation is strong enough to suppress the classical chaos;
Fig. 2.9a shows that for these values of I'7/2, the LEs are all negative and the dynamics are
non-chaotic, so we would expect the Ehrenfest theorem to be obeyed in this parameter region.

Case (c) is more interesting. The expression for 7 in (c) is very similar to that given by Eq.
(3.14), with the addition of the term dependent on the dissipation strength in the denominator. One
can increase this value by decreasing the value of I'7 /2, although this hides the fact that for certain
values of I'7/2 below the critical value at which the origin becomes stable (approximately 0.51
in the case K = 6, ¢ = 6) the classical system is not chaotic, as we can see in Fig. 2.9a. If we
wish to maintain the presence of a chaotic attractor in the classical phase space, it is not possible to
make the breaking time arbitrarily large and there is a some point at which quantum and classical
predictions diverge from one another [34].

We can compare the breaking time (c) with that for the system without a reservoir, given by
Eq. (3.14). The ratio between the breaking times is

Tilis _ _ln(l_( sin(@))
7 In(Ksin(a)) —T't/2

(4.8)

The maximum increase in breaking time occurs when I'7/2 is large enough relative to /& to make
all the LEs negative. For K = 6, this gives an increase in breaking time by a factor of about 1.5.
Even for large K, numerical simulations illustrate that this increase is small: for K = 500, the
increase is less than a factor of 4.

In Fig. 4.2, we compare the variance in position (A%v) of the distributions for both the classical
and quantum systems. The classical and quantum distributions both exhibit similar asymptotic
behaviour even though they differ in the measure in Eq. (3.16). They also have roughly the same
stationary behaviour as the number of kicks n becomes large. However, as we noted in Chapter 3.4
this behaviour of the second moment does not imply that the complete phase space distributions
follow the same pattern, as we can see from the Wigner function in Fig. 4.1.

Overall, dissipation does seem to bring the classical and quantum systems into much better
correspondence even though it does not necessarily result in a large increase in breaking time. It
does break down small-scale structures in phase space, leading to distributions that are visually
similar (see Fig. 4.1), and induces regions of parameter values for which the kicked oscillator is
non-chaotic, resulting in an infinite breaking time (i.e., (d) in Table 1).
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Figure 4.2: Plots_of A2y for the classical (red dashed curve) and quantum (black solid curve)
distributions for K = 6, I't/2 = 0.36, ¢ = 6, and n = 0.5. Even after the breaking time (¢ ~ 4
kicks), the systems still follow similar asymptotic behaviour.

As before, we can consider the case | K sin(a))|< 1. In the deep quantum regime (i.e., I't/2 <
In(n/2)) we still have ¢; ~ 1 kick. For the breaking time in the weak quantum regime (i.e.,
I'7/2 > In(n/2)), we obtain the result

eFT

Kn?
We derive Eq. (4.9) in the same manner as Eq. (3.15), except that we now also have the dissipative
drift term.

We saw in Chapter 2.3, for small values of K, the kicked-oscillator system with the cosine
potential has no positive LEs for any value of I', suggesting the system is non-chaotic. Because of
this, we might expect better correspondence in this regime than Eq. (4.9) suggests.

The reason for the lack of correspondence between the classical and quantum distributions is
due to the fact that, as we remarked in Chapter 4.1, the two systems are not entirely the same.
The classical system collapses to a point distribution at the origin, as we expect, and we can
see from Fig. (4.3) that the quantum system converges to a coherent state centred at the origin.
From numerical experiments, the variances of the distribution after 9 kicks are (A%v, A?u) =~
(1.194,0.912). Because n = 0.5 and these operators obey the uncertainty relation (A?v)(A2u) >
2n, we see this is close to a minimum-uncertainty state. It becomes one in the limit n — oco.

th ~ 4.9)
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Figure 4.3: Wigner distribution for the dissipative kicked oscillator with the cosine potential for
K = 0.5, ¢ = 6 and = 0.5 after 9 kicks. This is almost a minimum-uncertainty state centred
at the origin, as suggested by computing the variances in position and momentum, which give
(A%0)(A%u) =~ 27,

4.4 Sawtooth Potential

We now return to the sawtooth potential (1.5), for which we observed a very poor correspondence
between the quantum and classical systems at all times in the closed system. In Fig. 4.4, we
show a comparsion between the classical PDF and the quantum Wigner function for the dissipative
kicked-oscillator with the sawtooth potential. Clearly, there is a better correspondence than we
observed for the closed system in Fig. (3.5), but this correspondence is still not as good as it is for
the dissipative kicked oscillator with the cosine potential (see Fig. 4.1). While the Wigner function
for the cosine potential lies entirely in the same region as the classical attractor shown in Fig. 2.8,
the Wigner function does not when we use a sawtooth potential. It does have the ‘bars’ of positive
probability in roughly the correct region.

As with the cosine potential, stronger dissipation produces a better correspondence between
the quantum and classical distributions because the dynamics become completely dominated by
the environment for I' > 1.
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Figure 4.4: (Left) Classical PDF for the dissipative kicked oscillator with the sawtooth potential
after 10 kicks, for L = 6, ¢ = 6, and I'7/2 = 0.36. (Right) Wigner function for the quantum
system using the same parameter values and o = 0.1. We observe a much better correspondence
in the open system than for the closed system in Fig. 3.5, however visually we still observe many
differences between the distributions. As with the cosine potential, note the lack of regions of
negative probability, which occurs because the dissipation makes the quantum interference fringes
smaller than the grid over which we plot the Wigner function.

The characteristic function is identical to that given by Eq. (3.25), except with a change to the
first term in Eq. (3.24): ‘
Me = MNo1€%e T2 4 g0 (4.10)

We repeat the calculations of Chapter 3.5 to estimate the values of |si|, and we obtain

L L .
‘31”\‘ e I'r/2 ‘)\eza_'_)\*e ia
0q1

Y

(4.11)
L nic * —nia\ ,—nl'7/2 : =\ ,—(n—1)'r/2 o=\ ,—I7/2
| S|~ oE [(Ae™® 4+ Xe™MY)e —2&5108in((n — 1)a)e — 2¢,_ 18,10 sin(a)e E
OGn

For |Lsin(a)|> 1, we have

L
sin(a) r,)

o1

|81]~

(4.12)

(E sin(@)) ™" o~ MnIT/2.

o,

|0 |~
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We now examine when | |< 1 holds. The ratio between two consecutive values of (i is

_ 1
[ ~ Lsin(a@) (1——) e 172 kel,... Mn,
|1 &k (4.13)

—I'r/2

2

oe

|| =~

If I'7/2 < In(2/0), then |uy|> 1, and the correspondence between the quantum and classical
characteristic functions is lost after the first kick. The occurs when I'7/2 < In(o/2). Again, we
call this region the deep quantum regime, and ¢ ~ 1 kick in this case.

If I'7/2 > In(0/2) (i.e., the weak quantum regime), two possibilites can occur. If | | /| pr—1]<
1, the py, decrease with increasing of k. Because j1; < 1, each term is smaller than 1. This means
the quantum characteristic function (3.25) is always a good approximation of the classical one',
and quantum—classical correspondence is good at all times. This occurs when

% > In {(1 - %) Lsin(d)} : (4.14)

as & < M for all k. In the limit M — oo, the condition (4.14) reduces to I't/2 > In(Lsin(a)),
and the breaking time t;, — oo.

Finally, when I't/2 < In(L) the sequence {y} increases, and we should expect there to be
some k for which p, ~ 1. As before, for large M this occurs after just one kick, as 1y, — oo.

So for the sawtooth potential (1.5), there are only two cases: (1) In the weak quantum regime
(.e., I'7/2 > In(0/2)) with ['7/2 > In(Lsin(@)), then t; — oo; (2) otherwise ¢ ~ 1 kick. This
contrasts with the cosine potential, where there exists a parameter regime that gives us a finite
expression for the breaking time that is larger than 1 kick ((c) in Table 1).

In Fig. 4.5, we show that, as with the cosine potential, the variances in the distributions differ
transiently but exhibit similar scaling behaviour. The distributions remain some distance apart
(with respect to the distance (3.16)) at all times, which is borne out both by our analysis and Fig.
4.4, which suggests that the distributions, while similar, still have many different features, as we
can see in Fig. 4.4.

'Recall from Chapter 3.5 that the arguments of the Bessel functions in the quantum and classical characteristic
equations (3.25) and (3.26) are approximately the same when p; < 1
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Figure 4.5: Variance in position for the classical (red dashed curve) and quantum (black solid
curve) distributions of the dissipative kicked oscillator with the sawtooth potential and parameter
values L = 6, 't /2 = 0.36, ¢ = 6, and 0 = 0.5. Unlike for the cosine potential, the distributions

remain apart at all times, although they exhibit similar asymptotic behaviour.

Once again, we consider the case of L < 1 and sin(@) &~ 1. We obtain

’ | E67F7/2
E ,
! &1
EQefFT
So|~e ,
2] o8
E67F7/2 L3673FT/2
3|~ + )
5] &1 o83 (4.15)
EefFT/Q [_/36731"7'/2 _
S 2n —3 O(L?),
|S20-1] o6, +(2n-3) o6 +O(L”)
n‘z2€7FT _
Son |~ ——— + O(LY),
sanle "+ O(L
which implies that
mL2o&e 2k =2m — 1,
e {08 (4.16)
mLo&e " 7/2,  k=2m,

with & as in (3.24) and |u| given by Eq. (4.13) as before. In the deep quantum regime described
above, t; =~ 1 kick as |u;|> 1. In the weak quantum regime, we consider the ratio between

consecutive . and find that

] 3Le T2, k=2m—1, @17
1| | e'2/(3L), k= 2m. '
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Clearly, no bound on I'7/2 can ensure that that both cases of (4.17) re_main less than 1, so we no
longer have separate cases based on this value as we did above for |Lsin(a)|> 1. Instead, we

obtain a breaking time of
I'r

e
th ~ —. 4.18
nR T (4.18)

For L < 1 and any I' > 0, our numerical calculations show that the system has no positive LE,
so we expect a good correspondence as [' grows large. We observe that by increasing the value
of I' while holding o fixed in Eq. (4.18), we can make the breaking time arbitraily large. This is
expected, as for sufficently large I the classical dynamics given by Eq. (2.9) are dominated by the
environment.

As with the cosine potential, while the classical distribution collapses to a single point after
enough time has passed — numerical results show this point is about (v,u) = (—0.279,0.063)
for the sawtooth potential — this is impossible for the quantum system. In Fig. 4.6, we show the
Wigner function for L = 0.5, the corresponding variance in position, and the variance in position
for the associated classical system with the same parameters. We see that although the classical
variance approaches 0, as we expect, the variance in the quantum distribution does not settle down
to a constant value. This illustrates an important difference between the kicked oscillator with the
cosine and sawtooth potentials, as the latter converges to a coherent state at the origin.

The ‘spikes’ seen in Fig. 4.6 are possibly evidence of Bloch Oscillations. These oscillations
have been observed in quantum chaotic systems [46] and in Bose—Einstein Condensates [38]. They
often occur in problems related to lattices, and we have shown the kicked oscillator with the saw-
tooth potential is closely related to such a problem (see Chapter 3.6). We have been unable to
prove these ‘spikes’ represent Bloch oscillations, and this would be an interesting area for further
research.
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Figure 4.6: (Left) Plot of the Wigner function for the dissipative kicked oscillator with the sawtooth
potential and parameter values L = 0.5, ¢ = 6, and 0 = 0.1. The distribution is clearly not
a minimum-uncertainty state. (Right) Variances in position for the classical (red dashed curve)
and quantum (black solid curve) distributions with the same parameters. This confirms that the
classical distribution collapses to a point, however the quantum distribution does not converge to
a minimum-uncertainty state. Numerical calculations of the variance in momentum include spikes
at the same values of n as with the variance in position. Note the pattern of the spikes repeats after
aboutn = 7.

4.5 Localization

In Chapter 3.6 we discussed the eigenstates |¢) of the Floquet operator (3.2)
Flo)=e").

In the conservative case, these form a natural basis, which is not true in the dissipative system
because the environment induces incoherent transitions between Floquet states, causing them to
decay exponentially [14]. However, in a similar vein to the preservation of invariant tori under
small perturbations, for sufficently weak dissipation these transitions act as a perturbation on the
conservative system, and the Floquet eigenstates still provide a good basis for a description of the
dynamics (at least on sufficiently short time scales).

Our analysis of localization in the kicked oscillator in Chapter 3.6 still holds when the coupling
strength I' < 1. As I increases, our analysis is no longer valid. Figures 4.7 and 4.8 no not show
localization in the dissipative kicked oscillator even for irrational ¢, which helps to promote better
correspondence between the systems even on time scales that exceed the breaking time.
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Figure 4.7: (Left) Variances in the distribution for both the classical (red dashed curve) and quan-
tum (black solid curve) dissipative kicked-oscillator systems with the cosine potential for parame-
ter values K = 6, ['7/2 = 0.36, n = 0.5, and ¢ = /2. Up to the breaking time (at t; ~ 7 kicks),
the distributions remain close together, as for the choice of ¢ = 6. After the breaking time, they
drift apart but exhibit similar asymptotic behaviour. There is no sign of Anderson localization that
we observed for irrational ¢ in the system without a reservoir. To arrive at the Anderson model in
Eq. (3.37), we exploited the underlying lattice structure of the kicked oscillator, and the absence
of Anderson localization here suggests that dissipation has destroyed this structure. (Right) IPR
(see Eq. (3.39)) as the number of kicks increases. The system eventually settles down to a constant

value near 90. This is to be expected, as the classical distribution remains bounded in space (see
Fig. (2.8)).

120

Figure 4.8: IPR for the dissipative kicked oscillator with the sawtooth potential and L = 6, ¢ = 6
and o = 0.1. The number of states in the Hilbert Space is 2. The IPR increases rapdily with the
number of kicks before settling at about 110.
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5 Conclusions

In this thesis, we presented a treatment of the quantum—classical transition in the delta-kicked
oscillator with two different potentials, the cosine potential (1.4) and the sawtooth potential (1.5).
We studied the kicked oscillator because it is a simple model that is mathematically tractable, while
also exhibiting behaviours such as localization and a finite breaking time that occur in a variety
of quantum chaotic systems. We also studied the kicked oscillator in the presence of a dissipative
environment, which helps one to understand how such environments can affect the dynamics of
quantum chaotic systems. This is important for experiments on quantum chaos, for which we
often cannot fully remove environmental effects. It is important to know what impact they have on
our experiment’s results.

For both the cosine and sawtooth potentials, we obtained expressions for the breaking time for
both large and small values of the kick strength. Our results agree with the asymptotic estimate
given in [6]. We also performed numerical experiments that support our estimates for the breaking
time. We paid special attention to the case of a low kick strength, which is not as well studied
as the case of high kick strength in the quantum regime. In this regime, the transition from non-
chaotic to chaotic behaviour occurs, and studying this change gives insight into how chaos arises
in both classical and quantum systems [58]. For example, KAM theory suggests that many of
the intergrable tori of the classical system remain, so we would expect the quantum—classical
correspondence to last longer. Our analytical and numerical calculations both support this intuition.

Our numerical experiments for the sawtooth potential agree with our estimate of the breaking
time being just one kick in the case of a high kick strength, which seems to be due to a rapid
increase in the number of states that are occupied (see Fig. (3.8)). The associated classical system
does not spread as rapidly in phase space.

We discussed localization in the kicked osciallator with both potentials and presented an ar-
gument that the system can be put into the form of a tight-binding model, for which one obtains
periodic solutions when the parameter ¢ is rational and Anderson localization when ¢ is irrational.
Our numerical calculations of the IPR (3.39) support this argument by showing that the quantum
distribution spreads to only a few of the available states for irrational q.

We studied the quantum kicked oscillator in the presence of a dissipative environment created
by coupling the system to a single dissipative reservoir. We showed that this environment can ex-
tend the time of quantum—classical correspondence by preventing the formation of small structures
in phase space [12]. We observed that the environment also reduces the impact of localization, pro-
moting a longer correspondence time even for the sawtooth potential where—despite the breaking
time still being just a single kick in most cases—the variances in the distributions still exhibit
similar asymptotic behaviour as the number of kicks n goes to infinity.

Our results for the cosine potential are consistent with prior results, while our investigation for
the sawtooth potential in the quantum regime is novel. Our study of this more complicated function
shows that in a chaotic regime the quantum—classical correspondence can be lost immediately (i.e.,
the breaking time is 1 kick), even in the closed system. We also observe that in this case dissipation
is not enough to restore correspondence, except when it is so strong that the chaotic dynamics are
suppressed completely. We also show that the effects of localisation on the system for irrational ¢
are much larger with the sawtooth potential than with the cosine potential, perhaps due to the fact
that it closer to being a true tight-binding model.
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It should be possible to test our results using physical experiments. The kicked oscillator has
been realised experimental by a photon placed in an ion-trap and kept there with laser pulses [24].
This experimental system is well-studied for the cosine potential [7, 15], and although the sawtooth
potential is a somewhat more complicated function it should be possible to realise it as well in this
kind of experiment. Our model for the environment is also realisable, as it can be produced by a
weakly-coupled zero-temperature reservoir [48].

The above possiblities not withstanding, experimental confirmation of our results is difficult
because of decoherence and diffusion, which mask both the breaking time and the localization,
restoring correspondence [18, 30]. Our study of dissipation in the kicked oscillator illustrates
that dissipation can mask the effects of chaos, a phenomenon that occurs in many other quantum
chaotic systems [11]. Although we have not studied any kind of diffusive environment, it is known
that this can have a larger effect on the suppression chaos than dissipation, and is hard to control
completely in an experimental setting [12].

It would be instructive to study the quantum kicked oscillator with the sawtooth potential in
the non-chaotic regime in greater depth. Lowenstein presented an exhaustive treatment of different
types of dynamics that arise in the associated classical system (e.g., ‘sticky orbits’ and ‘super-
diffusion’) for certain parameter values [39, 43], and developed techniques for the analysis of
similar systems [44]. From a mathematical perspective, it would be instructive to analyse the
quantum system in a similar way to determine whether such varied dynamics still arise and to
derive quantum analogues for the techniques presented in [44]. Some work has already been done
in this area, particularly on quantum mushroom billards, which also have ‘stickiness’ [3].

It is also be possible to study the behaviour of the kicked oscillator in the presence of other
kinds of environments. For example, dissipative, phase and thermal reservoirs have already been
produced in ion-trap experiments [41], so these situations are worth studying. As we mentioned at
the beginning of Chapter 4, one can also consider a non-Markovian environment.
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A Code for Generating the Figures

This appendix contains the code for generating the various figures in this thesis. We wrote all the
code Python and made use of common open-source mathematics libraries, notably NumPy, SciPy,
Matplotlib and QuTiP [35], an open-source library that provides methods for examining quantum
systems. We present only the code that was used for the sawtooth potential, as the code for the
cosine potential is virtually identical.

A.1 Plotting the Classical Kick-to-Kick Mappings

from numpy import x
import matplotlib.pyplot as plt

## The kick to kick mapping ##
def mapping((v,u), L, alpha, Gamma) :
return ( exp ( Gamma) *( vxcos(alpha) + sin(alpha)x*(u + Lx(floor(v) v)) ), exp
( Gamma) *( cos(alpha)*(u + Lx(floor(v) v) ) vxsin (alpha) ) )

## Parameters ##
N = 10000 # number of kicks to simulate

q=256

alpha = 2xpi/q # dimensionless ratio between frequencies
L = 0.1 # nonlinearity parameter

Gamma = 0 # dissipation strength

## Initial condition ##
(v,u)=(1.,1)

## Evolve system for N kicks ##

points = [[v,u]]

for n in range(1,N1):
(v,u) = mapping((v,u), L, alpha, Gamma)
points .append ([v,u])

XS
ys

[v for [v,u] in points]
[u for [v,u] in points]

## Plotting ##

plt.plot(xs, ys, marker=".", color="r’, linestyle="None )
plt.xlim ([ 2, 2])

plt.ylim ([ 2, 2])

plt.xlabel (’v’)

plt.ylabel('u’)

plt.show ()

A.2 Plotting the Classical PDFs

from numpy import =x
import matplotlib.pyplot as plt
from scipy import stats
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def mapping(n, (vO,u0), L, alpha, Gamma):
(v,u) = (v0,u0)
for i in range(0, n):
(v,u) = ( exp( Gamma) *( vsxcos(alpha) + sin(alpha)x*x(u + Lx(floor(v) v)) )
, exp ( Gamma) *( cos(alpha)x*(u + Lx(floor(v) v) ) vxsin (alpha) ) )
return (v,u)

## Parameters ##
N = 10%*x5 # number of initial conditions

n = 9 # number of kicks to simulate
L = 6 # nonlinearity parameter
q=2©6

alpha = 2xpi/q

Gamma = 0.36 # dissipation strength

## Normally distributed sample of initial conditions ##
xs = random.normal (size=N)
ps random . normal ( size=N)

## Evolve all trajectories ##
for i in range(O,N 1):
(vO,u0) = (xs[1],ps[i])

(v,u) = mapping(n, (vO,u0), L, alpha, Gamma)
xs[i] = v
psli] = u

## Size of phase space to consider ##

xmin = 7#xs.min()

xmax = 2#xs.max()

pmin = 4#ps.min()

pmax = S5#ps.max()

## Draw mesh grid and calculate the PDF using kernel density estimation ##
X, P = mgrid[xmin:xmax:1000j, pmin:pmax:1000j ]

positions = vstack ([X.ravel (), P.ravel()])

values = vstack ([xs, ps])

kernel = stats.gaussian_kde(values)

Z = reshape(kernel(positions).T, X.shape)

## Plot PDF ##

fig, ax = plt.subplots ()

cont = ax.imshow(rot90(Z), extent=[xmin, xmax, pmin, pmax]) #cmap=plt.cm.
gist_earth_r ,

ax.set_xlim ([ xmin, xmax])

ax.set_ylim ([ pmin, pmax])

cb = fig.colorbar(cont, spacing="uniform’) # add colour bar

plt.xlabel(’v"’)

plt.ylabel('u’)

plt.show ()

A.3 Calculating and Plotting the Maximum LE

from numpy import =x
import matplotlib.pyplot as plt
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# The mappings v and u
def mapping((v,u), K, alpha, Gamma) :
return ( exp( Gamma)x(vxcos(alpha) + sin(alpha)=*(u + K«x(floor(v) v))), exp
( Gamma) x(cos (alpha)*(u + Kx(floor(v) v)) vxsin (alpha)) )

# Euclidian Distance
def dist((xl,yl),(x2,y2)):
return sqrt( (x1 x2)*x2 + (yl y2)=*x2 )

# Calculate the highest Lyapunov Exponent for a single initial condition
def exponent(K, q, Gamma, dO, (vO,u0)):
# Step 1: Evolve initial condition for 100 steps to ensure it is on the
attractor
for n in range (0, 99):
(x, y) = mapping((vO,u0), K, q, Gamma)

# Step 2: Choose a point (v,u) at distance dO from (vn, un)
(v, u) = ( x + dO*np.cos(np.pi/4), y + dOxnp.sin(np.pi/4) )

# We repeat the next steps over 100000 iterations
exps = [] # the exponents we calculate and wish to average
for i in range (0, 100000):
# Step 3: Advance both orbits one iteration and calculate the new
separation dl
(x, y) = mapping(l, (x,y), K, q, Gamma)
(v, u) = mapping(l, (v,u), K, q, Gamma)
dl = dist((x,y) ,(v,u))

# Step 4: Calculate log|dl/dO|
d = abs(d1/d0)
exps.append(log(d))

# Step 5: Readjust one orbit so its separation is dO and it is in the
same direction as dl
(v, u) = ( x + dOx(v x)/dl, y + dOx(u y)/dl )

return sum(exps)/len(exps) # return average value of the LE

# Generate a uniformly distributed set of N points (x, y) with low <= x,y <
high
def generate (N, low, high):
output = []
for i in range (0, N):
output.append( (random.uniform (low, high), random.uniform (low, high)) )
return output

# Calculate the highest Lyapunov Exponent averaged over N initial conditions
def averagedExponent(K, q, Gamma, d0O, N):
inits = generate(N, 0, 100)
exps = [] # the exponents we calculate and wish to average
for point in inits:
exps.append( exponent(K, q, Gamma, dO, point) )
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return sum(exps)/len(exps) # return average value of the LE

# Parameters

q=06
alpha = 2xpi/q
N = 10000

d0 = 0.00000000001
L = arange (0., 10., 0.1)
Gamma = 0

# Plotting

plt.plot(Gamma, averagedExponent(L, q, Gamma, dO, N), color="k’)

plt.axhline (linewidth=1, color="r’) # plot a red line through the origin to
guide the eye

plt.xlabel (r’$\Gamma.\tau/2$")

plt.ylabel(r’$\lambda$’)

plt.show ()

A.4 Drawing the Bifurcation Diagrams

from numpy import =x
import matplotlib.pyplot as plt

# The mappings v and u
def mapping(n, (vO,u0), L, alpha, Gamma):
(v,u) = (v0,u0)
for i in range (0, n):
(v,u) = ( exp( Gamma) x(v*cos(alpha) + sin(alpha)*(u + Lx(floor(v) v))),
exp ( Gamma) *(cos (alpha)*(u + Lx(floor(v) v)) vxsin (alpha)) )
return (v,u)

# Parameters
L=2¢6

q=2©6

alpha = 2xpi/q

# Label axes
plt.xlabel (r’$\Gamma._\tau/2$")
plt.ylabel(’'u’)

# Override plots autoscaling
plt.ylim (( 2,2))

# Set the initial condition used across the different parameters
ic = (1,1)

# Set up transients and iterates
nTransients = 10000

nlterates = 1000

nSteps = 200

# Sweep the control parameter over the desired range

inc = 1/float(nSteps)
for Gamma in arange(0,2,inc):
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# Set the initial condition to the reference value

state = ic

# Throw away the transient iterations

state = mapping(nTransients , state , L, alpha, Gamma)
# Now store the next batch of iterates

Gammasweep = [ ] # The parameter value

u=1[] # The iterates

for i in xrange(nlterates):
state = mapping (1, state, L, alpha, Gamma)
Gammasweep . append (K)
u.append( state[1l] )
plt.plot (Gammasweep, u, ’'k,’) # Plot the list of (Gamma,u) pairs as
pixels

# Display plot in window
plt.show ()

A.5 Plotting the Conservative Wigner Function

from qutip import x
from numpy import x
import matplotlib.pyplot as plt

## Return the cosine of an operator ##
def cosine (Op):
return 0.5%x( (ixOp).expm() + ( ixOp).expm() )

## The sawtooth potential with j=1 to M ##
def sawtooth(x, M):
output = 0
for j in range (1, M):
output = output + (1/(j**2))*cosine (]j*Xx)
return output

## Parameters ##

i = 1.0j # imaginary unit

n = 9 # number of kicks to simulate

L =6 # classical dimensionless kick strength

q=2©6

alpha = 2xpi/q # dimensionless ratio between frequencies
sigma = 0.1 # classicality parameter

M = 1000 # number of terms in the sum
N 2x%8 # number of states of quantum system

Lq = (pixL)/(sigmax=*2) # quantum kick strength

## Basis State ##
rho = coherent_dm (N, 0)

## Operators ##
a = destroy (N) # lowering operator

FO = ( ixalphax(a.dag()*a + 0.5)).expm()
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F1 = ( ixLqxsigma=x(a + a.dag())/2 ixLq+*sawtooth(sigmax(a + a.dag()), M)/pi).
expm ()
F = FOxF1 # Floquet operator

## Apply Floquet operator n times to get state before (n+1)th kick ##
for u in range(l, n):
rho = F % rho % F.dag()

## Plot Wigner Function ##
xvec = linspace(20,20,500) # range of phase space
W = wigner(rho, xvec, xvec) # generate Wigner Function

fig, axes = plt.subplots() # set up axis and figure

cont = axes.contourf(xvec, xvec, W, 1000) # plot Wigner Function
plt.xlabel(’v"’)

plt.ylabel('u’)

cb = fig.colorbar(cont, ax=axes) # add colour bar

plt.show ()

A.6 Plotting the Dissipative Wigner Function

from qutip import x

from numpy import =

import matplotlib.pyplot as plt
from scipy import ndimage

## Return the cosine of an operator ##
def cosine (Op):
return 0.5%( (i*xOp).expm() + ( i*Op).expm() )

## The sawtooth potential with j=1 to M ##
def sawtooth(x, M):
output = 0
for j in range (1, M):
output = output + (1/(j*%2))*cosine (]j*Xx)
return output

## Parameters ##
i = 1.0j # imaginary unit

n = 10 # number of kicks to simulate

L =6 # classical dimensionless kick strength

q=2=56

alpha = 2xpi/q # dimensionless ratio between frequencies
sigma = 0.1 # classicality parameter

M = 1000 # number of terms in the sum

N = 2%x%8 # number of states of quantum system
Lq = (pixL)/(sigmax%2) # quantum kick strength
Gamma = 0.36

## Coherent State centred at the origin ##
rho = coherent_dm (N,0)

## Operators ##
a = destroy(N) # lowering operator
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v = 0.5%x(a + a.dag())
u = 0.5«xix(a.dag() a)
H = a.dag()=*a

F1 = ( ixLqgxsigmax(a + a.dag())/2).expm()
F2 = ( ixLgxsawtooth(sigmax(a + a.dag()), M)/pi).expm()
F1«xF2 # Floquet operator

s
Il

w2
I

( ixalphax(spre(H) spost(H)) + 2+xGammaxlindblad_dissipator(a)).expm() #
superoperator

## Apply Evolution n times to get state before (n+1)th kick ##
for j in range(0, n 1):
rho = vector_to_operator (S % operator_to_vector(F % rho % F.dag()))

print variance (v, rho)
print variance (u, rho)

## Plot Wigner Function ##

xvec = linspace(10,10,500)

W = wigner(rho, xvec, xvec) # generate Wigner Function

fig, axes = plt.subplots() # set up axis and figure

cont = axes.contourf(xvec, xvec, W, 1000) # plot Wigner Function
plt.xlim ([ 7.,2])

plt.ylim ([ 3.,4])

plt.xlabel(’'v"’)

plt.ylabel(’'u’)

cb = fig.colorbar(cont, spacing=’uniform’,ax=axes) # add colour bar
plt.show ()

A.7 Numerical Calculation of Breaking Time

from numpy import =x
import matplotlib.pyplot as plt
from qutip import =

## Classial kick to kick mapping ##
def mapping((v,u), L, alpha, sigma, Gamma):
w = vx(sigma/pi)
return ( exp( Gamma)*( vxcos(alpha) + sin(alpha)*(u + (Lxpi/sigma)x*(floor(w
) w)) ), exp( Gamma)«( cos(alpha)x*(u + (Lxpi/sigma)x*(floor(w) w) ) vk
sin(alpha) ) )

def sawtooth(x, M):
output = 0
for j in range (1, M):
output = output + (1/(j*%2))*cosine (]j*Xx)
return output

## Cosine of an operator ##
def cosine (Op):
return 0.5%( (i*Op).expm() + ( i*xOp).expm() )

## The breaking time we obtained from analysis ##
def analyticw (L, sigma):
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return 2/(3xLxsigma)

## The metric d_r ##
def dist(psi, xs):
a = destroy (N)
v = 0.5%x(a + a.dag()) # position operator
deltaq = variance (v, psi)
deltacl = xs.var()
return abs ((deltacl deltaq)/deltacl)

## Method for calculating the breaking time for a single eta ##
def breakingTime(n, L, alpha, sigma, N):
i = 1.0j # imaginary unit
traj = 10%x4 # number of classical trajectories
epsilon = 0.1 # threshold for divergence of the distributions
Lq = (pixL)/(sigma=*x2) # quantum kick strength
M = 100

## Operators ##

a = destroy(N) # lowering operator

FO = ( ixalphax(a.dag()*a + 0.5)).expm()

F1 = ( ixLqxsigma=x(a + a.dag())).expm()

F2 = ( ixLgxsawtooth(sigmax(a + a.dag()), M)/pi).expm()
F = FOxF1«F2 # Floquet operator

## Normally distributed sample of initial conditions ##
xs = random.normal (loc=0, scale=0.5, size=traj)
ps = random.normal(loc=0, scale=0.5, size=traj)

## Coherent State centred at (x,p) ##
psi = coherent(N, 0)

points = [dist(psi,xs)]

for 1 in range (1,n):

## Evolve classical state ##

for k in range(0,traj 1):
(vO,u0) = (xs[k],ps[k])
(v,u) = mapping((v0,u0), Lq, alpha, sigma, 0)
xs[k] \
pslk] u

## Evolve quantum state ###

psi = F x psi

d = dist(psi, xs)

points .append(d)

## Find the number of the kick at which d_r first exceeds the threshold
epsilon ##

k =1

while (points [k] < epsilon and k < n 1):
k = k+1

if k<nl:
return Kk
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else:
return n

## Parameters ##

i =1.0j # imaginary unit
n = 100 # number of kicks to simulate
L = 0.1 # classical dimensionless kick strength

alpha = 2xpi/6
N = 2%x%x8 # number of states of quantum system

## Plot the values ##
ss = arange (0.05, 1.0, 0.05)
points = []
for sigma in ss:
points .append (breakingTime (n, L, alpha, sigma, N))

plt.plot(ss, points, color="k’, linestyle="None’, marker=".")
plt.plot(ss, analyticw(L, ss), color="b")

plt.ylim([0,100])

plt.xlabel(r’$\sigma$’)

plt.ylabel(r’ $t_\hbar$’)

plt.show ()
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