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Abstract

When modelling real physical systems, one should always consider the influence of the
environment. The study of open quantum systems aims precisely at the assessment of
the role of the environment in the evolution of these systems. The computational study
of these systems is in general a formidable task. However, in many instances one can
approximate the environment by means of classical dynamics. For such cases, when the
environment is in a thermal state, one can generalize non-Hamiltonian equations of motion
to quantum-classical dynamics in order to control the thermodynamic temperature. Such a
generalization is achieved within the partial Wigner representation of quantum mechanics,
and leads to a quantum-classical evolution of the system. We have studied how to simulate
a thermal bath, by means of the least possible number of additional extended variables [1].
This has been achieved upon reformulating the Nosé-Hoover Power (NHP) thermostat in
quantum-classical theory. When applied to the dissipative evolution of a quantum spin the
NHP thermostat, obtained numerical results in agreement with those obtained using Nose-
Hoover chains. However, since a fewer number of variables are needed to achieve the correct
sampling of the canonical distribution at equilibrium, the NHP thermostat promises to be
better suited for the simulation of low dimensional open quantum system on discrete grids.
Following this the quantum dynamics of a XXZ two-spin chain interacting with multiple
bosonic baths have been studied, within the mixed Wigner-Heisenberg representation of
quantum mechanics. In particular, we have simulated the dynamics of the reduced density
matrix ps(t), along with the time evolution of the quantum entanglement of the two spins

via the concurrence C (p).
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Chapter 1

Introduction

There exists a symbiotic relationship between theoretical and experimental physics. The-
oretical physics is based upon mathematical models which are used not only to explain,
but also predict natural phenomena. While experimental physics is based upon the use
of experimental tools to predict and explain these natural phenomena. Computational
physics lies somewhere in between these two approaches and provides a way to perform
numerical “experiments” on a computer. Once a particular model has been numerically
solved, a comparison may then be made between the experimentally obtained results and
those of the numerical simulation. If the predictions of the model agree well with the
experimental observations then the model may possibly be used to give new insight into
these observations [2]. The relationship which exists between theoretical, experimental
and computational physics is illustrated in Fig. 1.1.

In classical physics, Molecular Dynamics (MD) simulation is used to study the dy-
namics of molecules or atoms from a classical perspective [2, 3]. However, there is no
corresponding general method for simulating the quantum dynamics of many body sys-
tems [2, 4]. While almost all classical systems can be solved using MD, it fails to suc-
cessfully simulate systems where quantum effects are important, due to its intrinsically
classical treatment of particles. Instead, numerical methods for solving quantum dynam-
ics have to be decided on a system by system basis. This is a consequence of quantum

mechanics itself being difficult to implement on a computer due to its complex mathe-
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Experimental Simulation Theoretical
Results Results Predictions
Compare

Test of Models
and
Test of Theories

Figure 1.1: Flow chart illustrating the connection between experiment, theory, and com-
puter simulations [2]. The left hand side represents experimental procedure, while the
centre branch deals with the processes of computational physics. The right hand outlines

the work flow of theoretical physics.

matical nature. This difficulty arises since quantum mechanics is formulated not in terms
of functions, as in the case of classical mechanics, but rather in terms of operators which
do not necessarily commute [5]. A second reason is that the computational expense rises
extremely rapidly with an increase in the number of particles being simulated. As stated

in Ref. [5], it is impossible to either store nor calculate the many body wave-function with



the numerical precision required, due to the limitations on the available resources. As a
result of this severe limitation on the simulation of quantum dynamics, one is forced to
resort to clever approximations to simplify the system of study in some way. The devel-
opment of efficient algorithms for the simulation of quantum dynamics currently forms a

large area of research within the field of computational physics.

In using quantum mechanics to describe real physical systems, one should always take
into account the influence of the surroundings upon the system. Such systems, where
there is an interaction between the quantum system and its environment are known as
open quantum systems. These systems are not only of theoretical interest, but also of
great practical interest in various research fields, including those of quantum biology [6, 7],
quantum optics [8, 9], nano physics [10] and quantum information [11, 12]. The dynamics
of these quantum systems are usually formulated by means of influence functionals [13]
or master equations [4]. Alternatively, a Hamiltonian approach [14] may be used which
requires one to embed the system of interest in a bath comprising a large number of
degrees of freedom to calculate the evolution of the total system. To obtain an open
system description, the coordinates of the bath are then integrated out. The numerical
implementation of this latter technique is generally also computationally expensive. A
classical bath can also be considered in order to generate the open dynamics of a quantum
subsystem. In this case, it has been recently shown how to formulate master equations
which are thermodynamically consistent [15-20]. Within the Hamiltonian approach to
dissipation [14], one can obtain a phase-space representation of the quantum bath by
performing a partial Wigner transform only over the coordinates coupled to the quantum
subsystem [21]. Upon taking a suitable approximation, a combined quantum-classical law
of motion for the quantum subsystem coupled to the bath coordinates is obtained [22].
This representation still requires one to calculate the dynamics of the total system and
it is also computationally demanding. However, once the classical bath coordinates are
represented in phase space through a partial Wigner transform, well established non-

Hamiltonian molecular dynamics equations of motion [23-25] become available to represent
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the thermal bath by means of a minimal number of degrees of freedom. Hence, one can
use a non-Hamiltonian bath with few degrees of freedom to numerically simulate on the
computer a Hamiltonian bath with many degrees of freedom. This approach has been

suggested in Refs. 26, 27].

With this in mind, the first project discussed in this thesis deals with using the so called
Nose-Hoover Power (NHP) thermostat [23]. This thermostat is defined by a set of equa-
tions of motion that, using only two additional phase space variables, are able to provide a
correct sampling of the canonical distribution function for stiff systems. The Nose-Hoover
Chain (NHC) thermostat [28] is also able to produce chaotic dynamics but it requires at
least four additional thermostat variables in phase space, and so does the Bulgac-Kusnezov
(BK) thermostat [29-31]. Our final aim is to implement non-Hamiltonian thermostats in
quantum-classical dynamics. The NHP thermostat has the nice feature of generating a
thermal bath by means of the smallest possible number of degrees of freedom [1]. Because
of this, it was chosen to be generalized to the quantum-classical case and applied to study

the relaxation dynamics of an excited spin situated in a classical-like thermal bath

Having completed this, a second study was undertaken where the dynamics of a simple
spin chain comprising two spins each coupled to independent bosonic baths at various tem-
peratures was studied. The system was constructed in such a way that the temperature of
each bath may be defined independently. Doing this allows one to study non-equilibrium
situations. Systems of this nature are of great interest within the field of quantum in-
formation [32-34]. Rather than using the master equation approach [34] to simulate the
dynamics of this system, a mixed Wigner-Heisenberg representation of the dynamics has
been used. The evolution in time of the system’s reduced density matrix, along with the
entanglement dynamics of the minimal chain have been calculated. It should be noted that
the total system dynamics are unitary and numerically exact for the class of Hamiltonian
under study. As such, for the work presented here there is no need for one to make use of

either the Markovian or rotating wave approximation.

This thesis is structured as follows: In Chapter 2 a discussion on classical dynamics



and its underlying mathematical structure is presented. In particular Hamiltonian, and
non-Hamiltonian theories are introduced before the general algebraic bracket structure
underlying the dynamics is introduced. Finally in this chapter, constant temperature dy-
namics are discussed along with the introduction of some non-Hamiltonian thermostatting
schemes. In Chapter 3 a brief overview of quantum dynamics is presented, beginning with
a general summary of quantum statistical mechanics. This is followed by a summary of
the quantum dynamics of both closed and open quantum systems. During the latter, the
phase-space formulation of quantum mechanics is introduced and discussed. This chapter
ends with a discussion on correlations and entanglement. In Chapter 4 a discussion on how
to model and numerically simulate the quantum dynamics of systems situated in classical-
like thermal baths is presented. Following this, the adiabatic basis is introduced along
with a discussion on how to numerically implement the dynamics via surface-hopping al-
gorithms. Two thermostatting schemes are then extended to the quantum-classical case,
and applied to the study of the spin boson model. In Chapter 5 the numerical study of
a two-spin chain, where each spin is coupled to its own independent thermal bath is pre-
sented. In particular, the reduced density matrix and entanglement dynamics are studied
with the latter done via the concurrence. In Chapter 6 a summary of the work done in
this thesis is given along with some conclusions and perspectives regarding possible future

studies.



Chapter 2

Classical Dynamics

This chapter contains a discussion on classical dynamics and its underlying mathematical
structure. It begins with the introduction of Hamiltonian and non-Hamiltonian theories.
This is followed by an illustration of the general algebraic bracket structure which under-
lies non-Hamiltonian dynamics. Finally, three extended system thermostat schemes are

introduced and discussed.

2.1 Hamiltonian Theory

For the work presented in this chapter a brief sketch of what defines a Hamiltonian algebra
is presented. Such algebras are also commonly referred to as Lie algebras [3]. Following
the prescription outlined in Ref. [5], it will be shown how through the relaxation of only
one of the conditions defining these algebras it becomes possible to generalise them and
obtain non-Hamiltonian algebras. To this end one begins by considering an arbitrary
mathematical space G comprised of mathematical objects (u,v,w,---). These objects
may in general represent functions of phase-space, in which case the algebra in question is
defined in terms of Poison brackets, or they may represent Hermitian quantum operators.
For the latter case the algebra is then defined in terms of the commutator. An algebraic

closed operation may be defined on pairs of these elements, in terms of a generic bracket

6



2.1. HAMILTONIAN THEORY 7

as [5]:

{u,v} =w, (2.1)

where w belongs to G for any arbitrary u and v. A Lie algebra for such a mathematical

space is then one which has the following properties [3]:

{u,v} = —{v, u}, (2.2)
{u+v,w} ={u,w} + {v,w}, (2.3)
{Au,v} = A{u,v}, (2.4)

where ) is a complex number which does not belong to the space G. In order for an algebra
to be considered a Lie algebra there is a further, less obvious property which needs to be

satisfied. This property is known as the Jacobi relation and is given by

J = A{u,{v,w}} + {v,{w,u}} + {w,{u,v}} =0. (2.5)

In Eqns. (2.1) to (2.5), {---,--- } has been used to denote a generic bracket whose algebra
one is interested in. This bracket may either be classical or quantum in its nature, since
there is a similarity which exists within the underlying mathematical structure of the
bracket formulation of both classical and quantum mechanics [35]. Classical theory may
be defined through the use of the Poisson bracket, while quantum theory is defined through
the use of the commutator. In order for any bracket algebra to be considered Hamiltonian,
it must satisfy all four of these properties; in other words, it must be a Lie algebra. The
antisymmetric nature of the generic bracket shown by Eqn. (2.2) plays a role in defining its
time evolution (see Appendix A.1), while Eqns. (2.3) and (2.4) show that such a bracket
is a linear operator with respect to complex numbers, A, along with other elements of its
own mathematical space respectively. If the elements of the mathematical space are time
independent, then any bracket composed of these conserved elements will be conserved.
Consider an element of the space, H, where H is usually taken to be the Hamiltonian.

Then the equations of motion may be defined as [5]

du
i {u,H} . (2.6)
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Due to the antisymmetric nature of the bracket, it can easily be shown that Eqn. (2.6)
has the implication that H is a constant of motion [3]. Similarly, if one considers two
different elements u and v of a mathematical space, whose bracket algebra is Hamiltonian,
then these two elements will also be constants of motion provided that their equations of

motion satisfy the following,

du dv
— H) — - — HY=0. 2.

A bracket of these two elements, {u,v} is then also a constant of motion [3]:
{{u,v} ,H} =0. (2.8)

This is implied by Eqn. (2.7), provided that the theory is invariant under time translation.
Since Hamiltonian algebras obey Eqn. (2.5), they are invariant under time translation.
A full derivation of the time invariance property for such algebras may be found in Ap-

pendix A.1.

2.2 Non-Hamiltonian Theory

A non-Hamiltonian theory is one which satisfies the properties illustrated by Eqns. (2.2)

0 (2.4), but does not satisfy the Jacobi relation, namely,

J = {u{v,w}} + {v,{w,u}} + {w,{u,v}} #0. (2.9)

As shown in Appendix A.1, this violation results in the algebra associated with such
brackets no longer having the property of being invariant under time translation. This
often leads to problems when one is interested in studying the non-equilibrium statistical
mechanics of a Hamiltonian system. One may be inclined to ask why one would want to
use theories of this type if this is the case. It turns out that the advantages of using a non-
Hamiltonian approach only start to become apparent when one looks at systems which
contain many degrees of freedom. Such a situation may arise, for example, if one wishes to
simulate the dynamics of some system of interest interacting with its environment, where

the role of the environment is to constrain the system’s temperature. To successfully
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perform such a task using Hamiltonian theories, one would require an infinite number
of degrees of freedom. However it is not possible to perform such a calculation, even
classically, due to the lack of computational resources [5]. A consequence of this is that
the results of calculations performed at constant energy, will differ from those performed
at constant temperature,for Hamiltonian dynamics [36]. However, if one makes use of non-
Hamiltonian theories, it becomes possible to simulate an infinite thermal bath through the
use of only a few degrees of freedom and achieve the desired result [35].

Another example where non-Hamiltonian theory plays a crucial role is in the simulation
of quantum systems, where it is virtually impossible to perform a full quantum mechanical
simulation of a many body interacting system on a computer. The difficulty in this case
arises from computational limitations in terms of storing all the information contained
within the system [5]. However, through the use of a non-Hamiltonian approach, it is

possible to perform such simulations in the limit of certain approximations [37-40].

2.3 General Bracket Formulation of Dynamics

In the previous sections, both Hamiltonian and non-Hamiltonian theories have been de-
fined. In this section the generalised formalism which is used to express the equations
of motion in phase space is introduced. These equations conserve some chosen time-
independent Hamiltonian, H. To introduce this bracket formulation, one begins by intro-

ducing an antisymmetric matrix
Bji = —B; g k=12N |

where 2N represents the dimension of the phase space. This matrix is responsible for the
interaction which occurs between the system and environmental degrees of freedom. The

generalised non-Hamiltonian bracket may then be defined as [41]

2N Oa ob

J:k

where X = (Ry,Ro,--- , Ry, P1, P3,- -+, Py) represents the phase-space point, and a and

b represent two phase-space functions. This allows one to express the equations of motion
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for the entire system as

. 0X OH
X={X,H};= —Bip=—— 2.11
{ ) }B A (9XJ ik an ) ( )
7k
while those of the components of X, may be expressed as
. OH
X, = Bir=—— 2.12
j § iy (2.12)
where X; = (Rj, P;). If the antisymmetric matrix is given by
0 1
B¢ = , (2.13)
-1 0

then Eqn. (2.11) simply produces the canonical equations of motion for a Hamiltonian
system. These equations correspond to a canonical transformation of X [3]. However,
if a non canonical transformation is applied to X, then the form of the equations of
motion is still conserved, while the elements of the matrix B are then defined in terms of
complex phase-space functions. In this case, the matrix B loses its canonical form, but
remains antisymmetric [1]. A consequence of this antisymmetry is that any phase-space
flow which is defined by Eqn. (2.11) for a time independent Hamiltonian will be a constant

of motion [41]. This can easily be verified by taking the total time derivative of H,

ol , OH
= 0X; X},

(2.14)

=0.
The derivative is equal to zero since it is equivalent to taking the trace of the product of the
antisymmetric matrix B, with the symmetric one 0H/0X;0H /0X},. If B is antisymmetric
then Eqn. (2.14) is always valid. This means that if one wishes to define a non-Hamiltonian
flow which possesses a conserved energy, then one need only require that some general
matrix B be antisymmetric [1]. This approach has been used as a way to define conservative
non-Hamiltonian phase-space flows [1, 41].

The flux in phase space will be Hamiltonian if B has the property

2N

OB; 0By OBy
ZBi”aTMJFB’“"a—XMFBj"aTk =0, (2.15)
77/:1 n n n



2.3. GENERAL BRACKET FORMULATION OF DYNAMICS 11

for any given choice of i, j and k [1, 42]. Moreover, if B is antisymmetric and Eqn. (2.15)
holds, then Eqn. (2.11) produces non-canonical Hamiltonian flows in phase space [42, 43].
However, if Eqn. (2.15) does not hold, then the phase-space flow described by Eqn. (2.11)
produces non-Hamiltonian phase-space-flows [1]. If the flows are non-Hamiltonian, then

one may define the phase-space compressibility as [44]

k=VX
0 OH
PONLI (216)
In general this will be non-zero for non-Hamiltonian dynamics, although there are a few
exceptions [45]. A consequence of the compressibility being non-zero is that the phase-
space measure, dX, is no longer invariant [46]. To see this, one needs to consider the

Jacobian of the transformation, from some initial phase space point, X, to a time evolved

point, Xy, given by [44]
0Xy

J (X3 Xo) = =—— . 2.17
(i Xo) = T2 217
The Jacobian of the transformation, J (X;; Xo) satisfies the evolution equation [46]
d
EJ(Xt;XO) =r J(Xy; Xo) (2.18)

with the initial condition that J (0) = 1. Considering this equation of motion, it is clear
that J = 1 for all time, if and only if kK = 0. Therefore, if the system compressibility is
non-zero, the corresponding Jacobian of transformation will not be unity. Rearranging

Eqn. (2.17) allows one to express the measure transformation as

dXt = J(Xt;XQ) dXO 5 (219)

clearly if J # 1, then dX; # dXy, meaning that the measure is not preserved. A con-
sequence of the phase space measure not being conserved is that the dynamics no longer
sample phase space uniformly. However, there are several ways to overcome this. One
way is to make use of the fact that one is free to choose the form of both H and B
independently, when setting up the systems equations of motion. Doing this makes it

possible to obtain a desired compressibility. This is achieved through the freedom one
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has in defining the antisymmetric matrix B [1]. This is equivalent to essentially designing
conservative non-Hamiltonian equations of motion. Such equations possess a controlled
statistical weighting of the phase space, which assists them in sampling the phase space

uniformly [1, 47].

2.4 Constant Temperature Dynamics

Real life experiments are often performed in a controlled environment under isothermal
conditions [5]. These conditions usually fall under the canonical ensemble. Within this
ensemble the number of particles (IV), the volume (V') and system temperature (T") are
kept constant. The system itself is not isolated, and is allowed to exchange energy with a
heat bath. However the total energy of the bath and system is fixed, while the absolute
temperature 7', is defined by the heat bath. As stated previously, through the use of non-
Hamiltonian dynamics, it becomes possible to mimic, for the purpose of simulation, an
infinite thermal bath on the computer through the use of only a few degrees of freedom [35,
37-40].

There are several different methods which may be used to control the temperature
of the system during the simulation of its dynamics. A particularly important method
is the method of extended systems. Within this method, additional degrees of freedom
are added to the system Hamiltonian. Schemes which follow this method are typically
known as thermostat schemes. For the work presented here, we will be focusing on the
Nosé-Hoover Chain and Nosé-Hoover Power thermostat schemes. An overview of these
schemes is given in the following sections. The Nosé-Hoover thermostat has been included

for the sake of completeness, and is the starting point of this overview.

2.4.1 Nosé-Hoover Thermostat

The Nosé-Hoover (NH) thermostat was first introduced by S. Nosé in 1984 [48-50]. An

equivalent way to present it may be found in [1], where its extended system Hamiltonian
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is given by
2

P
HN — g+ 1L 4 gkpgTy . (2.20)
‘" 2M,

In Eqn. (2.20) H, represents the Hamiltonian which describes some classical system of
interest. H. is defined as,
P2

He= o+ V(R) (2.21)

where R and P represent the system coordinates and momenta, respectively, while M
and V (R) represent the mass and interaction potential of the system respectively. In
Eqn. (2.20), n represents the fictitious thermostat variable, P, its associated momentum,
while M, is its associated mass which controls the dynamical properties of the thermostat.
The Boltzmann constant is represented by kg , T is the absolute temperature of the
thermal bath, and ¢ is a constant that is equal to the number of degrees of freedom
associated with the system. The non-Hamiltonian equation of motion for this extended

system may be expressed, by means of a generalized bracket, as

. 0X OHNH
X ={x gNH — BNH 2.22
{ ) }BNH — aX] 7k an ( )
j
Here the antisymmetric matrix, BN is
0 0 1 0
0 0 0 1
BN — : (2.23)
-1 0 0 -P
0 -1 P 0

while the phase-space point of the extended system is X = (R, 7, P, P,). The antisymmet-

BNH is responsible for the interaction which occurs between the system and

ric matrix
environmental degrees of freedom. The phase-space compressibility, associated with this

scheme, is given by

L
: 0X; 0Xy
J k
P,
=799,

n
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One of the main problems with the NH thermostat is that it does not provide an er-
gordic sampling of phase-space, even for very long simulation times [51]. Its non-ergordic
behaviour was first discovered by Hoover [50]. As a way to overcome this problem Mar-
tyna et al. [28] proposed a scheme in which the NH thermostat is coupled to a second
NH thermostat, or if required an entire chain of NH thermostats. This generalization of
the original NH method solved the problem of ergodicity, and came to be known as the

Nosé-Hoover Chain (NHC) thermostat scheme.

2.4.2 Nosé-Hoover Chain Thermostat

As stated in the previous section, the NHC thermostat scheme may be formulated using a
chain of N thermostats, however, for the work presented here only chains comprised of two
thermostats will be considered. Doing this enables one to simplify the algebra involved,
along with allowing both the antisymmetric matrix and equations of motion associated
with this thermostat scheme to be explicitly written. It should be noted, however, that
an extension to chains comprised of more that two thermostats can readily be made. The

extended system Hamiltonian for the simplified version of the NHC thermostat is given

by
c P2 P2
ANHC — g o4 M "2 kg Ty + kT . (2.24)
¢ 2M,, = 2M,,

In Eqn. (2.24) H, represents the Hamiltonian that describes a classical system of physical
interest, and is defined by Eqn. (2.21). The fictitious thermostat variables are represented
by n1 and 72, and have momentum P, and P, associated with them, respectively. The
thermostat masses are represented by M,, and M,,, these control the dynamical proper-
ties of the thermostats. The Boltzmann constant is represented by kg, T represents the
absolute temperature of the thermal bath, and ¢ is a constant that is equal to the number
of degrees of freedom associated with the system.

By making use of Eqn. (2.11), the equations of motion for this extended system may

be expressed by means of a generalised bracket as

. 0X OHNHC
X — {X, HNHC}BNHC — BNHC .

) 2.2
- 0X; kX, (225)
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BNHC

Here the antisymmetric matrix reads

BNHC — : (2.26)

0 0 -1 0 P, 0

while the phase-space point of the extended system is X = (R,n1,12, P, Py, Py,). The

phase-space compressibility associated with this scheme is given by

Sy 2 o
K =
- 0X j an
J k
., Py Py
M M,

m 2

2.4.3 Nosé-Hoover Power Thermostat

The NHC thermostat scheme achieves an ergordic sampling of phase space by changing
the dimensionality of the extended system. However, Sergi et al. [1], found another way
to overcome the ergodicity problem of the NH thermostat without having to extend the
dimensionality of the extended system. This was achieved through a modification of the
NH thermostat’s equations of motion and lead to the so called Nosé-Hoover Power (NHP)

thermostat. The NHP extended system Hamiltonian is given by

2

P
HNUP — o 0 4 gk Ty (2.27)
< 2M,

where H. again represents the Hamiltonian that describes a classical system of physical
interest, and is defined by Eqn. (2.21). In Eqn. (2.27), n represents the fictitious thermo-
stat variable, P, its associated momentum, while M,, is its associated mass which controls
the dynamical properties of the thermostat. The Boltzmann constant is represented by
kg, T is the absolute temperature of the thermal bath, and ¢ is a constant that is equal
to the number of degrees of freedom associated with the system. The non-Hamiltonian

equations of motion for this extended system may be expressed by means of a generalised
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bracket as,
X = N g = 3 S BIPOL (2.28)
jk
Here the antisymmetric matrix BNIP is given by
| 0 0 1 7P/M ]
BNHP — ! v , (2.29)

—7P/M -1 P 0

while the phase-space point of the extended system is X = (R, ), P, P,). The phase-space

compressibility associated with this scheme is given by

S ) pli S
- 0X j 0X k
7 k
P,
=93
n

For this scheme, the NH antisymmetric matrix has been modified through the introduc-
tion of two non-zero elements, BY'"Y = 7P/M and BN'Y = —7P/M, where 7 is a time
dimensional parameter. These two elements contribute to the driving of the dynamics
of 1. Indeed, if one sets 7 equal to zero, then one recovers the standard NH thermostat
scheme. Above a threshold value of 7 = 0.5, in scaled units (see Sec. 4.3.3), the system

becomes chaotic and provides an ergordic sampling of phase space [1, 52]



Chapter 3

Quantum Dynamics

This chapter contains a brief overview of quantum dynamics. It begins with a general
summary of quantum statistical mechanics, followed by a discussion regarding the quantum
dynamics of both closed and open quantum systems. During the latter, the phase-space
formulation of quantum mechanics is introduced and discussed. This chapter ends with a

discussion on correlations and entanglement.

3.1 Quantum Statistical Mechanics

Quantum mechanics is an intrinsically statistical theory where the statistics enter the
theory in two ways [53]. Firstly, due to the statistical interpretation of the wave function.
The second way is a consequence of the incomplete knowledge one has about the dynamical
state of the system, as demonstrated by Heisenberg’s uncertainty principle [54]. We refer
to the quantum state described by a single state vector, [¢)) with unit length ({(¢)|¢) = 1)
in some complex Hilbert space as a pure state and consider this to contain the maximum
available information about the system. It should be noted that for the work presented in
this thesis, |1) will be used to represent only the state of the spin system under study. As
such the complex Hilbert space will have a finite dimensionality. For a system in a pure

state, the state vector may be expressed in an orthonormal basis |¢;) as
W) =D ciles) (3.1)
J

17
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where the c¢; are constant coefficients defined by ¢; = (¢; [¢) with }, lcj|> = 1. In this

notation the expectation value of an arbitrary observable is given by

A=(4) = (| Alvy)

= ZCZ <¢k AZC]' ¢J>
k J

J k
= ZZC]‘CZAM . (3.2)
Jj ok

The statistical description which has been presented, for an arbitrary observable above,
applies to systems in a pure state. However, in reality one often has less information
about a quantum system than the maximally possible information contained within the
state vector. For such cases one can no longer use Eqn. (3.2) to calculate the observable
averages. To see this, consider an arbitrary two level system whose exact state is unknown.
Since the system is a two level system it will be found in one of two states which may
be denoted as |¢) and |¢). Each of these states will have some probability associated
with it, which gives the likelihood of finding the system in that state, these probabilities
may be denoted as Py, and Py, respectively. Such a mixed state cannot be represented by
Eqn. (3.2), since the summation which appears on the right hand side simply produces
another pure state rather than the mixed state of the system [55]. It therefore becomes
necessary to consider situations where a system is described not by a single state vector, but
by an ensemble of state vectors, {|¢),,[¥)s, ..., [¢),}, having a probability distribution,
{71,792, -+, Y}, defined over the entire ensemble. A system described by such an ensemble

of states is said to be in a mixed state.

To calculate the expectation value of a quantum observable in a mixed state, one is
required to add an associated weighting to each of the systems possible states. These
weights are given by the probabilities associated with each state [56]. The observable

average given by Eqn. (3.2) is modified by these probabilities to produce a weighted



3.1. QUANTUM STATISTICAL MECHANICS 19

average,
=Y vidi, (3.3)
i

where ~; represents the probability that the system is in the i-th state. Since these terms
represent probabilities, one requires that all «; terms must be non-negative, v; > 0, along
with being normalised, >, ~; = 1. The average value of the observable in the i-th state is

denoted by

Ay = (i | Aley) (3.4)

Substituting this into Eqn. (3.3) allows one to write down the average value for an ob-

servable of a mixed state as,

= Z%’ (Wi | Al i) (3.5)

This expression motivates the introduction of the density operator associated with the

mixed state [57],
p=2_ i) (il (3.6)

The corresponding matrix defined by reference to an orthogonal basis is called the density

matrix,
pin = D% (05 i) (i | &)
= (@j|p| o). (3.7)

An important point to note here is that all the information about the mixed state is
contained within the density operator of the state, since the expectation value of any

observable may be expressed in terms of p as
Z%Z (i | d5) (&5 | Al dr) (dn | 3)

—Z%Z (b | 03) (i | A | )

= (bl pAl k). (3.8)
k
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The summation which appears in Eqn. (3.8) is over all the diagonal elements of the

density matrix. It is also known as the trace, and is denoted as
(A) = Tr (pA) = Tr (4p), (3.9)

since the trace is invariant under cyclic permutations [57].

The density matrix has several important properties, that play a crucial role in its
use for the quantum mechanical description of mixed states. The first of these properties
is that the density matrix is normalised, Tr (p) = 1. It is also Hermitian, (px;)* = pj.

Another important property of the density matrix is that of positivity,

(xlplx)=0V]x),

this condition implies that 7; > 0, in other words one has non-zero eigenvalues. The
diagonal elements of the density p;; give the probability that the system is in state j [58].
While the off diagonal elements pj; may be both positive or negative [57], consequently,
these elements may not be interpreted as probabilities [58]. These elements are linked to
certain quantum mechanical effects which have no classical analogue, such effects arise due
to the wave like properties of matter [36]. These elements are also related to the phase
correlations which exist between states 7 and k. For pure states the density operator is

simply the projection operator on a single state

p =) @l (3.10)

This implies that p?> = p. In this case Tr (,02) = 1, while for all mixed states we have
Tr (,02) < 1. A mixed state described by the density operator given by Eqn. (3.6) is often
referred to as an incoherent mixture of states [¢;). While a coherent mixture is instead a

superposition of the states
) = cili) (3.11)
i

which then represents a pure state.
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3.2 Time Evolution in Closed Quantum Systems

3.2.1 Schrodinger Representation

The first quantum evolution equation that describes the behaviour of an isolated or closed
quantum system, was obtained in 1926 by Erwin Schriodinger [59]. According to this
equation, if the system is in some pure state |1 (t)) € H at time ¢, where H denotes the
Hilbert space of the system, then this state evolves in time according to the Schrédinger

equation,

d

S ) =~ H () [0 (1) (3.12)

where H (t) denotes the Hamiltonian of the system. An important property of this equa-

tion is that it preserves the norm of the states [4, 60],

G 00w = () e+ o (152) (3.13)

=i (v | H (1) [0 ) =i ()| H @) 0)

=0,

since the Hamiltonian is self-adjoint, H' (t) = H (t). Due to the fact that the Schrédinger
equation is linear, its solution may be represented in terms of a time evolution operator
U (t,to). This operator transforms the state |1 (tp)) at some initial time to the state |1 (¢))

at time ¢

[ (1)) = U (t,t0) [¢ (o)) - (3.14)
One can obtain an operator equation for the time evolution operator by substituting
Eqn. (3.14) into Eqn. (3.12)

%U (t, 1) = —%H ) U (t,to), (3.15)

which is subject to the initial condition U (tg,tp) = Z. The time evolution operator,

U (t,tp) is a unitary operator since

UT (t,t0) U (t,to) = U (t, o) UT (t,t9) = Z, (3.16)
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where Z represents the identity operator. In general, the form of U (¢,¢y) depends on the
properties of the Hamiltonian under consideration. In the case of a closed physical system,
the Hamiltonian H is independent of time [4, 61], and Eqn. (3.14) may be integrated to

obtain

U (t,tg) = e {t—t0)H/ (3.17)

On the other hand, if the system is in a mixed state, then the quantum statistical ensemble
is characterized through the use of density matrix. In order to derive an equation of motion
for the density matrix, one assumes that the initial state of the system at some initial time,

to, is given by
p(to) = Z%‘ i (to)) (i (to)] (3.18)

where the 7; are positive weights, while the |¢; (tp)) are normalized state vectors which
evolve in time according to the Schrédinger equation. As such the state of the system at

some future time, ¢, is given by

p(t) = Z%‘U(’fato) ¥ (to)) (¥s (to)| UT (¢, t0)
=U (t,t0) p (to) UT (¢, o) -

To obtain an equation of motion for the density matrix one then differentiates this equation

with respect to time,

o) = —i[H (1), p(1)] (3.19)

Equation (3.19) is known as the Liouville-von Neumann equation or the von Neumann
equation. It is often not written in the form above, but rather in one that is similar to

the classical Liouville equation [61],

S =Lo(t) (3.20)

where L is the Liouville super-operator which is defined via the condition that

ﬁ[...]:_j[H(t),...]_
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3.2.2 Heisenberg Representation

An equivalent description of the quantum dynamics may be obtained by transferring the
time dependence from the states to the operators in the Hilbert space such that A = A (¢).
This leads to the so called Heisenberg formulation of quantum mechanics. This formulation
was developed in 1925 by W. Heisenberg [62]. It is also known as the matrix formulation
of quantum mechanics. Within this formulation all operators are represented by N x N
matrices where IV is the number of basis states required to form a complete basis set for
the system, while the quantum states of the system are represented by vectors having
dimension N x 1 [55]. The operators in both the formulations discussed here are related

through the canonical transformation [4]
Ap (t) = U (t,t0) A(t) U (,t0) (3:21)

where the subscript H has been used to denote the Heisenberg picture operators. The
Heisenberg formulation is equivalent to that of Schrédinger. This equivalence may be seen
by the fact that the expectation value of an arbitrary observable, x (¢), is the same in both

pictures,

() =Tr{x®)p ()} (3.22)

= Tr {xu (t) pr (t0)} (3.23)

where pp (to) is the fixed density matrix found in the Heisenberg formulation [60]. The
equation of motion for a Heisenberg picture operator Ay (t) is obtained by differentiating

both sides of the canonical transformation [Eqn. (3.21)] with respect to time

%AH (t) = % [HH (t) s An (t)] + aAgt(t) ’

(3.24)

where Hy (t) represents the Hamiltonian in the Heisenberg picture. The partial derivative

which appears on the right hand side of Eqn. (3.24) is taken with respect to the explicit

time dependence found in the operator. For the case where dACﬁ(t) =0, then Ay (¢) is

a constant of motion. For the special case where Ay is chosen to be the Hamiltonian of

a closed system, Ag = H, then ngt) = 0 and the time evolution operator has the form
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given by Eqn. (3.17) [4]. As such, it follows that the Heisenberg formulation Hamiltonian

is a constant of motion, %HH = 0. Therefore if the operators carry no explicit time

dependence and the system is isolated, the Heisenberg equation of motion reduces to

d i
— Ay = — . .
A= 5 [Hu (1), An (1)) (3.25)
Schrédinger Picture Heisenberg Picture
Ket state [ (£)) = U (t,t0) [¥ (t0)) |tbo)
Operator constant A (t) = UT (t,t0) A(H) U (t,t0)
Density Matrix | p(t) = U (t,t9) p (to) UT (¢, t0) p(0)

Table 3.1: A summary comparison of the evolution of the ket state [¢ (t)), an arbri-
tary observable Ay (t) and the density matrix p (¢) within the Scrodinger and Heisen-
berg representations of quantum mechanics. The time evolution operator is defined as

U (t,to) = e it /R,

3.3 Time Evolution in Open Quantum Systems

An open quantum system is, in general, comprised of some quantum system, S, coupled to
another quantum system, B, which represents the environment. S represents a subsystem
of the combined total system S + B. This combined system is assumed to be a closed
system which follows Hamiltonian dynamics [4]. The dynamics of S due to the Hamiltonian
evolution of the system are referred to as reduced system dynamics, while S is called the
reduced system. Let Hg be the Hilbert space of the reduced system while Hyp is that of

the environment. The Hilbert space of the total system is then given by,
H =Hs @ Hg, (3.26)
while the total Hamiltonian has the form

H = Hg + Hp + Hgp, (3.27)
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where Hg is the Hamiltonian of the subsystem S, Hp is the Hamiltonian of the environment
B, and Hgp is the Hamiltonian which describes the interaction between the subsystem

and environment. A schematic representation of such a system is shown in Fig. 3.1. The

(S+B7 %S®HB7 ,0)

(S, Hs, ps)

System

(B, B, pB)

Environment

Figure 3.1: Schematic representation of an open quantum system [4]. The system and
environment are coupled to each other and are free to exchange energy as denoted by the
black arrows. Due to this interaction it is no longer possible to use unitary Hamiltonian

dynamics to represent state changes in the system.

reduced density matrix pg (¢) is obtained from the density matrix of the total system by
taking a partial trace over the environment degrees of freedom. Since the total system

evolves via unitary Hamiltonian dynamics one has that,
ps (t) = Trg {U (t,t0) pU' (t,10) }. (3.28)

where U (t,19) is the time-evolution operator of the total system [60]. The equation of
motion is obtained by taking the partial trace over the environment of both sides of the

von Neumann equation for the total system

L s (1) = —~ T [H (1), p (1)) (3.20)
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The main reason for the study of open quantum systems is that in many physically im-
portant situations a complete mathematical model of the coupled systems dynamics is
much too complicated to solve. Some examples of such situations may be found in the
fields of quantum biology [6, 7], quantum communication [11, 12] and nano physics [10].
The environment may contain an infinite number of degrees of freedom, in which case an
exact treatment of the problem requires one to solve an infinite number of coupled equa-
tions of motion. This makes it often impossible to perform full quantum simulations on a
computer [5]. Another common problem is that the environmental degrees of freedom are
neither controllable nor exactly known. As such, one is forced to develop a simpler descrip-
tion in a reduced state which is formed by a restricted set of physically relevant variables.
This is achieved through the use of various analytical methods and techniques. One of the
most common techniques used to simulate the dynamics of such systems is that of master
equations [4]. However, for the work presented here a mixed Wigner-Heisenberg formula-
tion of the dynamics has been used. This representation is achieved through use of the
partial Wigner transform, which allows one to treat the environmental degrees of freedom
in terms of phase-space functions. This phase-space representation of the environment

and the partial Wigner transform are discussed in the following section.

3.3.1 Phase-Space Representation of Quantum Mechanics

If one wishes to obtain a classical-like description of quantum mechanics, then one is re-
quired to describe the quantum system of interest in phase space [57]. However, since
one can not simultaneously have well defined knowledge about the position and momen-
tum for quantum systems, it is then impossible to define true phase-space probability-
distribution-functions for quantum systems. It is, however, possible to obtain quasiprob-
ability distribution-functions for such systems. These functions are of great use in the
study of quantum systems [63], as they provide insights into the connections which exist
between classical and quantum mechanics. They achieve this by expressing the system’s

quantum averages in a form that is very similar to that used to display classical averages.
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Of the many attempts to produce useful quasiprobability distribution-functions, one of

the earliest and most successful was by E. Wigner [64].

3.3.2 Wigner Representation of Quantum Mechanics

Since the Wigner transform is a special case of the more general Weyl transform, a discus-
sion of the Weyl transform is required, before the Wigner transform is introduced. The

Weyl transform, for the density matrix in the position basis, reads [65]

5 (e.p) = / dy &P (5 4y /2| plx— y/2), (3.30)

where the tilde has been used as a means to denote the Weyl transform. This transform

may also be expressed in the momentum basis as

5(e.p) = / dy &/ (p 1 /2| plp— /2) (3.31)

From its definition, one sees that the Weyl transform provides a way to represent an oper-
ator as a function of phase-space. When this transform was first introduced by Weyl [66],
it showed for the first time that quantum mechanics could be described through not only
the use of operators, but also functions [63]. An important property of this transform,
which plays a crucial role when it comes to calculating expectation values in the Wigner
representation, is that the trace of two arbitrary operators A and B is equivalent to the

integral over phase space of the product of their Weyl transforms [65],

Tr (AB) = %//dx dp A (z,p) B (x,p). (3.32)

The Wigner function itself is then defined for a single particle, as the Weyl transform
of the density matrix divided by Planck’s constant, h [63-65]

plz,p)

W(x’p) = h

(3.33)

It may be expressed in both the position and momentum basis as

Wiap)= / dy e P (o 1y /2| plx —y/2) (3.34)
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and
1 .
W) = [dye ™ s y/2lplp—v/2), (3.3)

respectively. Making use of Eqn. (3.32), the expectation values within this representation

may be expressed as

(A) =Tr (pA)

//dwdpp z,p) A (z,p)

://daz dp W (z,p) A (z,p). (3.36)

The last line of Eqn. (3.36) shows how the Wigner function may be interpreted as a phase-
space probability-density which characterises some physical quantity, where this quantity
is represented by the Weyl transform of the observable [65]. However, before the Wigner
function may be called a probability-distribution function, one needs to make sure that
it satisfies both the normalisability and non-negativity conditions. As it turns out, the
Wigner transform satisfies the normalisability condition, however, it fails to satisfy the
non-negativity condition. To see this violation of the non-negativity condition, one needs
to consider two orthogonal sates of a system [¢) and |¢) each having a corresponding

density matrix py and pg respectively, such that

Tr (pyppy) = / / da dp Wy, (2,p) Wy (2, p)

= [(wl)* . (3.37)

However since the states [¢) and |¢) are orthogonal this amounts to

%//dm dp Wy, (,p) We (2,p) = 0. (3.38)

The only way that this integral is equal zero is if either Wy, Wy, or both of them take on
negative values for some region in phase space. As such, the Wigner function can not be a
probability-distribution function, and is classified as a quasiprobability-distribution func-
tion. A final important property of the Wigner function, required for the work presented

in the following sections, is that the Wigner transform for the product of two arbitrary
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operators is given by [22, 67]

-
ih c
5 0

_)
(AB)y, = Aw (R, P) ¢% 7875 By (R, P) . (3.39)

where 0; = aixiv and the overhead arrows represent the directions in which these opera-
tors act. This identity is important as the commutator which appears in the Heisenberg
equation of motion contains a product of two operators. One thus requires the Wigner
transform of an operator product, if one wants to use this equation within this represen-

tation.

3.3.3 Partial Wigner Representation of Quantum Mechanics

As stated earlier, if one is interested in calculating the dynamics of some system comprised
of a quantum subsystem in contact with a thermal bath, it is usually impossible to obtain a
fully quantum mechanical solution for its evolution. However, if one is not interested in how
the bath degrees of freedom evolve, then one may use the quantum-classical approximation
to simulate the dynamics of this system. In this approximation, part of the system is
treated classically while its remainder is subject to a quantum mechanical treatment. This
is achieved by representing the degrees of freedom belonging to the quantum subsystem in
a suitable set of basis states, while the classical phase-space degrees of freedom are used
to represent the bath [40].

To obtain this representation of the system, one makes use of the partial Wigner trans-
form. This transform corresponds to simply applying the Weyl transform over only the
bath coordinates of the system. This has the effect of converting the system’s Hamiltonian
from a fully quantum mechanical operator to an operator of both the Hilbert space of the
quantum subsystem, as well as a function of the classical phase-space variables [55, 65].

If the bath is comprised of N degrees of freedom, then the partial Wigner transform

for the density matrix is given by [63]

1t zef (g, z
(B, P) = e [ 2P R 22 p Rt 22) (3.40)

where W is now used to denote the partial Wigner transform. It should be noted that all

of the variables are now interpreted as vectors with dimension 3V, since the bath contains
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N degrees of freedom [40]. For an arbitrary operator of the system, A, the partial Wigner

transform is

Aw (R,P):/ dz P " (R— z/2| A| R+ 2/2) . (3.41)

In this transformed representation, Ay becomes an operator on both the quantum sub-
system’s Hilbert space and the bath’s phase space. The properties of the Wigner function
defined in the previous section are still valid for the partial Wigner transform representa-
tion. However, the system’s dynamics will now evolve according to some quantum-classical

equation of motion.

3.4 Correlations and Entanglement

It is well known that quantum systems display certain properties and characteristics which
have no classical analogue. Examples of such properties include but are not limited to
the superposition of quantum states and tunnelling. These properties are examples of
effects that may be observed in quantum systems comprised of a single particle. These
single particle effects are, however, not the only distinctions which exist between classical
and quantum systems. Indeed, there are even more differences which arise in composite
quantum systems. That is systems which are made up of at least two subsystems. The
correlations which exist between these subsystems give rise to another distinction between
classical and quantum systems. While correlations in classical systems can always be de-
scribed in terms of classical probabilities, this is not always true for quantum systems.
These non-classical correlations lead to apparent paradoxes in the theory like the famous
EPR paradox [68]. These correlations are often referred to as entanglement, while states
which display such correlations are referred to as entangled states. Entanglement is con-
sidered to be one of the clearest marks of the difference between classical and quantum

physics [69].
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3.4.1 Composite Systems

Composite quantum systems may be defined as systems which may be “naturally” split
into two or more subsystems, where each subsystem is itself a quantum system. Here the
word “naturally” simply implies that the decomposition is given in an obvious way which
is determined by the physical situation under study. A typical example is that of a string
of ions, where each ion may be regarded as a subsystem while the entire string forms the
composite system. The Hilbert space of such a system is given by the tensor product of

the spaces corresponding to each of the subsystems
H=nD ® 12 R ® HN) (3.42)

Such systems are generally referred to as multipartite systems. For the work presented
here we have chosen to focus on finite-dimensional bipartite systems. These are systems

comprised of two distinct subsystems S™) and S(?), described by the Hilbert space
H=HY oHP . (3.43)

It should be noted that many of the concepts and ideas which are presented here with
respect to these bipartite systems can be readily generalized and extended to the case of
a multipartite system.

Taking a fixed orthonormal basis {‘1/)2(1)>} of H) and a basis of {‘¢§2)>} of HP),

one may express the Hilbert space basis as,

M), ¢§2)> _

This allows one to express a general state in H as,

|X> = Z ng

]

vMye o) . (3.44)

> ‘gb > (3.45)

The observables of S and S® define commuting observables for the total subsystem.
To show this, one needs to consider their action on the basis vectors given by Eqn. (3.44).
By letting A(D) be an observable of S, and A be an observable of S, one then has
that

A

> (3.46)

1)¢(2> ZA
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and

v o) = ZA

w08 (3.47)

from which

AM A(

1) ¢(2 > ZA (623) ‘wél)7¢(ﬁ2)>

- A@ 4@

), ¢§2>> . (3.48)

The expectation values of observables acting only on S(!) are determined through the use
of the reduced density matrix of S(!). This reduced density matrix is obtained by taking

the partial trace with respect to the coordinates of S
oM =1 (p) . (3.49)

The expectation values of these observables are then determined through the use of the

partial trace as

(4) = Tr(V {A<1> p(U} . (3.50)

while

(A) = Tr® {A<2>p<2>} , (3.51)

for the observables of S(2).

3.4.2 Entanglement

Consider some arbitrary state, |¥), which may be written as

v) = ‘¢(1)> ® ‘¢(2)> , (3.52)

where |1} and |¢(?)) are pure states. States of the form |¥) are called product or
unentangled (separable) states. However, if there exists no [1p()) € H(1)| and ‘¢(2)> cH®
such that Eqn. (3.52) is true, then |¥) is said to be entangled (inseparable).

Similarly to the case of pure states, mixed product states

p=pMep? (3.53)
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do not exhibit correlations. However, a convex sum of different product states

p=> pip ®p? (3.54)

(2

with p; > 0 and ), p; = 1, will in general yield correlated measurement results. These
correlations can be described in terms of classical probabilities, p;, and are therefore con-
sidered classical in their nature [60]. States of the form given by Eqn. (3.54) are known
as separable mixed states. Mixed entangled states are defined by the non existence of a
decomposition into product states [60, 70]. In other words, a mixed state p is entangled
if there are no local states pgl), p§2), along with non-negative weights p;, such that p may
be expressed as described by Eqn. (3.54). These entangled states imply the existence of
quantum correlations of measurements on different subsystems which can no longer be
described in terms of only classical probabilities. The definitions of separable and en-
tangled states given above may appear simple at first sight, however, in general, finding
out whether or not a mixed state is entangled is a difficult task. This is due to the fact
that separability is defined via the existence of a decomposition of a state into product
states in the case of pure states [Eqn. (3.52)], or into a convex sum of tensor products
[Eqn. (3.54)] for mixed states. Therefore, to show that a given state is separable, one
is required to look for such decompositions of the state. Once such a decomposition is
found, then one knows that the given state is separable. However, a failure to find such
a decomposition can have two different reasons: either that state is indeed entangled and
there is no decomposition into product states, or the state is actually separable, but the
appropriate decomposition could not be found. As it is not the aim of this work to give
an exhaustive review of the field of entanglement measures, we will not go into further
details regarding the technical details of these measures except to introduce the measures
that we have used for the work done here in the following sections. If the reader wishes

to read more about this topic, a comprehensive review of entanglement measures may be

found in the available literature [70-73].
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3.4.3 Entanglement Measures

Entanglement measures provide a way to quantify the degree of entanglement present
within a quantum state. The first of these measures under consideration here is the
von Neumann entropy. This measure is an important entropy function, in the fields of

quantum statistical mechanics and thermodynamics [4]. It is defined as

S(p) =Tr(plnp), (3.55)

where p is the state of some quantum statistical ensemble. It should be noted that in
the definition given by Eqn. (3.55) the Boltzmann constant has been set equal to one.
This means that the temperatures are measured in terms of energies. This convention has
been used for the remainder of this thesis. Through the use of Eqn. (3.6) we can rewrite
Eqn. (3.55) as

S(p) ==Y ~vilny, (3.56)

i

where it is understood that 0-In0 = 0 [4]. The von Neumann entropy has, amongst others,

the following important properties [4, 74]: For all density matrices one has that
S(p) 20,

where the equality holds if and only if p represents a pure state. For a finite dimensional

Hilbert space the entropy has an upper bound given by
S(p) <InD,

where D < oo is the dimension of Hilbert space. The equality sign on the upper bound
holds if and only if p represents a completely mixed state. For a composite system S (p)

obeys the subadditivity condition

S(p) <8 <p(1)> 4 S (p<2>)7

where the equality sign holds if and only if the total density matrix describes an uncor-
related state. S (p) is invariant with respect to unitary transformations of the density

matrix operator,

5 (UpUT> —S(p).
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Although these properties have not been proved here, their proofs can be readily found
in the available literature [74-76]. If p represents a pure state then the von Neumann

entropies of the subsystems are equal to each other,
S <p(1)> =S <p(2)) ==Y lln |y (3.57)

where the v; terms are used to denote the eigenvalues of either S (p(l)) or S (p(Q)), which
are equal. This equality of the eigenvalues can be readily shown through the application

of the Schmidt decomposition [4]. The trace purity, I', of the system is defined as
I'=Tr(p?). (3.58)

The purity has amongst others the following important properties [77]: For finite dimen-
sional systems, the purity has has a lower bound given by

1

F(,O) > 5’

where D < oo is the dimensionality of the Hilbert space. It is bounded from above
I'(p)<1.

For certain situations, it is useful to make use of the linear entropy rather than the von
Neumann entropy. The linear entropy, Sy, (p), which is related to the trace purity is defined
as

Su(p)=Te{p—p*}=1-T (3.59)

The lower bound of Sy, (p) is given by
SL (p) >0 )

where the equality only holds if and only if p is a pure state, while the upper bound for a
D-dimensional Hilbert space is given by [4]

1
Sulp)<1- 5.

The equality in the upper bound is attained for the case of a completely mixed state. The

final entanglement measure of interest is the concurrence, C (p), of the system. To define
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this measure, it is necessary to begin by introducing the spin-flip operator [78-80],
§=(oy®ay), (3.60)
where oy is the Pauli spin matrix. The spin-flipped density matrix is defined to be [78-81]

p=¢Ep'c, (3.61)

with the complex conjugate also taken in the standard basis. Since p and p are both
positive operators, their product pp, which is non-Hermitian, has only real and non-

negative eigenvalues. The concurrence of p may then be defined as [78-82]
C(p) =max {0,\1 — A2 — A3 — A}, (3.62)

where the A;’s are the square roots of the eigenvalues obtained from the matrix pp in
decreasing order. The concurrence has a minimum value of C (p) = 0 and a maximum
value of C (p) = 1 which correspond to an unentangled and completely entangled state,
respectively. The concurrence on an arbitrary p is related to the entanglement of formation

by the function [78, 83]

Ey (p) = ¢€[C(p)]

1+/1-C2 (p)] (3.63)
5 . .

=h

The binary entropy function h (z) is given by h(z) = —z log(z) — (1 —z)log (1 — x).
While the concurrence is often regarded as an entanglement measure in its own right [80],
it should be noted that it is only the entanglement of formation that is an entanglement
measure, while the concurrence is regarded as an entanglement measure through its rela-

tion to the entanglement of formation [82].



Chapter 4

Quantum Dynamics in

Classical-like Thermal Baths

This chapter contains a discussion on how to model and numerically simulate the quantum
dynamics of systems situated in classical-like thermal baths. This includes the introduc-
tion of the adiabatic basis, as well as a discussion on how to numerically implement the
dynamics via surface-hopping algorithms. The NHC and NHP thermostating schemes are
then extended to the quantum-classical case, and applied to the study of the spin boson

model.

4.1 The Quantum-Classical Liouville Equation

We now proceed to study the Liouville quantum-classical representation of the dynamics.
This approach is extremely useful when one is considering the dynamics of a system
that can easily be spilt into two parts, namely, a small quantum subsystem and a larger
environment or bath, comprised of slower, heavier particles. It has the advantage of
allowing one to treat the subsystem degrees of freedom in a fully quantum way, while the
environmental degrees of freedom are represented in terms of functions of phase space.
To achieve this mixed representation of the dynamics, it becomes necessary to make use

of the Partial Wigner Transform which was introduced in Sec. 3.3.3. To this end, one

37
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begins by considering a system whose total Hamiltonian operator is of the form given by

Eqn. (3.27), namely,
H (R, P) = Hg + Hp <R, P) + Hsp (R> , (4.1)

where R and P are the conjugate position and momentum operators. For such a system,

the Heisenberg equation of motion for some arbitrary operator y, is given by

O i
o % [ (4.2)
().

To obtain a mixed quantum-classical representation of the dynamics one applies the Partial
Wigner Transform to the bath degrees of freedom. This results in a partially transformed

total system Hamiltonian operator of the form
FIW (X) = }AIW,S + }AIW,B (X) + ﬁW,SB (R) . (4.3)

Making use of the identity given by Eqn. (3.39), allows one to write Eqn. (4.2) as

v _ (g, 497 g,
ot h

in c g . . R in cH
wez 2850 — f e B'B”BJHW) ; (4.4)

where 9; = BLXZ-’ and the overhead arrows represent the directions in which these opera-
tors act. In general, solving Eqn. (4.4) is a formidable task, which makes it difficult to
simulate the dynamics numerically. For this reason, it becomes necessary to apply the
quantum-classical approximation to Eqn. (4.4). This approximation works by taking a
linear expansion of the exponential terms which appear in the equation of motion and ig-
noring all the higher order quantum correction terms to the evolution of the bath degrees
of freedom. Doing this yields

% = % [ﬁw (1 + %RB@EZ) W — Xw (1 + %RB%EZ) ﬁw} . (4.5)
The form of the evolution equation given by Eqn. (4.5) is far easier to solve than that of
Eqn. (4.4). This makes it easier to implement in numerical simulations. While ignoring

all the higher order terms in the expansion may seem drastic, it should be noted that for
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certain cases Eqn. (4.5) is exact. Such cases arise if the bath Hamiltonian, H'WB, is at

most quadratic in R and P while the interaction Hamiltonian is of the form
Hywsp = Vs (R) ® H. (4.6)

Here Vi (R) represents the bath potential, and only depends on the positions of the bath
degrees of freedom, while H§ acts only on the Hilbert space of the subsystem [84]. The
reason that Eqn. (4.5) is exact for this class of Hamiltonians is that all the higher order
terms of the expansion go to zero when acted upon ]—AIW,B and ]—AIW,SB [84]. The simplified
equation of motion is also known as the quantum-classical Liouville equation of motion,

it may be further simplified to obtain

28— ] 3 (o) + & o
- (ﬁW’XW)Qc
il (4.7)

In the above, the quantum-classical bracket <ﬁW7XW) . has been introduced. This
bracket is comprised of a combination of the quantum commutator and classical Poisson
brackets. In the final line, the quantum-classical Liouville super-operator, iL, has also
been introduced. It is possible to express this quantum-classical equation of motion, not
in bracket form, but rather through the use of matrices. In its matrix form the quantum-

classical Liouville equation of motion is [5, 35, 37, 38]

ox i . Hy
E:ﬁ[HW Xw}.phn. R (4.8)
Xw
where the antisymmetric matrix super-operator is given by
-
0 1+ 29,859,
Diin = e (4.9)
—<1+%8i85j6j> 0

Since Dy, is antisymmetric, the Hamiltonian operator Hyy is still a constant of motion
[35]. The equivalence of the two forms of the evolution equation given by Eqns. (4.7) and

(4.8) is explicitly shown in Appendix A.2. The von-Neumann equation is converted into
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the partial Wigner representation in exactly the same manner as that of the Heisenberg
equation, due to the mathematical form of the two equations being identical apart from a
difference in sign. The evolution equation for the density matrix, p, in the partial Wigner

representation is therefore given by:

2 D] - (e} o)
= - <ﬁw,ﬁw>Qc
— —iLpw . (4.10)

For a time independent Hamiltonian, Eqns. (4.7) and (4.10) have the following formal
solutions [40]

Xw (R, P,t) = e“'w (R, P,0), (4.11)

and

pw (R, P,t) = e oy (R, P,0). (4.12)

These formal solutions are an abstract quantity with regards to the quantum subsystem’s
degrees of freedom. To obtain a numerical integration scheme for the system dynamics,
one must first represent the system within some basis, which spans the Hilbert space of
the quantum subsystem. For a set of basis vectors |«), which satisfy this condition, the

solutions may then be expressed within that particular basis as [5, 40]

X (R, Pty =D () oo X (R, P,0), (4.13)
B8
and
o (R Pt) =3 (7)o ol (R, P0). (4.14)
Bg'

In general, one is able to choose any basis one likes to work in, provided that the chosen
basis spans the Hilbert space of the quantum subsystem. The most convenient basis for
solving a problem is usually determined by two key factors, namely, the type of algorithm
one is going to use to perform the numerical calculations, as well as the system being
studied. For the work performed here, the adiabatic basis was used, as this has been

shown to be a good basis to use in the simulation of quantum-classical systems via surface
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hopping trajectories [22], since the quantum-classical Liouville operator naturally splits
into two parts when represented in this basis. The first part is responsible for the purely
adiabatic dynamics, while the second part accounts for any non-adiabatic transitions which
may occur in the subsystem as well as the subsequent changes in the bath energy. It is
this convenient splitting of terms which makes this basis a suitable choice for use with

surface hopping algorithms [40, 85].

4.1.1 The Adiabatic Basis

The adiabatic basis is defined by the eigenvalues of the eigenvalue equation [22, 35]
hw (R)|a; R) = Ea (R) |a; R), (4.15)

where the adiabatic Hamiltonian Ay, is given by

~ A2 ~
hw (R) = 2— +V (4, R). (4.16)

2m

The first term represents the quantum kinetic operator while the second term represents
the potential energy due to the coupling that exists between the quantum subsystem
and the bath. Within this basis, the quantum-classical Liouville super-operator has the

form [22, 40]

iﬁaa',ﬁﬁ' = (iwao/ + iLaa/) 504550/ﬁ' + Jaa',ﬁﬁ" (4'17)

The full derivation of the result given by Eqn. (4.17) may be found in Appendix B. The
first term on the right hand side of the quantum-classical Liouville operator, w,, ./, is known

as the Bohr frequency and is defined by the difference in energies of the adiabatic states

a and o:
E,(R)-E, (R
w,, (R) = o (B) — &) (4.18)
The second term, iL /, is the classical-like Liouville operator [22], defined as
P o 1 0
Ly = 1755 +5 (B + Fi ) 25 4.19
Hool T 31oR T2 W T 5p (4.19)
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It is responsible for the classical-like evolution of the thermal bath. From its definition,

one sees that this evolution is determined by the mean value of the Hellmann-Feynman
forces for two adiabatic states o and o/ [40]:

Foe = <a o/> : (4.20)

This operator is the only operator which changes when the way one models the bath

Vi
OR

dynamics changes. The other operators in the Liouville super-operator do not change.
The first two terms are responsible for the adiabatic evolution of the system. The final
term, J o pg > represents elements of the J-operator. The J-operator is a completely off
diagonal, antisymmetric matrix that is quantum in nature. It describes the quantum
jumping between energy states undergone by the system. This jumping between energy
states is due to the non-adiabatic transitions which occur within the quantum subsystem.
This operator also accounts for the variations of the bath momenta, which accompany
these transitions. These variations are a consequence of energy conservation [40]. In this

basis, the J-operator has the form

P 1 0
Jaa’,ﬁﬁ/ = _M . daﬁ <1 —|— §Sa5 . 8_P> (50/5/

P 1 9
- T *II 1 = *//'_ o
2 s ( R ap>55’

. S|
where So3 = AE,sdag <% . da5> ,and AFE.g = E, (R) — Eg(R). In this case, AE,g

(4.21)

represents the energy difference between adiabatic states a and . The non-adiabatic
coupling matrix element, d,g, is defined as dog = (a(R)|Vr|B(R)). It gives a measure
of the strength of the coupling between the bath and the quantum subsystem when it is

dotted with the momentum [40].

4.2 Numerical Implementation of the Evolution Equation

There are a number of possible methods one may use to numerically simulate the dynamics
described by Eqn. (4.14), amongst these are the path integral formulation [86], the mean

field approximation [87], and surface hopping schemes [40]. For the work presented here



4.2. NUMERICAL IMPLEMENTATION OF THE EVOLUTION EQUATION 43

surface hopping schemes are utilized. These schemes allow one to simulate the quantum-
classical dynamics in terms of swarms of trajectories. For these trajectories, the system
undergoes classical-like evolution on single adiabatic potential energy surfaces or means of
surfaces, which are interspersed by non-adiabatic trajectories. As such, Eqn. (4.14) needs
to be recast into a form that is more suitable for use with surface hopping algorithms [22,

40, 85]. This is achieved through the use of the Dyson operator identity
P . t N P
SATBIE _ At / A A1) olA+BYY (4.22)
0
Applying this identity to the exponential term found in the solution yields

_ —iL 0 0 / iyl
( ict )aa Bp =e aalt 0455 ,B,—i_Z/ dte L (= t)Jaa/7VV/ (e ll:t)w/, o , (423)

Substituting this result into Eqn. (4.13) then allows one to express the evolution equation

as
H / t s ’ 4
0 (R, Pt) = e oot g (R P,O) + > / dt'e Eaar ) ) se o7 (R, PYY . (4.24)

This allows one to express the evolution equation in an iterative manner, which is far
easier to implement on a computer for the purposes of simulation. The full solution at

some time, ¢, may then be expressed as [40)]

CVCV 71['0 t apal, >
wOR,Pt)=e 0% pt™(R,P) Z

to t1 tn—1
/ at [ dte [,
o) 0 0

n 71,60 ;o (t—1—tg) _ir0 naa
H{ S R N /}e Fanat ! g0 (R PY | (4.25)

Q10 1,00,

where pyy; (R P) is the initial value of the density matrix element. For an arbitrary
observable, y, the solution is given by

apol, icd ot oz o > to t1 tn—1
X O(R, Pty =e 0% xR, P) + ) (~1 / dtl/ dtg.../ dt,,
0 0

n=1 (@10)).—-(amary) 7O

il:o ’ tk lftk) ;0

n
a o, L / tn n
H |: k—1 Jakla;17aka;:| e “anal, Xu o "(R,P) . (4.26)

By using either Eqn. (4.25) or Eqn. (4.26), along with a hybrid Monte-Carlo molecular-

dynamics surface hopping algorithm, one is then able to represent the dynamics in a
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pertubative way [40]. The first terms on the right hand side of Eqns. (4.25) and (4.26)
describe trajectories which do not undergo any non-adiabatic transitions, while the integral
terms describe trajectories which have undergone an increasing number of non-adiabatic
transitions in a pertubative manner. It should be noted that if the J operator is set to

zero, then the integral terms fall away, and the dynamics is purely adiabatic.

4.3 Extended Systems to Model Constant Temperature Baths

If one wants to simulate a thermal bath, using the extended systems discussed earlier,
one needs to only modify the antisymmetric matrix B¢, which appears in the Heisenberg
equation of motion [1, 35]. This modification amounts to replacing this matrix with the
one belonging to the extended system one would like to use. The Hamiltonian operator

has the form

H = H' + hs, (4.27)

where hg is the subsystem Hamiltonian defined as

hs =K +V(¢,R). (4.28)

K represents the quantum kinetic operator while 1% (¢, R) represents the potential operator
coupling the quantum subsystem to the classical bath. In Eqn. (4.27) H' represents the
kinetic energy of the bath, as well as the total energy of the fictitious thermostat variables
which depends on the thermostat scheme being used. Using the modified matrices B,
along with a Hamiltonian operator H , allows one to derive quantum-classical laws of
motion where the quantum subsystem is in contact with a thermal bath. To this end,
a sketch of how to apply the NHC constant temperature dynamics within the quantum-
classical equation of motion is presented. This is followed by a sketch of how the NHP

constant temperature dynamics may then extended to the quantum-classical case.



4.3. EXTENDED SYSTEMS TO MODEL CONSTANT TEMPERATURE BATHS 45
4.3.1 Quantum-Classical Nosé-Hoover Chains

The NHC Hamiltonian operator is defined as

. A2 P2 p? P? °
ANHO P 1 m S m (G R) + ghsT (1 + m2).
2m  2M  2M,,  2M,,

The classical phase-space point for this system is X = (R, n1,m2, P, P, , Py,). For the case
shown here we limit ourselves to the study of a chain comprised only of two thermostat
coordinates. This is done for simplicity, as well as to keep the algebra manageable. An
extension to n-dimensional thermostat coordinates is easily achieved. As stated earlier,

the antisymmetric matrix associated with this scheme is

BNHC _

0 0 -1 0 P, 0

This matrix may be used to generalize the Liouville super-operator which appears in the
equations of motion. To this end, we substitute BNHC in place of B¢ in Eqn. (4.9), this

produces the NHC matrix super-operator to linear order:

e —
0 1+20,B5C 9
DHC N R (4.29)
- (1 + %l alBchgj) 0
The quantum-classical equation of motion is then given by

ox i IR

% n [ ﬁ%,\lVHC Xw } ‘DEE{C' ) (4.30)
Xw

As shown previously, this equation may also be expressed through the use of the Liouville

super-operator in the adiabatic basis as

Ox =) icNe o8, (4.31)
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In this basis the NHC Liouville super-operator is given by

Loa as = (iwao/ + ingfc) 0apdy g = daa’ g8 (4.32)

while the classical-like NHC Liouville operator is
2
P 0 1 0 0 0
LNHC I - <Fa Fe ) - F
Mor T2\ Y )ap T Zl M, o T PPan
P,

"2 9
Mm " BPm .

(4.33)

In defining this classical-like operator the system forces

2

P
FPnk = ]\47':; _gKbT)

have been used.

4.3.2 Quantum-Classical Nosé-Hoover Power Thermostat

Following the same procedure as that of the NHC case, we begin by defining the NHP
Hamiltonian operator as
P P

~D
ﬁNHP_p— 40 T 4.34
+2M+2M +V( , R) + gksTn, (4.34)

where all the symbols have their regular meaning. The classical phase-space point for this
scheme is X = (R,n, P, P,;), while the antisymmetric matrix associated with this scheme

is defined in Eqn. (2.29) as

BNHP —

—7P/m -1 P 0

Substituting BNHP in place of B¢ produces the NHP matrix super-operator to linear order

as
-
0 1+ 19 ,BNP
PNHP _ L 2o (4.35)
~(1+4% iBgHPBZ-) 0
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The quantum-classical equation of motion for the NHP thermostat is then given by

X _ il ~nop - NHP H{™
= =5 | B jw . DNHP. , (4.36)
Xw

=D AL X (4.37)
85’

In this basis, the NHP Liouville super-operator is given by
Loarss = (iwaar + 1LY ) 6apbarsr + Jaar 38 (4.38)
where the classical-like NHP Liouville operator is

iLgOI;I/P — (Lll\IHP +L12\IHP +L3NHP) +

F*+F [P P 8]. (4.39)

> |op " "Mop,
The Liouville operators appearing in Eqn. (4.39) are given by
P9 PO
~ MOR T MR,
LQNHP:_BV(R) [ 0 +T% 0 ] ,

NHP
Ll

oR |oP ap,

P P& o 0

NHP _ 1 - o 7
L =5, [TM oR " an ap] !

where all the symbols have their regular meanings. Since the extension of NHP thermostat
to the quantum-classical case was only recently published [52], the full mathematical details

of its super-operator derivation may be found in Appendix C.

4.3.3 Application of NHP to the Spin-Boson Model

To test the NHP algorithm simulations were run using the using the spin-boson model.
The main reason that this model was chosen is that it is a very well studied model and, as
such, it gives one an easy way to check the efficiency and accuracy of any new algorithms.
The spin-boson model is made up of a simple two-level quantum subsystem coupled to

a boson bath. The quantum subsystem is made up of a single spin with states |1) and



48 CHAPTER 4. QD IN CLASSICAL-LIKE THERMAL BATHS

|}), while quantum harmonic oscillators are used to represent the bosonic bath. The

Hamiltonian operator for this model is
. Ne (P2 4 . .
H® = —hQ6, + > <ﬁ - iMjwfR]? — chj&Z> : (4.40)
=1 !

where 6, and &, are the usual Pauli matrices. The energy gap of the isolated two-level
system is given by 2A£), where €2 is a constant. The summation which appears is over all
the bath oscillators. The mass, frequency and coupling strength between the system and
the j-th oscillator are denoted by M, w; and ¢;, respectively. These parameters are fixed,
by requiring that the harmonic bath be described by an Ohmic spectral density [37]. To
ensure this, the coupling strength and frequencies were chosen to be the same as those

introduced in [88, 89] namely

cj = wjr/EhwoM;, (4.41)
and
wj = —weln <1 - j:—i) , (4.42)
where
wo = ;—‘; (1 - e—wmax/%) . (4.43)

In these equations the Kondo parameter, £, which gives a measure of the coupling strength
between the quantum subsystem and bath has been introduced, along with the cutoff
frequency w.. Defining ¢; and w; in this way gives one an efficient way to represent an
infinite bath whose spectral density is Ohmic via the use of a finite number of degrees of
freedom [84].

Applying the partial Wigner transform to the spin-boson Hamiltonian yields the quantum-

classical Hamiltonian operator
X Ne (P2
HY = —hQ62 + > <ﬁ + §Mjwj2R]2 — chj&Z> : (4.44)
j=1 J

where the subscript W is used to denote the partial Wigner transform. This Hamiltonian
operator now depends on both the spin degrees of freedom used to represent the subsystem,

and the classical phase-space coordinates used to represent the bath.
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This Hamiltonian operator may be decomposed into a sum of three terms as
H® = hs + Hg + Vo (R), (4.45)

where iLS represents the quantum subsystem Hamiltonian

hs = —hQ6,, (4.46)

the bath Hamiltonian, Hg, is given by

> (B Larem
7j=1

and the coupling potential energy, V¢ (R), is defined as

Np
Vo (R) == ¢jR;6.. (4.48)
j=1

It should be noted that, for convenience, all oscillator masses were taken to be the same,
although they may in general be different.

The simulation of this model within the microcanonical ensemble (NVE) requires one
to represent the bath using Np = 200 oscillators. The reason this many oscillators are
used is that this is the minimum number required to ensure that the obtained results are
in agreement with those predicted by linear response theory [90]. The results of these
NVE dynamics are compared with those obtained from the simulations of the spin-boson
model where the quantum-classical NHC and NHP dynamics have been used to simulate
the bath. For this model both these schemes are comprised of a bath made up by just one
harmonic oscillator Ng = 1.

For the spin-boson model, the quantum-classical NHC Hamiltonian operator is given

by
TNHC — A5 4 it + P, + NkpT'n + kgTn2 (4.49)
\% W M,, — 2M,, ’ '

while the NHP Hamiltonian operator for the same model is

. N P?
WP = P+ L NkpTh. (4.50)
2M,
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Scaled Units

In the performed simulations, scaled, dimensionless units were used. This was done to
ensure that when the simulations were performed, there was no loss of accuracy in the
obtained results as a result of the round off error associated with multiplying very large
numbers by very small ones. Errors of this nature occur when using SI units. Dimensionless

units are obtained through scaling the phase-space variables (R, P) as [84]
Mjwe\?
we \ 2 _1
R = (JT> and P; = (hMjw.) 2 P;. (4.51)

This, in turn, leads to the spin-boson Hamiltonian being redefined in scaled units as

Ny 72

. !

Y =06, +) (% + 5w Ry~ c;?asz;) : (4.52)
i=1

Q w; [ wo
0 == =L =W —. 4.53
wo Wy w. Cj = Wy gwc ( )

While the dimensionless inverse temperature and time may be expressed as [84]

where

hwe
B = T and t' = tw,, (4.54)
B

respectively. From now on, only the scaled units will be considered. As such, the primes
from the notation will be disregarded, and it will be understood that dimensionless vari-

ables have been used.

4.3.4 Simulation Procedures

An Eulerian description of the dynamics is used, with swarms of trajectories propagated
forward in time, where each individual trajectory represents the evolution of a phase-
space point. The observable is calculated after each time step at the new phase-space
coordinate. A schematic representation of the simulation procedure is shown in Fig. 4.1.
Each trajectory starts with the bath and system decoupled at time ¢ = 0. The initial
phase-space point of the trajectory is obtained by sampling from the bath distribution

function. The subsystem is initially in a pure eigenstate corresponding to the excited
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RO,PO Rt7Pt

Figure 4.1: Schematic representation of how the simulation is run. Swarms of trajectories
are propagated from sampled initial phase space points at time ¢ = 0. In addition to their
adiabatic evolution, these trajectories may undergo non-adiabatic transitions represented
by the vertical lines. The value of the observable is then obtained by averaging over all

the trajectories.

state, while the bath is in thermal equilibrium. The initial density matrix is simply a

product of the subsystem density matrix and the bath distribution function:

p(0) = ps (0) ® pg , (4.55)
where
) 10
ps = . (4.56)
0 0

The bath distribution function is given by

eiﬁﬁB

ZB

pB (R, P) = (4.57)

where Hp denotes the bath Hamiltonian, and Zp is its partition function. The partial

Wigner transform of the initial density operator is

pw (0) = ps (0) ppw (R, P) , (4.58)
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where the Wigner transformed bath distribution function in dimensionless variables is
given by [63, 84]

N

pWB(R,p):HMX _MHB (4.59)

™ Wy

This function is obtained by taking a Wigner transform of the Bloch equation for an
ensemble of quantum harmonic oscillators. Its full mathematical derivation may be found

in Appendix D.

Calculation of the Observable

The expectation value of an arbitrary observable, x, under the action of a partial Wigner

transformation is
(x) = Tr//dR dP xwpw - (4.60)

For the work done here, the expectation value associated with the operator 6, was calcu-

lated. This operator is simply one of the Pauli spin matrices defined as
G, = . (4.61)

This particular observable was chosen, as it makes it possible to compare the results we

obtained with those found in the literature. The expectation value of this operator

. (rP.0) = Y [ARAP g0 (R.P) (4.62)

represents the population difference of the two energy levels of the quantum subsystem.
It was found that the NHP dynamics reproduce the damping of the spin population that
would be achieved by a harmonic bath comprised of 200 harmonic oscillators with Ohmic
spectral density and no temperature control. This was verified for a range of inverse
temperatures, § € (0.1,3.0), and coupling constants, £ € (0.002,0.1). Initially the action
of the jump operator has been disregarded, which amounts to performing an adiabatic
approximation on the dynamics, once the adiabatic simulation calculations were complete,

the action of the jump operator was introduced and the non-adiabatic evolution calculated.
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Figure 4.2: The adiabatic dynamics of the spin-boson model with the parameters: 8 = 0.1,
Q =1/3, wmax = 3, £ = 0.002. The circles represent the NHP results with N, = 1; The
triangles represent the NHC results with NV, = 1; while the line represents the NVE results

with N, = 200.

Figure 4.2 displays the adiabatic dynamics of the spin-boson model with parameters 5 =
0.1, @ =1/3, wmax = 3 and £ = 0.002. These are the same parameters found in [37], they
were chosen to test if the NHP thermostat could reproduce the results available in the
literature. As can clearly be seen from the plots, there is an excellent agreement with the
results obtained using the computationally more expensive Hamiltonian (NVE) dynamics.
The comparison between the long-time NHP and NHC dynamics given in Fig. 4.3 shows
that the NHP thermostat may be used in place of the NHC thermostat for calculations of

this type.
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Figure 4.3: Long time adiabatic dynamics of the spin boson model. The simulation
parameters were: 3 = 3.0, Q = 1/3, wmax = 3, £ = 0.1. The circles represent the NHP

dynamics with Ny = 1 The triangles represent the NHC dynamics with N, = 1.

As stated earlier, this high degree of agreement was found for all adiabatic simulations
performed using various parameters within the given range. Calculations were also per-
formed for the case of non-adiabatic dynamics. The results of these calculations are shown
in Figs. 4.4 and 4.5. As can clearly be seen a good agreement was found between the NHP

and NHC dynamics, which both outperformed the Hamiltonian dynamics calculation.
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Figure 4.4: Non-adiabatic dynamics of the spin-boson model including up to six quantum
transitions. The simulation parameters were: Q = 1/3, £ = 0.1, wyax = 3, § = 3.0. The
white circles represent the results obtained with use of the NHP dynamics with N, = 1.
The black circles represent the NHC dynamics with N, = 1. The continuous black line

represents the NVE dynamics with N, = 200.

Figure 4.5: Non-adiabatic dynamics of the spin-boson model including up to six quantum
transitions. The simulation parameters were: Q = 1/3, £ = 0.1, wpax = 3, S = 2.0,. The
white circles represent the results obtained with use of the NHP dynamics with N, = 1.
The black circles represent the NHC dynamics with N, = 1. The continuous black line

represents the NVE dynamics with N, = 200.



Chapter 5

Numerical Study of a Two-spin

Chain

This chapter contains the numerical study of a two-spin chain, where each spin is cou-
pled to its own independent thermal bath. In particular the reduced density matriz and

entanglement dynamics are studied with the later done via the concurrence.

The study of systems comprised of coupled qubits, where each qubit is coupled to its
own environment is not only of theoretical interest, but occurs frequently in the field of
nano-physics. Examples of such occurrences include the transfer of quantum information
between the nuclear and electronic spins in semi conductor quantum dots [91-93]. Here
the nuclear spin is generally weakly coupled to its environment while the electronic spin
experiences strong coupling to various degrees of freedom within the solid [33]. Due to
this difference in the coupling strengths the effective environments are different for the
two kinds of spins. Another way one might set up two different environments, for such a
system, is through the use of nuclear magnetic resonance techniques which may be used
to lower the temperature of the nuclear spins in a controlled manor. This lowering of the
temperature, for the nuclear degrees of freedom, does not have any significant effect on the
temperature of the electronic spins [94, 95]. Doing this creates a situation where the two

spin degrees of freedom are in contact with two thermal baths having different effective

o6
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temperatures. A final example, which may be readily designed, is that of inductively
coupled superconductor flux qubits which are in contact with two different environments.
Details regarding the workings and design of this system may be found in Ref. [96]. For
the work presented here we have chosen to focus our study on a quantum system for
which the amount of entanglement may be evaluated exactly [83]. To this end the model
used is that of two spins (qubits) coupled to two different thermal baths, at different
temperatures. Systems of this nature are generally known as spin-chain systems and may
in general consist of more than two spins [97]. The quantum dynamics of these spin-chains,
coupled to bosonic thermal baths is a topic of great interest within the field of quantum
information [32-34]. While the simulation of such systems is usually tackled via the use
of master equations [34], it is possible to use the mixed Wigner-Heisenberg representation
of quantum mechanics, which was introduced in Sec. 3.3.1, to numerically simulate the
dynamics of these systems. Having this in mind, a study was performed on the evolution
in time of the reduced density matrix, along with the entanglement dynamics, via the
concurrence, of a minimal chain consisting of two spins, where each spin is coupled to
its own bath of harmonic oscillators. The system is constructed in such a way that the
temperature of each bath may be defined independently. Doing this allows us to study
non-equilibrium situations. It should be noted at this stage that the total system dynamics
are unitary and numerically exact for the class of Hamiltonian under study. As such, for
the work presented here, there is no need for one to make use of the Markovian or rotating

wave approximation.

5.1 System Model

The total system Hamiltonian in the partial Wigner representation is given by

Hw (R, P) = Hs + Hw (R, P) + Hw.sp (R) . (5.1)
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The subsystem Hamiltonian which represents the chain of two quantum spins that are

coupled to each other is given by,

Hg = —j,6M6 — j,6Me® — j.6Me? . (5.2)

The constants j;, where i = x,y, z, dictate the strength of the coupling between the spins
which make up the chain. The operators 6?5 represent the Pauli matrix operators for spin

ks where ks = 1,2. The bath Hamiltonian is given by

2 Py, 1
Hyp=> > ot §w%R}ks + HPC . (5.3)
ks=11=1

It represents two independent harmonic oscillator baths having coordinates, Ry, and
momenta, Py, . The subscript I, where I = 1, N, has been used to label the oscillators
while ks has again been used to identify the different spins. For the work presented here
N was assigned a value of 200. The harmonic oscillator frequencies, wy, have been taken
to be bath independent, due the desire that both baths should have an identical Ohmic
spectral density. The final term in Eqn. (5.3) represents the fictitious NHC thermostat

variables which are attached to the individual bath degrees of freedom

FNHC _ P_,?l + Pﬁ? + gksT (m1 + n2) (5-4)
2M'r]1 2M772

Attaching these to the individual bath degrees of freedom allows one to control the individ-
ual thermal fluctuations of these degrees. The last term of the total system Hamiltonian
represents the coupling between the subsystem and bath

2 N
ﬁW,SB = Z ZC[RLksé'gks) s (5.5)
ks=11=1

where the coupling constants, C7, have been defined following the method found in [88, 89]
such that the spectral density of the bath is Ohmic. The distribution function for this

system is given by

m wr ’

2 N
tanh wr/2 —2tanh wr/2
pw s (X.tg) = [ [ 2 uer/2) o, Grr P ol - 5
ks=11=1

The inverse temperature of each oscillator bath is given by 3, while Hyy, p is the partially

Wigner transformed bath Hamiltonian defined in Eqn. (5.3). To control the thermal
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fluctuations of each individual bath oscillator it becomes necessary to define an effective

inverse temperature for each oscillator. To this end we define

5 2tanh (B, wy/2)
By, 1 =

(5.7)

wr

to be the effective inverse temperature of the I-th mode, having an effective Hamiltonian

given by
2 2
I _ Iks 1 2 Pm P
R? kgT . 5.8
b= 2mlk£+ —wiR7 . N,erﬂ, + gkT (m + 12) (5.8)

Substituting Eqns. (5.7) and (5.8) into Eqn. (5.6) allows one to write the Wigner function

of the bath as
2 N
tanh (Sg, wr/2 ~
s (o) = T 11 (b 112 o [y, 1) (59)

Since ﬁNkS, 1 is different for each harmonic mode, the equipartition theorem no longer holds
for the distribution function given by Eqn. (5.9). However, it can be shown that in the
limit of high temperature, BkS, 1 — Bk, as such the quantum distribution function given

by Eqn. (5.9), reduces to
2 N
tanh (S, wr/2
o, (X.10) = IIH———Lilmﬂwmm, (5.10)

in the classical limit where By, = (kg Tj,) "
For the work presented here an initially uncorrelated density matrix was assumed. The
partial Wigner transform of this density matrix is given by the product of the reduced

density matrix of the subsystem and the bath distribution function

pw (to) = ps (to) pw,B (X, t0) - (5.11)

This initial system configuration represents a thermal state of the system, as a result,
pw,B is positive definite everywhere. Since the dynamics of the bath are harmonic with a
bilinear coupling between the subsystem and bath, pw g will not change sign. This is of
importance, as it means that the bath will evolve in a classical-like fashion which is exactly
equivalent to the dynamics being fully quantum. Using this thermal sampling, along with

a thermostatting scheme of our choosing, it becomes possible to study the relaxation of
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this nano-system. A series of simulations was performed where the temperature of one
bath was held constant through out, while that of the second bath was increased from one
simulation to the next until the classical limit had been reached.

The dynamics of the reduced density matrix are governed by the von-Neumann equa-

tion [Eqn. (4.10)] whose solution is given by Eqn. (4.14):
oW (Ra P, t) ILt 0 (R P 0)

The dynamics are again formulated in the adiabatic basis to take advantage of the splitting
which occurs between the adiabatic and non-adiabatic evolution terms. Within this basis,
the solution may be written in its propagator form as
' —iL
B (RP) =D (), 5 2 (R, P,0) . (5.12)

e’

where the quantum-classical Liouville super-operator has the form

1L, pp = £8¢a’65’5a55a’5’ + oo’ g8 - (5.13)
The adiabatic evolution of the dynamics is governed by:
Lowpy = Wao! +1layr (5.14)
where
e ()= F P B ()
and

iL = J\Zaiz 41 - (P + P ) aip’

where all the symbols have the same meaning as those of Section 4.1.1. The operator
responsible for the classical-like evolution of the thermal bath, iL  /is the only operator
which changes when the way in which the bath dynamics are modelled changes. The other
operators in the Liouville super-operator do not change. For the NHC thermostatted bath

the classical like Liouville operator is defined as [35],

Po 1 N O B, O B

NHC s Y o «

oo’ = 3758 T 2 <FW+FW)8P o g
P, o o P )

7I2P

T, om T P2 9p, T 21, "R,

(5.15)
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The final term, Jaa/7 5> represents elements of the jump operator, which is responsible
for the non-adiabatic transitions which may occur in the system. This operator also ac-
counts for the variations of the bath momenta which accompany these transitions. These
variations are a consequence of energy conservation [40]. For the work presented here a
weak coupling between the quantum subsystem and thermal bath has been assumed. This
assumption allows us to disregard the action of the jump operator, and amounts to per-
forming an adiabatic approximation of the systems dynamics. Within this approximation

the evolution of the density matrix is then simply given by [98]:

P (R, Pt) = <eiit£0>aa/ pw (R, P,0)

_ e—if(;5 d’rwaa/ e_itLao/ p%(/x (R, P, 0) . (516)

A look at Eqn. (5.16) shows how the dynamics now evolves on only one potential energy
surface with the adiabatic approximation in effect. The dynamics of the density matrix
are then calculated in time through the same propagation of swarms of classical-like tra-
jectories as discussed in Sec. 4.3.4. The initial phase-space points of the bath are sampled

from the distribution function given by Eqn. (5.9).

5.2 Simulation Details and Results

Various simulations were performed for this system, using the mixed Wigner-Heisenberg
representation of quantum mechanics and the adiabatic approximation. For each simula-
tion, 50000 initial phase-space points were sampled using Eqn. (5.9), and the reduced
density matrix’s evolution calculated while the initial bath temperatures were varied.
Simulations were run for the cases where the baths start both in, and out of, thermal
equilibrium. For all the results presented here, the coupling constants which appear in
the subsystem Hamiltonian given by Eqn. (5.2) have been taken to be j, = j, = 1 and
j» = 1/2. The two baths, each comprising N = 200 harmonic oscillators, have been as-
signed an Ohmic spectral density in accordance to the procedure outlined in Sec. 4.3.3,

and the dimensionless units introduced there have also been utilized. An adiabatic propa-
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gation of the system within the Wigner-Heisenberg representation, with a particular focus
upon the evolution in time of the reduced density matrix of the two coupled spins, has
been performed. The first calculations performed were a test of the numerical algorithms
stability. To this end, the trace of the reduced density matrix, ps, was calculated as a
function of time. This was done for cases where the baths started in thermal equilibrium

as well as for those cases where their initial configuration was out of equilibrium. For all

1.00004
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Figure 5.1: The time evolution of the trace of the reduced density matrix vs time. The two
thermal baths are in equilibrium, and have inverse temperature $; = 0.05 and s = 0.05.
The initial density matrix ps(0) = |1,0) (1,0|. The error bars are used to indicate the

numerical error

simulations we found that the numerical algorithm was stable. This stability is shown in
Figs. 5.1 and 5.2. In Fig. 5.1 the two baths are in thermal equilibrium with inverse tem-
perature (81 = 0.05, B2 = 0.05). The initial density matrix is given by ps(0) = |1,0) (1,0].
In Fig. 5.2 the two baths are out of equilibrium with inverse temperatures (8; = 0.3,
P2 = 1.0). The initial density matrix in this case is given by ps(0) = |1o) (¢o|, where

o) = 5 (I1,1) — [1,0)).
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Figure 5.2: The time evolution of the trace of the reduced density matrix vs time. The
two thermal baths are not in equilibrium, and have inverse temperature 8; = 0.3 and
B2 = 1.0. The initial density matrix ps(0) = |[¢o) (Yo, with [1pg) = LZ (|1,1) —|1,0)). The

error bars are used to indicate the numerical error

Having been satisfied with the numerical stability of the algorithm, the effect of the
number of oscillators used to represent the bath was investigated. This was achieved by
varying the number of oscillators in the bath and looking at what effect they had on
the evolution of the reduced system’s density matrix elements. It was found that for a
sufficiently high number of oscillators, one obtains results which are in accordance with
those of linear response theory. The filled circles in Fig. 5.3 show the long time behaviour
for the evolution of the density matrix element p2? with the baths in thermal equilibrium,
N = 100, and an initial system configuration of p4(0) = |1,0) (1,0|. It can clearly be
seen that these are indistinguishable from the results obtained using N = 300 oscillators
(dashed lines). Although simulations were also run for the case of N = 200, these results
have not been plotted as they were found to be identical to those obtained with N = 100
and N = 300 bath oscillators. However when using small N, a difference was found with
regards to the long time behaviour of the system. This difference is illustrated by the
solid line which represents the case of N = 10. This behaviour pattern was found for all

system configurations which were studied. Having studied the effect of N oscillators on the
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Figure 5.3: The time evolution of the trace of the reduced density matrix element p2? vs
time. The two thermal baths are in equilibrium such that 8y = B2 = 0.05. The initial
density matrix ps(0) = |1,0) (1,0]. The solid line shows the results obtained with N = 10
oscillators per bath. The filled in circles show the results obtained with N = 100 oscillators

per bath while the dashed line shows the results obtained with N = 300 oscillators.

simulation, we proceeded to study the entanglement dynamics present within the system.
To achieve this, the study performed focused on the concurrence dynamics between the two
spins. Simulations were run for various thermal configurations of the two baths. Initially,
the two baths started out in thermal equilibrium with an inverse temperature of § = 5.

The initial density matrix used was ps(0) = |1o) (¢o|, with |¢g) = [1,1) —|1,0)).

e
After the first simulation was run, the temperature of the second bath was incrementally
raised for all subsequent simulations, while that of the first bath was held constant at
B1 = 5. Selected results of the simulations are shown in Fig. 5.4. As shown in Fig. 5.4, the
effect of raising the temperature of one bath is to make the system decohere faster. This
is demonstrated by the concurrence going to zero as the system evolves in time, which
corresponds to the disappearance of the entanglement as the temperature is raised. To
see this, one need only compare sub-plots (a) and (d) of Fig. 5.4. For the Hamiltonian

under study, the spin-chain Hamiltonian given by Eqn. (5.2) can entangle the spins for

specific times which gives rise to the concurrence oscillations seen in Fig. 5.4. The period
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Figure 5.4: The entanglement dynamics of the two-spin chain. The initial density matrix
used was ps(0) = |1o) (Yo|, with |[¢g) = % (|1,1) —|1,0)). All the graphs show the

concurrence between the two spins. The initial bath temperatures are: (a)8; = f2 = 5,

(b) /81 = 5’ 52 = 25 (C)IBI = 5’ 52 = 055 (d)ﬁl = 5’ 52 =0.1.

of these oscillations may be adjusted by simply changing the constants which appear in the

subsystem Hamiltonian and control the strength of the coupling between the two spins.



Chapter 6

Conclusions and Perspectives

Unlike classical physics, where molecular dynamics simulation is used to study the dy-
namics of molecules and atoms from a classical perspective, there is no overall method
for the numerical simulation of quantum systems. Indeed numerical methods for solving
quantum dynamics are decided on a system by system basis. When one is interested in
simulating the dynamics of open quantum systems, that is systems which interact with
their environment, then one usually formulates the dynamics of these systems by means
of influence functionals or master equations. Alternatively, a Hamiltonian approach may
be used. Such an approach requires one to embed the system of interest in a bath com-
prising a large number of degrees of freedom, in order to calculate the evolution of the
total system. To obtain an open quantum system description one need only integrate
the coordinates of the bath out. However, the numerical implementation of this tech-
nique is generally too computationally expensive. By using the Hamiltonian approach,
one can obtain a phase-space representation of the quantum bath by performing a par-
tial Wigner transform only over the coordinates coupled to the subsystem. Upon taking
a suitable approximation, a quantum-classical law of motion for the quantum subsys-
tem coupled to bath coordinates is obtained. This representation is still computationally
demanding to implement. However, once the classical bath coordinates are represented
in phase space through the partial Wigner transform, well established non-Hamiltonian

molecular dynamics equations of motion become available to represent the bath by means
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of a minimal number of degrees of freedom. With this in mind this thesis began by il-
lustrating the differences between Hamiltonian and non-Hamiltonian theories. This was
followed by an introduction of the generic underlying algebraic bracket structure of non-
Hamiltonian dynamics. Following this was a chapter on quantum dynamics, where both
the Wigner and Partial Wigner transforms were introduced as tools to formulate quan-
tum mechanics in phase space. Next it was shown how one might model and numerically
simulate the quantum dynamics of quantum systems in contact with classical-like thermal
baths through the use of the mixed Wigner-Heisenberg formulation of quantum mechan-
ics, as well as the quantum-classical approximation. Having done this, the dynamics of
a quantum system in contact with a classical thermal bath were then formulated though
the use of non-Hamiltonian thermostatting schemes. This formulation was achieved for
quantum-classical systems through use of the generalized brackets. Both the NHC and
NHP thermostats were extended to the quantum-classical case. The NHP scheme had an
advantage over the NHC scheme as it allows one to use the smallest possible number of
fictitious degrees of freedom, while still obtaining a correct sampling of the canonical dis-
tribution and representing the thermal bath efficiently. The decay of an excited spin in a
dissipative environment was then studied using the thermostated dynamics. An excellent
agreement was found between the NHC and NHP results, while for certain cases it was
shown how the NHP thermostat outperforms the NVE dynamics (see Figs. 4.4 and 4.5).
The results obtained seem to suggest that the NHP thermostats may be better suited,
than the NHC thermostat, for the simulation of low dimensional open quantum systems.
However the calculation of the non-adiabatic terms remains numerically expensive. As
such an interesting extension of this work may be obtained, in the future, through incor-
porating the polaron transformation into the system Hamiltonian [99, 100]. Doing this
would allow for the solving of the dynamics in a dressed basis, where the adiabatic basis

may prove more adequate than in the bare basis.

Following this study, the mixed Wigner-Heisenberg representation was then used to

numerically simulate the quantum dynamics of two coupled spins interacting with their
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own independent thermal baths. The quantum dynamics were calculated using ensembles
of trajectories. To test the numerical stability of the algorithm the trace of the reduced
density matrix was calculated as a function of time. It was found that the numerical
algorithm was indeed stable. The simulations were run for cases where the two baths are
in thermal equilibrium (Fig. 5.1) and the case where they are out of thermal equilibrium
(Fig. 5.2). This was followed by a study of the entanglement dynamics between the two
spins, which was measured by calculating the concurrence. It was found that raising the
temperature of one bath, while holding the other one fixed, results in a loss of entanglement
between the two spins(Fig. 5.4). The numerical algorithm, used to study the spin chain
dynamics can readily be generalized to study additional coupled spins, where each spin
is in contact with its own bosonic bath. It has the nice feature of already being able to
handle calculations for both the equilibrium and non-equilibrium cases.

In future the study performed, on the spin-chain dynamics, will be extended to use the
NHP thermostat to simulate the dynamics of general spin systems, with applications in
nano-systems and spintronics. For the purpose of simulating such systems having thermal
baths with the smallest possible number of degrees of freedom is extremely important, as
they are usually performed using algorithms based on the discretization of phase-space
on grids. Since the NHP thermostat only has a four dimensional extended system phase-
space point it is hoped that it will be well suited for use in calculations of this nature.
With regards to the numerical algorithm used to simulate the dynamics of the spin chain,
we hope to include non-adiabatic corrections to the evolution of the total systems den-
sity matrix. In particular, we hope to utilize the recently published combined filtering
technique to simulate these dynamics [101]. Following this, the algorithm will be used
to simulate the action of external controlling fields on the spin system. For such cases
the spin-chain Hamiltonian has an explicit time dependence. We also wish to simulate
the effects of a dynamic thermal driving on the system, and calculate the effects of the
subsequent dynamic thermal gradient on the entanglement between the two spins and the

environment.



Appendix A

Miscellaneous Proofs

A.1 Time-Translation Invariance of Hamiltonian Brackets

If the Liouville operator is defined as
L---=(---,H), (A1)

where --- represents the object L acts upon, while (---,---) represents some generic
braket which may be either quantum or classical in nature, then the equations of motion

expressed in Eqn. (2.7) may be written as
U= Lu v=Lv, (A.2)

where the dot notation is used to denote the time derivative. These equations have the

following solutions,

u (t) = etfu (0), v (t) = efv(0) . (A.3)

u(€) = e“Fu (0)

— [1+eL]u(0)
= u(0) +¢(u, H) (A.4)

similarly
v(e) =v(0) +e(v, H) . (A.5)
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If one considers,
el (u,v) = [1 + eL] (u,v)
= (u,v) + €L (u,v)
= (u,v) + € ((u,v), H) , (A.6)

The final term may be rearranged since the bracket is Hamiltonian. From the Jacobi

relation

((u,v),H)+ ((v,H) ,u) + (H,u) ,v) =0, (A7)
rearranging this one obtains,
((u,0), H) = = ((v, H) ,u) = (H,u) ,v) .
The antisymmetric property defined in Eqn. (2.2), gives
((u,v), H) = (u, (v, H)) + ((u, H) ,v)
= (u,?0) + (4,v) .
As such when the Jacobi relation is valid one has that
el (u,v) = (u,v) + € (@,v) + € (u,0) . (A.8)
Now consider,
(1 (€) v (€)= (u+ it v + €0)
= (u,v + €0) + (€, v + €v)
= (u,v + €v) + € (0, v + €v)
= (u,v) + € (u,0) + € (0, v) + € (4, 7) ,

since € is infinitesimal, one may disregard all higher order terms. The above equation then
reduces to,

(u(e),v(€) = (u,v) + € (u,0) + € (@,0) ,
hence,

(u(e),v(e)) = el (u,v) . (A.9)
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The time translation invariance of the Hamiltonian bracket algebra is expressed by Eqn.
(A.9). This property of time variance is only valid when the Jacobi relation is valid. In

other words, when one is dealing with a Hamiltonian (or Lie) algebra.

A.2 Equivalence of Equations of Motion

To show the equivalence of Eqns. (4.7) and (4.8) one begins by recalling that Eqn. (4.8)
is

8)21/{/ i ~ R }AIW
Xw

Substituting in the matrix, D, given by Eqn. (4.9) this evolution equation becomes

ow i . 0 <1+%<5¢-ng&) Ay
S | '

- Xw e
—(1—{—%8@'-8%3]') 0 Xw

Evaluating this equation produces

o=
e EE (1+50:557,) o
= W . .
o " h (1485055 ,) i
. R h h N

H

Il
/N S| e

< W
. 1~ . 1~
[HWaXW} -3 {HW,XW} + —5 {HW,XW}

WXWQC

=il (A.11)

The last line of the above equation is identical to Eqn. (4.7) in the main text. As such,
this appendix demonstrates that the matrix form of the equation of motion is equivalent

to its quantum-classical bracket formulation.



Appendix B

Quantum-Classical Liouville
Super-Operator in the Adiabatic

Basis

The first step is to take the matrix elements of the quantum-classical Liouville equation

for an arbitrary operator:

(o ) = o ] ) -3 o s} ). o

ot
Expand the first term on the right hand side

o [ 5] [o) = & (o i | o) = (ot o)) B2

Using the fact that Hyy = P2/2M + hy and hy |a) = Eq |a), this becomes

= (o] A [ @) = (o ot [ ")) = & (Ba (o 5w | ) = Ear (o] or | @)

= iwaa/xﬁ‘}/ , (B.3)

% . The second term of Eqn (B.1) will now

o/> - <a o/> . (B.4)

where X3¢ = (a| Xw | @) , and W =

be expanded to give:
(o oo} o) = (o] e

OHw Oxw
OR OP

oP OR

72
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Using the completness relation, this becomes

(o] i} o) = (o ST gy ‘) - <a%;ﬁ><mi§—ga/>

3)( P OXw
— ZF“ﬁ—W—ZM&w <ﬁ‘ﬁ o) (B.5)
B
where the fact that (a| 8) = do3 has been used, along with QVW = %{—RW and aglgv =L,

The Hellmann-Feynman matrix elements in the partial Wigner representation are given
by [22] Fyy/ of <a BVW ‘ﬁ> The third term in Eqn. (B.1) can be similarly expanded

to get

(ol {ao A} [ o) = 52| B |9 >—5ﬁa'+ZaXW AN
/Bl
Adding equations (B.3), (B.5) and (B.6) gives

o IVaTe! o Ba’ 045/
XW lwaa’XW _|_ Z aB Xw _|_Z W Fﬁla

ot W op
#5 | Zrn (2] B | )+ e T | some

(B.7)
The quantum-classical Liouville equation may thus be written as
g ;1 aX axel
W — e+ 5 z fe s +Z AW e
(B.8)

H )

Since the states |a) depend on the position coordinate the partial derivative with respect
to this coordinate, which applies in the last term of the above equation, needs to be treated

differently as it affects both the arbitrary operator xy and state vector |a). To find a way

to express the last term in a more suitable form one starts by considering % X
a CVO[ a /
= —(« @

_ 8_(1 ! oxw | 8_0/
_<6R XW a>+<a R a>+<a XW R

ox / da o af’ /
:<a‘% a>+ Zﬁ:<ﬁ‘ﬂ>xﬁ/ +%:wa <5

) ooy
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where the completness relation has once again been used. By definition [22], dgo =

(B | % | ). Tt is possible to simplify <g—% | B) by considering the following

Oa op
o @18 = (5| 8) + (a| 55). (B.10)
now from the orthonormality condition (,% (a| B) = 0, since (a|B) = dop. As such one
arrives at the identity
Oa op

= —dug . (B.12)

Using this identity in (B.9) and making <a ‘ 9w ‘ o/> the subject of the formula gives

OR
(a2
NxXw

Substituting this expression for <a ‘ H- | o > back into Eqn.(B.8) one obtains an expres-

ZXW dyor - ZdaﬁxW : (B.13)

sion for the quantum-classical Liouville equation in the partial Wigner transform:

ax%)/ ) , 1 53XW 8XW 8o
oL = oo X0 +§ZFI§(/ OP Z —5p tw

P oxg
M OR

dﬁ/ r+ — Zdagxw

, P .0
:Z[”"m’ asdel + (F s gp + B 5aﬁa—p>

BB’
P o P 55
+p0as0w s 55 — 77 (d5ra0ap = dagda /B/)]
x5 : BB’
ot = ﬁzﬁ; lﬁaa’ BB Xw - (B14)

In writing Eqn. (B.14), the quantum-classical Liouville super-operator has been intro-
duced. This operator is given by the terms contained within the square brackets. It will
now be shown how one may rewrite this operator such that it has the same form as that

given in Eqn. (4.17). To accomplish this one adds and subtracts the term [35],

SO = <FW+FW) a(l
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to the Liouville super-operator. This term involves the average of the Hellman-Feynman
forces for two states a and o/ [22]. Performing this addition and subtraction gives us

. . PO 1,. —.nd
lﬁaa/,ﬁﬁ’ - <lwaa’ + M@ + 5 <FW + Fw) 8_P> 50{[350/5’

P 1/ .
_ |:M (dﬁ/a/(saﬁ — da65a/6/) — 5 <FWﬁ50/5/

FF Sas — (Fiy + By ) dagdorsr) aip} . (B.15)

The classical Liouville operator is defined as [40]

P 0 1 o o\ O
= Mﬁ + 5 <F —|—FW) 8_P , (B.16)

this operator describes the classical evolution of the bath coordinates and is given in terms

ilao

of the Hellmann-Feynman forces for the adiabatic states, o and /. The quantum-classical

Liouville super-operator may now be expressed as

iﬁaa/,ﬁﬁ’ = (iwaa’ + iLaa/) 504660/6/

P 1/ a
- [H (dgrar0as — dapdorpr) = 5 (B bars

N <F€‘V + FS{,) 5aﬁ5a,5,> (B.17)

0
oP| -’
The term in the square brackets represents the J-operator. It will now be shown how this

term may be expressed in the same form as Eqn. (4.21)

P 1
Jaa/7ﬁ/3/ = M (dﬁ/aléaﬁ — daﬁéalﬁl) — 5 <F{}/ﬁ5a/61

+Fy Sas — (Fiy + By ) Sagdarsy) a%} . (B.18)

To this end one begins by grouping all the terms which contain d,/5 together and all the
terms which contain d,4 together. This gives

P 1 8o/ o 0
Lo = 7o = 5 (P4 = ) 55 o
P 1/ ap o 0
B [Mdaﬁ +5 (R = Fivoas) a_P} oul

1/ af o P \"'a
1+ B (FW —Fw5a5> <Mda5> 2P Oos

P
= —Mdaﬁ

Sap-

P 1/ g , P 9
+ Mdﬁ/a/ 1— 5 (FWCV _ FI%/(;a/ﬁ/) (Mdﬁla/> 8_P
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Now since the non-adiabatic coupling matrix is anti-Hermitian in nature, dg/os = —d, 8

this equation becomes

(50/61

1/ af  ra P \"'a
1+ 3 (FW —FW5Q5> (Mda5> o

P
Jaar,88r = =7 das

P . 1/ g , P . \'ao
_ Mda/ﬁ/ 1 + 5 <Fg/a _ FI%/(S@,B,) <Mda/ﬁ/> a_P 5045 . (Blg)
By defining
af « P -
Sup = (FW —FW6a5> —dag) (B.20)
and making use of the relation [22, 35]
FP = FY 4 (B, — Eg) dap, (B.21)
one obtains that
p -1
Similarly one may also define
p -1
S;’ﬁ’ - (Eo/ - EB/) d;;/ﬁ/ <Mda/ﬁ/> . (B23)
Substituting this into the equation for the jump operator, one obtains
P 1 0
Jaar,pp = =57 das (1 + gsaﬁa—P> Oat g
P, 1., 0
— Mda/ﬁ/ <1 + §Sa1618—P> (50{5, (B24)

which is the form of the jump operator given in Eqn. (4.21) .
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NHP Quantum-Classical Liouville

Super-Operator Representation

Like the general case one starts by taking the matrix elements of the quantum-classical

NHP Liouville equation of motion for an operator

oNxXw | N\ . , 1 (Vi Oxw | Oxw OViw
< ' >_ﬁ< [ @)+ (ol =5 | Gr 90+ 9P on
(B ByTP 0w | By 0w By p0%w
M M, M) ®R ' M, oy M, 0P
+ 8XW laVWTPQXW
9P, 2 OR M 0P,

1 dxw 7P Vi a,> 1)

Expand the first term on the right hand side

<Oé‘ |:ﬁW7>2W:| ‘O/> = % ((a\ﬁwgwla@ - (a\XWﬁW’O/>> (C.2)

>

Using the fact that Hy = HVYP 4+ hyy and by |a) = Eq |a), this becomes

i A oA i A .
= ((alHwwla) = (altw Hwl)) = + (Ea (alfwa’) = B (altw]a))

= iWaa X3 (C.3)

7
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_ Ea—FE, r_ / ) 1 BA% oxXw /
where woo = =5, and x§i* = (a|xw |a/). The second term —3 <a SR o | ),

may be expanded to give:

1 3VW 8XW r\ 1 ({9‘7{/[/ 3XW
_§<O‘ orR op |“) 7 2% | TR |#) Pl
Xl
— Z FosZw. X , (C.4)
Where the completeness relation along with (a|3) = 04, and the introduction of the

Hellmann-Feynman force matrix elements F# = <a ‘ %LE/ ‘o/>. Following a similar pro-

cedure to this, produces

2 0P OR

1 < aXW 8VW
5 [0

’> Z Ny (C.5)

The next term may be expanded to obtain

aXW I\ 0
<C¥ FP aPﬂ o > _Fpapn <04’XW’C¥>
)i
F, op, (C.6)
while
1 Vi 7P oxw | _ 1P Vi Oxw |
2\"| Or M 0P, T M arR op, |*
TP 8)(5,
_ T Faﬁ w_ .
QMZ ap, (€D
B
Similarity
_1 oxw TP OV AN S ORw OV o
P, M OR - 2M P, OR
=5 —3Pn P (C.8)

The next term to be considered is

S )= (G ain) (o i |)

Since the states depend on the position coordinates the partial derivative with respect to

P Py 7P\ iw
M " M, M) 8R

this coordinate which occurs in the above equation requires a different treatment as it
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affects both the arbitrary operator yy and the state vector |o’). To express this term in

a more suitable form one first considers

. X oo
ﬁ<0“XW‘O/>:<@ Xw 0/>+<Oé —g}‘g/ 0/>+<a Xw %>,

-l e (w3 o

where the completeness relation has again been used. By definition the non-adiabatic

0 Oa | .

coupling matrix element may be expressed as dg = <ﬁ ‘ 6%% |o/> = <ﬂ ‘ g—%> [22, 35]. In

order to find simplify <% { 15} > one considers the following

o @9 = (5% |9) + (o] 57)

using the orthonormal condition produces the identity

Oa B B
(o7|%) =~ (| 77)
.
As such
ox
<a‘Xw‘oz < ' IxXw />+Z< ozBXW +deﬁa)- (C.10)
B

Using this identity and making <a ‘ 8(?)2—}‘%" ‘ % > the subject of the formula yields

< oxXw
a _—

o7 o/> _ O Z <—da5><€[§“/ + X%,Bdga/) . (C.11)

B

Substituting this expression for <a ‘ ag(_g ‘ o > back into the term we are trying to evaluate

gives

P P, P\ [ oy :
AN U W _ fa af3 /)
O‘> <M+M,7M> OR Z( dopXw + Xw dga

5
(C.12)

The second to last term may be expanded to obtain

Py Oxw | P, Ox°
S 1
<O‘ M, dn O‘> M, on (C.13)
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while the final term produces
X

< ‘ GXW '>: an - (C.14)

As such the equation of motion may thus be expressed as

N (P2 o P, o
=i 1y S - — 3 R/
or  WeerXw KQM IkET ) o0 3, o

PnP8+Pa+PTP8 aa’
M, OP M@R M, M OR

3)( 8)( /
FOéB W - W Ba
3 Z T2 op F
B
4 i FCYBaX—W TP 8XW B
2M £ oP, | 2M £+ 0P,
P P, P /
¢ (3 157) Z< )| @
B

Making use of explicit Liouville operators the above equation may be written as

axozo/ B
ot =2

86"
o 0 :
+ 5 <F°‘56 g1+ =0 5Fﬁa>

iWaarOapglarg + (LYY + LYHE 4 LVIPY 6 5605

oP 8P
TP (9 (9 ’
— [ F*Ps, 4 — 5, FB
+2M< s g T gp, 0 >

P Pn TP ﬁﬁl
i <M * mﬁ (as et = ot ) ] !

= Zlﬁaa ﬁﬁ’XW (C.16)
BB’

On the last line of the above equation we have defined the quantum-classical Liouville

super-operator, we will now express it into its more traditional form. This may be accom-

plished by defining the classical Liouville operator as

iLaa’ - (Ll + L2 + L3) 50{0/ +

(F* — F) [ ) 75] 0 (.17)

> |ap o7,
The classical-like Liouville operator is the only operator which changes when the imple-

mentation of the bath dynamics changes. As such it is possible to follow the procedure

outlined in Appendix B to obtain the J-operator into its traditional form. Doing this
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allows one to express the Liouville super-operator as
iﬁaa’,ﬁﬁ’ = i(waa’ + Laoz’) 5aﬁ6a’ﬁ’ + Jaa’,ﬁﬁ’ . (C18)

The simulation of the non-adiabatic dynamics described by the above equation may
achieved through the use of a stochastic algorithm. An example of such an algorithm

may be found in [40].



Appendix D

Derivation of the Phase-Space

Distribution-Function

Within the canonical ensemble, the normalised density matrix may be written as

s L a1 ¢
=70 2()" (B-1)

where § = 1/kpT represents the inverse temperature. The Boltzmann constant is denoted
by kp, while T' represents the absolute temperature of the ensemble, and Z () is the

canonical partition function defined as
Z(B)="Tr (e_BH) .

The unnormalised density matrix is represented by () and satisfies the Bloch equation

BY) . .
C - _HO=-OH
B

)

(D.2)

subject to the initial condition (8 =0) = Z, where Z is the identity operator. The

Wigner transform of Eqn. (D.2), is then

0w (q,p)

=g =~ Hwlap)e® wlap)

hA
= —Ow(g,p)e? Hw(q,p) , (D.3)

82



83

where the identity for the Wigner transform of two operators [Eqn. (3.39)], has been used.

In Eqn. (D.3) A has been used to denote the anti-Poisson bracket and is defined as

0b

alb = —{a,b} = Z](?X

(D.4)

for two arbitrary phase-space functions, a and b [39], while (g, p) represent phase-space

coordinates. Using Eqn. (D.3), as well as Eqn. (3.39), produces

hA __hA
Hy(q,p)e s Qw(q,p) = Hw(g,p)e™ 2 Qw(q,p) - (D.5)

As such the transformed Bloch equation may be written as

Lgv(‘;(ﬁq’p) = % [—Hw(q,p)e%ﬁw(q,p) - Hw(q,p)e_%ﬁw(qap)] - (D6

The complex exponentials which appear in the above equation may be expanded using

the Euler formula. Doing so gives

aQVg(ﬁq .P) % [—HW <cos (%) _isin (%)) Qw
RTINS

= —Hw(q,p) cos (%) Qwl(g,p) - (D.7)

For an ensemble of harmonic oscillators, Hyw is given by

p2 1 2 2
Hy=—+ - . D.
5 Qmw q (D.8)

where a multidimensional notation (¢,p) = (q1, g2, ..., P1, P2, -..) has been used. Substitut-

ing this Hamiltonian into Eqn. (D.7) gives

o0 21
wo_ (P_ N —mw2q2>

9
5 2+ S0 p Ow . (D.9)

Q>|Q>¢
SRR
Dl vl

2
Next one needs to consider the cosine term which appears in Eqn. (D.9). This term may

be approximated by performing a series expansion to second order in A

— = — = g [ 2 — =\ 2
nfas 98\, 1y (od 96 D10
2\ 0qdp Opigq - 2\2 dq0p  9Opdq . .
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Expanding the square of the derivative terms in the round brackets yields

2

— = — = e — =~ = — =~ > e
090 00) 00090 0009 0009 0999099
dq0p Opdq| OqOpdqdp Oqdpdpdq Opdgdqdp  OpdqOp g

— — — —
9% 92 9% 92 9%  9? 9% 92
g2 dp® ~ dqdp dgdp  Dpdq Dqdp * ap? dg?

22 S22 2 o
N D)
0q? Op> 0qOp OqOp ~ Op? 0g¢?
Substituting Eqn. (D.11) back into Eqn. (D.9) one gets that
- = Y- - =
0w p? R [ 0% 07 0% 0? 0% 0?
Fw_ PP 5 T T T gy
0B 2m 8 | 0q¢? Op? 0qOp 0q0p ~ Op? Oq?
— = Y- — =
mw2 q2 h2 82 82 32 82 82 82
- ~ 3| 32902 "2 909n000n T B2 0a2 | | W
2 8 \ 0¢? dp 0qOp 0q0p = Op® Oq
2 2 92 2 2
__(E Oy + 22w " .
<2m g > wt 8m g2 g M Op?
(D.12)

Equation (D.12) is the Wigner transformed Bloch equation for the harmonic oscillator.
Since the harmonic Hamiltonian is only made up of terms that are at most quadratic in
q and p, Eqn. (D.12) is exact. This is due to the fact that the higher order terms in the
cosine expansion only contain derivatives of order higher than two. When these derivatives
are acted upon the Hamiltonian they produce a result of zero. However, it should be noted
that, Eqn. (D.12) is still difficult to solve in its current form. To overcome this, an ansatz

may be made regarding the form of Qvy:
Qw(q, p) = e-ABOHW(@P)+BE) (D.13)

where the functions A and B are subject to initial conditions A(0) = B(0) = 0. To
obtain the unnormalised density matrix, one needs to determine the functions A(f3) and
B(). With this in mind, the derivatives of Qw with respect to the spatial coordinate are

calculated

TN~y (—A—aHW> , (D.14)
q
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and
POw 0w OHw 0% Hw
GEW _OW [ A TEW) g
dq? dq < 9q ) Vg2
OHw \? 02 Hw
=-A—— | Qw — AQ
< 3q> W W og2
= (1427712(,u4q2 - Ame) Qw . (D.15)

The derivatives with respect to the momentum coordinate are also calculated,

0w OHw
— T = A " Ow D.1
Oop Op ’ (D.16)

and

= ——Q+A2m—9w. (D.17)

Finally the derivative with respect to 3 is calculated

My [ 0A OB
= (g g o (D19

Substituting Eqns. (D.15), (D.17) and (D.18) back into Eqn. (D.12), and dividing through

by Qy produces,

— Hy + <—>2 [-A+ A%Hy] . (D.19)
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from which one gets that

2
8A+1—<@f> Hyw + 0. (D.20)

e .

OB fiw \ 2
%*(ﬂ 4

This equation must be true for all values of (¢, p), as the terms within the square brackets
are not dependant on the phase-space coordinates. Therefore each set of square brackets

must vanish independently. As such one has that

dA (hw)?
1 Y A2 o D.21
and
dB  (hw)?
_— A = . D.22
dﬁ+ 1 0 ( )

One now needs to consider Eqn. (D.21), since this equation only contains the function

A(B), it may be rewritten as
dA

——=dg. D.23

This may then be solved by performing a change of variables. To this end one lets z = %A,

then d4 = ;=dz, Eqn. (D.21) becomes

2 dz

— | —— = [ dg. D.24

o[ 15 [ (D.24)
Using the identity

1 1d 1+

produces the result

1+ g
:%jn(éﬁa>, (D.26)

which may be written in exponential form as

hw
hp 1+ FA

(§] = T oA
11—y

Rearranging this result to obtain an expression for A(3), one gets:
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2 ewB 1
T hwewB £ 1

hw

hw
2 e2F —e 2
- hw _ hw
hwegﬁ_{_e 2

2 huw
= E tanh (7/8> . (D.27)

To obtain the function B(f), one is now required to substitute Eqn. (D.27) into Eqn.

A(B)

(D.22):
0B hw\ 2 hw
72 ) Ztanh [ = =0. D.2
85+<2>mtan<25> 0 (D.28)
Making B the subject of the formula gives
hw hw

To find a solution to this integral one need only consider

= % In(coshx) . (D.30)

Letting x = % —dg = %dx, produces

hw 2
B = e dx tanh x

d
= —/dx aln (coshx)
= —In(coshz)

ot (%)) man

Having derived expressions for A(3) and B(f) one can now substitute them back into the

our original ansatz for the Qw

Ow = e AB)Hw(a.p)+B(5)

— o Incosh(252) 5L tanh(%52) Hw (q.p)

_ ;e—% tanh(ﬂf)HW(%p) . (D32)

hwp
cosh < T)
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All that remains now is determining the partition function Z(3), which is given by

Z(ﬁ)Z//dq dp Qw (g, p, B)

_2 o\ (2 1 2 2
= v //dq dpe o tanh (%3 )(2m+2mw q) , (D.33)
cosh <’L”WTB)

where the integrals are performed over all of phase space. The integrals in Eqn. (D.33)

can be factorised into g-dependent and p-dependent terms, this produces

W 2 w w2
28) = — [ ape- (") 5n [ qge i tanh("57) 5% e
hwp3 p q
cosh (T)

(D.34)
Both the integrals in this expression are simple Gaussian functions, as such
1 s 2 s 2
Z(B) = o 1 mw
cosh <Tﬁ) (7 ) tanh (hwp) (%) tanh (fwp)
_ 1 s 1
cosh <%) tanh (%) ﬁ%
wh cosh (%)
cosh <thﬁ) sinh <’L”WTB)
h
T (D.35)
sinh <¥)

Recalling that the Wigner transformed, normalised, distribution function is given by

1
pw(a,p, B) = ——=Qwl(q,p, b) -
(0.0,8) = 550w (a.1.5)
One then need only substitute the expressions for Qw and Z(3), given by Eqns. (D.32)

and (D.35), respectively, to obtain the final result:

. ﬁwﬁ 2 hw
sinh <T> o7 tanh (258 H

mh cosh (%)

1 w
= tanh <hw75> o~ tanh (P52 H (D.36)

pw(a,p,B) =
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