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Abstract

The study is focused on the thermal entanglement of spin chains. Chains consisting of two
and three qubits are considered. These chains are considered open because they are coupled to
bosonic baths at different temperatures. The baths represent the environment. The dynamics
of these open systems are examined as are the effects of different parameters - such as bath
temperature - on the entanglement of the spins. The measure of entanglement used in these
cases is the concurrence. Comparisons are made between a model that assumes a strong spin-
spin interaction and one that assumes a weak one. In all these cases, analytical solutions for
the system dynamics are presented. It is found that at large times, all systems converge to
a state that depends only on bath temperature. It is also found that increases in bath tem-
peratures diminish the entanglement between spins and that at high enough temperatures the
entanglement vanishes altogether. The time and temperature dependence of the entanglement

is different for the two models that are studied.
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Introduction

Up until the beginning of the 20'" century, classical physics had been very successful at explain-
ing the physical world. It was assumed at the time that the same laws that correctly described
the motion of such macroscopic objects as planets would apply at the microscopic level. So
it was quite unexpected when observations began to be made that exposed the limits of the

classical approach to physics.

One such observation related to the nature of light. For a long period of time, Huygens’ wave
theory had been thought to be the correct description of light. Its acceptance over Newton’s
corpuscular theory had been established by the great success of Maxwell’s electrodynamics
which interpreted light as electromagnetic waves. Soon enough, however, measurements of the
photoelectric effect called into question the correctness of the wave theory of light [1]. One
prediction from classical theory regarding the photoelectric effect was that there would be
an emission of electrons to the collector at all light frequencies as long as the intensity was
sufficiently high. The theory also predicted an increase in the kinetic energy of each electron
with increased light intensity. However, it was observed that the kinetic energy of the electrons
was dependent only on the frequency of light and not on its intensity. In fact, no electrons were
emitted unless the frequency was above a certain threshold level no matter how high the light

intensity was.

Another observation that could not be explained classically is blackbody radiation [2]. The view
at the time was that light is an electromagnetic wave produced when electric charges vibrate.
It was expected that objects with higher temperatures would produce greater vibrations and

therefore emit more light. It was assumed that each frequency of vibration had the same energy.



Experiments however showed a very different frequency distribution of the radiant energy.

The study of the hydrogen atom revealed yet more puzzles. In the Rutherford model of the
atom, circulating electrons surround the positively charged nucleus. Classically, these electrons
are accelerating and are expected to radiate energy and eventually fall into the nucleus [3]. It
became clear that a different approach was needed when classical physics failed to explain both

the stability and the emission spectrum of even the simplest atom, i.e. hydrogen.

The efforts to find explanations for these and many other observed phenomena led to the
development of quantum theory. The difference between classical and quantum mechanics
begins with the way the state of any system is described. The consideration of a point system,
or a single particle, suffices as an illustration. In classical mechanics, the numerical values of the
particle’s position and velocity completely specify the state of this system. Thus, if the initial
values of these two variables are known, all other dynamical variables related to the system can

be found for all times.

The situation in quantum mechanics is rather different. Here, the very act of taking measure-
ment alters the state of the system [1]. This also means that unless they commute, dynamical
variables cannot be specified with certainty simultaneously. The system is instead fully de-
scribed by a state function, i.e. the wave function. The evolution with time of this wave

function governs the dynamics of the system.

Quantum mechanics has emerged as a fundamental description for energy and matter at the
subatomic level. A central core of the theory is the concept that energy does not take on
any value but rather occurs in discrete amounts called quanta. This approach enabled Albert
Einstein and Max Planck, respectively, to give explanation for both the photoelectric effect and

the Blackbody frequency distribution [4].

Also, unlike in classical physics where waves and particles are separate and distinct, wave-
particle duality is an important characteristic of quantum mechanics [1]. This is most evident
in experiments involving light. The photoelectric effect shows that light interacts with matter
like a particle. The double-slit experiment, on the other hand, reveals that light propagates

through space like a wave.



One aspect of quantum mechanics that has no classical equivalence is the concept of entangle-
ment. Entanglement is a quantum mechanical property of two or more objects that are linked
in such a way that they cannot be described independently of each other, even if they are
spatially separated [5]. The counterintuitive nature of entanglement raises many scientific and
philosophical questions. Indeed it had caused even eminent physicists like Albert Einstein to
be skeptical about the completeness of the quantum theory [6]. The existence of entanglement,
however, has not been in doubt since it was verified experimentally by Alain Aspect in 1982

[7].

The study of entanglement necessarily leads to a fuller appreciation of quantum mechanics and
a clearer understanding of how it contrasts with its classical counterpart. Possible applications
of entanglement justify its study. Most of the applications of entanglement are best appreciated

when compared to and contrasted with schemes that use classical physics.

In recent years, research has been done that shows how quantum computing could possibly
allow for the storage of more data and the faster processing of information [8, 9]. The most
basic unit of classical information is called a bit. Conventionally, a bit is represented by 1 or 0.
An illustration involving a pair of such bits can serve to demonstrate the superiority of quantum
information processing over classical information processing. Given a pair of bits, four states
are possible, namely 00, 01, 10 and 11. Classically, only one of these possible states can be
stored at any one given time in a single register. In quantum mechanics, any two-level system,
such as a spin system, can be used as a qubit. The properties of quantum mechanics allow for
the storage of all the four possible states at once in a two-qubit quantum register. Because
quantum superposition makes it possible to have linear combinations of these states, infinitely
more information can be stored. The manipulation and retrieval of information stored in this
manner requires an understanding of the entanglement between these qubits and how that is

affected by such environmental factors as temperature.

Another field that exploits entanglement is quantum cryptography [10, 11]. Here, entanglement
is used to ensure secure communication between two parties. When the entities of an entangled
pair are separated, their random but linked properties can be used as a key to encrypt and

decrypt information. An important and distinguishing feature of this scheme is that if an



eavesdropper tries to intercept the key, the entanglement breaks and communication stops

immediately.

Yet another important application where entanglement plays a direct role is quantum telepor-
tation [12]. This is the quantum process by which information is transmitted from one quantum
system to another without transporting the system itself. Indeed, practical demonstration of
this phenomenon has been achieved over macroscopic distances [13]. To illustrate what quan-
tum teleportation really is, the following scenario is considered. Suppose Alice holds the part
A and Bob the part B of a pair of entangled qubits AB. If Alice and Bob are then separated,
the laws of quantum mechanics state that parts A and B will remain entangled. If Alice later
wants to send exact information about another qubit C to Bob, it would not be possible for
her to do so using classical methods. However, by letting A interact with C, and therefore
destroying the entanglement between A and B, Alice can now take measurements on AC that
can enable her to transmit two classical bits to Bob who would then have enough information
to recreate C exactly. Clearly, an understanding of the phenomenon of entanglement is crucial

in the field of quantum teleportation.

One of the challenges faced in trying to realize the applications of quantum mechanics is that
when systems are exposed to the environment, they tend to lose their quantum mechanical
properties through such processes as decoherence and dissipation [5]. For practical and theo-
retical reasons, it is important to understand how the dynamics of entangled systems evolve
with time when these systems interact with the environment. Over the years much research
has been done in the field of thermal entanglement, including notably by [14]. Many studies
that have been done in this field have involved the determination of solutions using numerical
methods [15]. This thesis focuses on the study of thermal entanglement of spin systems using
analytical methods. The spin chains that are studied in this thesis consist of two and three
spins. For the two-spins system, each of the spins is coupled to a separate bosonic bath at a
different temperature. Two of the three spins in the three-spin system are coupled to separate
bosonic baths. The baths represent the environment. Using the concurrence as a measure, the

dynamics of the entanglement of these systems is studied in this thesis.

The thesis is laid out as follows. In the first Chapter, closed systems are looked at. These



systems are isolated and have no interaction with any other system. Although they are idealized
and do not represent any real systems, the concepts developed in their study are crucial to
a broader understanding of quantum mechanics. Two of these concepts, the unitary time
evolution operator and the density matrix, are introduced in this Chapter. So too are the
different pictures of quantum mechanics. Also discussed in this Chapter are some important
elements of the measurement theory in quantum mechanics. Still in the first chapter, an
introduction of open quantum systems is presented. The difference between open systems and
closed systems is highlighted. Finally, a derivation of the master equation is given, using the

Born-Markov approximations.

Two interaction models are studied in this thesis. They are presented in Chapters 2 and 3.
The first one, the strong spin-spin interaction model, assumes a strong interaction between the
spins. The second, the weak spin-spin interaction model assumes a weak interaction. As will
be shown later, this difference in the relative strengths of the interaction results in different
energy spectra for the two models. For instance, in the two-spin case, the strong interaction
model produces a single spectrum with four different levels, whereas the weak interaction model

produces two distinct two-level spectra.

From the equations of motion, the evolution of these systems is analyzed as a function of several
parameters such as time and bath temperature. The results and discussion are presented in
Chapter 4. The particular property of interest of these systems is entanglement. In order to

measure it, the concurrence is used. Chapter 5 is the conclusion.



Chapter 1

Quantum Systems

1.1 Closed Quantum Systems

A quantum state is a mathematical object that contains all the information about a quantum
system. In Dirac’s bracket notation [16], a pure state is represented by a normalized ket vector
|1). Closed quantum systems are systems that are assumed to have no interaction with other
quantum systems. The evolution with time of these systems can be fully described using unitary
dynamics [5]. Although closed quantum systems are idealized and do not represent any real
system, their study is important in the development of concepts that can be used to analyze

more complicated systems.

1.1.1 The Unitary Time Evolution Operator

The evolution with time of the state of a quantum system is described by the Schrodinger

equation

L0

iho [W(t) = Ht)[¥(?)), (1.1)
where |¢(t)) is the state vector, H(t) is the Hamiltonian of the system and % is Planck’s

constant. In the following we will choose units in such a way that h = 1.

The unitary time evolution operator U(t,t,) transforms the state |1(¢y)) at some initial time



to to |¥(t)) at a later time ¢. It follows that [5]
(1)) = Ut to) ¢ (to))-
The initial condition |¢)(o)) implies that
Ulto, to) =1,

where I denotes the identity matrix.

Substituting (1.2) into (1.1) and integrating the result yields the expression
U(t,to) = exp[—iH (t — to)]-
The unitary nature of this operator means that

UT(t, to)U(t, to) = U(t, to)UT (¢, to) = 1.

1.1.2 The Density Operator and its Evolution with Time

(1.2)

(1.3)

(1.4)

(1.5)

In quantum mechanics, the most general states are mixed states. As stated earlier, a pure state

can be represented by a single ket |1)). When an ensemble of pure states is considered, or when

the system has been prepared in such a way that it is not certain what pure state it is in, the

density matrix is used to represent the system. For a finite dimensional space, it is defined as

p=ij|¢j><¢j|,

(1.6)

where [1);) represent a mixed ensemble of normalized states and the coefficients p; are corre-

sponding non-negative probability weights that add up to one.

The density matrix has the following properties [5]:

e It is Hermitian,

e [t has a trace of one



e [t is a positive matrix

e Tr(p?) =1 for pure states.

e Tr(p?) <1 for mixed states.

If the elements of the density operator are denoted by py,, then the diagonal ones (n = m) give
the probabilities of occupying the quantum states |¢,,). They are referred to as populations. The
off-diagonal (n # m) elements are complex and have a time-dependent phase factor describing

the evolution of coherent superpositions and are referred to as coherences.

From (1.1), (1.2) and (1.5), an expression representing the evolution of the density matrix with

time is obtained as outlined below:

Lot = 45 B O O . 1)
= 3o Ul ) (O 85 Ot )

+ B U ) O 0)| 5 U1 1) @

= S PO (1 10) + Ut 10)o(0) 5.0 (1 10)
= —iH(t)U(t, 10)p(0)U(t,t0) — iU (t,10)p(0) U (L, to) H (¢)
= —iH(t)p(t) —ip(t)H(1).
Hence, using the commutator notation,
(1) = ~ilH (1), (1)) (19)

This is the Liouville-von Neumann equation. Its formal solution is [5]

p(t) = U(t,to) poU (¢, to). (1.9)



1.2 Measurement in Quantum Mechanics

We consider a quantum mechanical system described by the wave function |¢(t)). One of the
postulates of quantum mechanics states that associated with each measurement on the system
is a Hermitian operator A called an observable. The only possible result of a measurement
of the observable is one of the eigenvalues of A. The fact that A is Hermitian means that
all its eigenvalues are real. If the observable A has a discrete spectrum, the results of the
measurements are quantized [2]. If, in addition to having a discrete spectrum, the eigenvalues
a, of the observable A are non-degenerate, then there is, corresponding to each of them, a

unique eigenvector |¢,(t)). Therefore, the eigenvalue equation for the operator can be written

A|¢n> = an|¢n> (1'10)

Using the principle of superposition, the normalized eigenvectors |¢,(t)) can be used to write

the wave function as [1]:

(1)) =) calen(t), (1.11)

n

where ¢, are expansion coefficients which in general are complex functions of time. The prob-

ability P(a,) of obtaining a,, when A is measured is
P(a,) = |ca|? (1.12)

and the expectation value of A is

(A) = |eal’an. (1.13)

1.3 Different Pictures In Quantum Mechanics

An important aspect of representation in quantum mechanics involves the different pictures of
the theory. These pictures represent alternative but equivalent formulations of the theory. The
eigenvalues of operators corresponding to observables are the same, and the inner products of
state vectors maintain their values as well [3]. The difference in the pictures lies in the way

time evolution is treated.



In the Schrodinger picture description of the dynamical evolution of quantum systems, the state
vectors |¢(t)) are time-dependent. The physical quantities are described by time-independent
operators. In the Heisenberg picture, the state vectors are time-independent and the dynamical
evolution of the system is described by time-dependent operators [1]. Transitions between
the Schrodinger picture and the Heisenberg picture is accomplished through a unitary time-

dependent transformation.

If Ay is an operator in the Heisenberg picture and Ag is an operator in the Schrodinger picture,
then [5]
A (t) = Ul(t, o) AsU(t, o), (1.14)

where U (t, tp) is the unitary time evolution operator given by (1.4).

The variation of Ay with time is defined as

d 0 0 0
—Apg(t) = =UAsUT + U—AsU" + UAs=U". 1.1
7 m(t) GtU sU +U8t sUT+U S(?tU (1.15)
From the Schrodinger equation
0
—U(t, tg) = HU(t,t
ZatU< ) 0) U( ) O)
and the hermiticity of the Hamiltonian
H=HT,
it follows from (1.15) that
d : t } 9 4.t
EAH(t) = —i(UHAU"' —UAsHU") + UaASU . (1.16)

Therefore, the evolution with time of a Heisenberg operator is concisely written in commutator
notation as
d

0
- - 4 T il T
thH(t) iU[H, Ag|U +U(9tASU : (1.17)

A representation that is more general than both the Heisenberg picture and the Schrédinger
picture is the interaction picture. In this representation the Hamiltonian of a quantum system

can be written as a sum of two parts
Hs = Hp + Hy, (118)

10



where Hp is time-independent and H; is the interaction energy operator of the system. The

exact nature of the division of the Hamiltonian depends on the situation being studied.

Transition from the interaction picture to other pictures is done through unitary transforma-

tions. Thus a state vector in the interaction picture is defined by

[r(8)) = Ub(t,to) 195 (t), (1.19)

where 1g(t)) is the same state vector in the Schrédinger picture.

The interaction picture density matrix p;(¢) and the Schrodinger picture density matrix p(t)

are connected through the transformation

pf(t) = U;(tvtﬂ)p@)Ul(tatO)a (120)
where
Ur(t, to) = UL(t, to)U(t, to), (1.21)
Uo(t, ty) = exp|—i(t — to)Ho] (1.22)
and
Ult,tg) = exp|—i(t — to)(Ho + Hy)] = exp|—i(t — to) Hs]. (1.23)

The time evolution of the interaction picture density matrix is given by the Liouville-von

Neumann equation as

d

GpP1(t) = —ilHi(t), pi(t)]- (1.24)

In the interaction picture representation, emphasis is put on the interaction Hamiltonian. The
interaction picture is best applied in situations where a small interaction term is considered
in addition to the Hamiltonian of a solved system. This is the case in open quantum systems

which are introduced in the next section.

1.4 Open Systems

Until fairly recently, most studies in quantum mechanics had involved closed quantum systems.

Closed quantum systems are assumed to be isolated. There is, therefore, no interchange of

11



Environment + System, ?T

Environment, ?R

Y System, ?s Cj

Figure 1.1: A schematic representation of an open quantum system.

energy and entropy between these systems and any other system. The evolution with time of

closed quantum systems is sufficiently described by unitary dynamics.

The need for an approach that more closely describes real-life quantum systems has led to
more research in the field of open quantum systems. The realization of most applications of
quantum mechanics would not be possible without a clear understanding of open quantum
system dynamics. For instance, dissipation and decoherence are just two of the phenomena

that inevitably have to be dealt with in any such application.

Open system dynamics are exhaustively looked at in [5], and it is from there that the following
description is largely drawn. If a quantum system S' is coupled to a larger system R, .S is said
to be an open quantum system. The larger system is generally taken to be the environment
or reservoir. This is shown schematically in Figure 1.1. The dynamics of the system will
be more complicated than in a closed system case. This means there is now an interchange of
energy and entropy between the system and the environment. The interaction results in system-
reservoir correlations such that unitary dynamics can no longer represent the state changes in
the subsystem. The subsystem S is now called the reduced system and the effects on it brought
about by the total system define the reduced system dynamics. The evolution of the reduced
system S now becomes a function of both its internal dynamics and its interaction with the

environment. The term bath is used to refer to an environment with an infinite number of

12



degrees of freedom and in a thermal equilibrium state.

If Hs is the Hilbert space for the sub-system, and Hp that for the environment, the Hilbert

space for the combined system is the tensor product Hg ® Hg. The total Hamiltonian is
H=Hgs+ Hr + Hy, (1.25)

where Hg is the Hamiltonian for the reduced system. Hpg is the Hamiltonian for the envi-
ronment, and H; is the interaction Hamiltonian. A complete study of the dynamics of the
combined system is very difficult to accomplish. As an example, if the environment is a heat
bath, a complete study would require the solution of an infinite number of coupled equations

of motion. However, the system S can be studied without having a complete knowledge of R.

The evolution with time of an open quantum system is best described by a dynamical map. If
it is assumed that the initial state of the combined system (open system + environment) pr is
given by

pr(0) = ps(0) ® pr, (1.26)

where pg(0) is the initial state of the open system and pg that of the environment, then the
transformation that connects the initial state pg(0) at ¢ = 0 to the final state pg(t) at t > 0

can be written as [5]

ps(0) = ps(t) = V(t)ps(0) = Tra{U(t,0)[ps(0) ® prlUT(t,0)}. (1.27)

In the above expression, Trg denotes the trace taken over the degrees of freedom of the envi-
ronment R and V(¢) is the dynamical map. V() is a genuine quantum operation which meets

the following criteria:

e [t is trace preserving.
e [t is convex-linear.

e [t is completely positive.

It has been shown in [5] how the above axioms, when combined with the Markov assumption,

make it possible to represent the time evolution of the open system in the Schrédinger picture

13



by the master equation

N

d ) 1 1

7Ps = —i[Hs, ps] + Y _ w(ArpsAf — §A;1Akps - §PSAkA;T€)~ (1.28)
P

The first term on the right hand side of (1.28) represents the unitary evolution of the system due
to the Hamiltonian Hg. The second term, which is also called the dissipator D(p), is a direct
result of the coupling with the environment. The dimension of the state space is characterized
by N. The operators A; and AL are linear combinations of basis operators. In a two-dimensional
space, for example, these basis operators would be the Pauli matrices. Correlation functions in

the environment are represented by .

1.5 The Master Equation

The dynamics of closed quantum systems are represented in terms of a unitary time evolution.
This cannot be done with open quantum systems. Equations of motion for the density matrix
are instead used to represent the dynamics of open systems. These are the master equations

for these systems [5].

In order for the time evolution of the density matrix of an open quantum system to be defined
by (1.28), some important assumptions and approximations have to be made. In the following,
a master equation representing the time evolution of the reduced system S that is coupled to
the environment R is derived. The approach used is based on the presentation by [5],[17] and

18].

The Hamiltonian of the combined system is given by (1.25). The density operator pg for the
reduced system is defined by

ps = Trrlpr(t)], (1.29)

where pr is the density operator of the combined system and Tryr denotes the partial trace

which is taken over the degrees of freedom of R.

Knowledge of pg alone is sufficient for calculations of expectation values of operators in S to

14



be made. If A is an operator acting on Hg, then
(A) = Trs[Aps], (1.30)

where Trg denotes the partial trace over the Hilbert space of the reduced system S.

The derivation of the master equation is best done in the interaction picture. In this picture,

the Liouville-von Neumann equation (1.8) becomes

d

—pr = —i[H(t), pr], (1.31)
dt
where H 1(t) and pr respectively are representations of the interaction Hamiltonian and the

density matrix in the interaction picture and are given by

H; = ei(Hs+HR)tHIe—i(Hs+HR)t (1.32)

and

~ i(Hs+HR)t

pr = ¢€ ( pTe_i(HS+HR)t. (133)

It is assumed that no correlations exist between the system and the bath at ¢ = 0. This means

that the density operator factorizes
pr(0) = pr(0) = ps(0) @ pr- (1.34)

Equation (1.31) is integrated from 0 to ¢. Given the condition (1.34), after two iterations, we

get

pr(t) = pn(0) — KﬁWI L/ﬁ/ﬁfh V) pr@ ). (135)

Differentiation of (1.35) yields an integro-differential equation for pr
d -~ t / -~ -~ / !
Sopn = =il (0. pr(O)] = [ a1 (e) (7). (1) (1.36)
0

At t > 0, correlations develop between the system and the reservoir. Two important approxi-
mations are made at this point. The first, the Born approximation, assumes that this coupling

is very weak. Hj is much less than Hi and Hg and that the interaction has little effect on the

15



reservoir density operator. Thus at any time ¢ the density operator can be written as the direct

product
The trace can now be taken over the reservoir states. Taking note of (1.29) and the assumption

that the first term on the right side of (1.36) vanishes

Trg[H(t), pr] = 0,

it can now be seen that

d ~

Srs=- [ ATl (), (1), () @ pl] (1.38)

The second simplification is the Markovian approximation. The presence of pg(t') in (1.38)
means that the evolution of the system depends on its history. If it is assumed that the bath is
a large system, it is not expected that the small changes brought about by its interaction with
the much smaller subsystem S will have an impact on it that will affect the future evolution
of S. This means that in the integrand pg(t') can now be replaced by pg(t). In the integration
above, t represents the decay of reservoir correlations. It is a much shorter time than the time
scale for changes in pg. Therefore, the upper limit in the integral can be extended to infinity.

Thus, (1.38) becomes

D= / TR (1), (A1), 7s() © o] (1.39)

This is the master-equation in the Born-Markov approximation.

In the next chapter Eq. (1.39) will be used and put in the form of (1.28) to give the evolution

with time of two and three-spin systems which are coupled to the environment.

1.6 Entanglement and Entanglement Measure

A central theme of this thesis is the study of the evolution with time of entangled spin systems.
It is thus imperative to give a mathematical description of entangled states. A concise definition

of entanglement is given in [5].

16



The following suffices as a description of an entangled system. Two interacting systems Sy
and Sp with respective Hilbert spaces H4 and Hp are considered. The Hilbert space of the

combined system S = S4 + Sp is the tensor product of the two subsystems S, and S

H =Hs®Hp. (1.40)

If |¢)) 4 is a state of the system S4 and |¢) g that of the system Sp, then a state
) € Ha ® Hp. (1.41)

is said to be entangled if it cannot be writted as a tensor product |14) ® |[¢pg). If it can be

written as a tensor product of the states of the subsystems, it is said to be separable.

In this research, we study the dynamics of the entanglement between the qubits. For a successful
analysis, a good measure of entanglement is required. One such measure is the negativity. It
is based on the fact that if a state is separable the partial transpose of its density matrix is a
valid state that is positive semidefinite [19]. This is not the case for entangled states as their
partial transpose may have one or more negative eigenvalues. The degree to which a state does
not obey the positive partial transpose PPT separability criterion can, therefore, be used as
an indicator of the negativity of the state [20] and, by extension, its entanglement. One well

used definition of the negativity N(p) is [21]

N(p) = %, (1.42)

where ||pT4|| denotes the trace norm of the partial transpose p’™ of the density matrix p. The
expression (1.40) corresponds to the sum of the absolute values of the eigenvalues of p’4. For

unentangled states, this quantity vanishes.

In this thesis, a different measure of entanglement is used. This is the concurrence, C(p). For

a two-qubit system, it is defined as [22]

C(p) = max{0, VM — VA = VA — V/Aa} (1.43)

The )\; are the eigenvalues of a matrix R which is defined as

R =\/Vilo, ®0,)Vplo, ® 0,). (1.44)

17



The eigenvalues \; are ordered in such a way that Ay > Ay > A3 > A4. For computational

purposes, the same results are obtained when the matrix R is defined as
R = ploy @ 0y)p"(0y ® 0y). (1.45)

In both cases p is the density matrix of the system, p* is its complex conjugate and

O'y:

is a Pauli matrix.
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Chapter 2

The Strong Spin-Spin Interaction
Model

2.1 The Model

In this thesis, systems consisting of two and three spins are considered. These spins are coupled
to two separate bosonic baths at different temperatures. In the scheme used here, each bath
represents a reservoir of harmonic oscillators with frequencies w,, j, and creation and annihilation
operators b, ; and anJ. Here, the index j represents each of the baths and n indicates the

reservoir modes. The equilibrium state of the baths pg is taken to be [5]

_exp(—Hs/kpT)
Trlexp(—Hs/kgT)]’

PR (2.1)

where Hg is the system Hamiltonian, 7" is the bath temperature and kg is the Boltzmann
constant which in the following is set equal to 1.

The model is shown schematically in Figure 2.1. The total Hamiltonian for the system is given
by [5]
H=Hgs+ Hpj + Hy, (2.2)
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Bath1 <:>I e P <:>HI Bath 2
T, K K T,

Figure 2.1: A schematic picture of the model under study. A three-spin system is coupled to

two separate baths at temperatures 77 and T5. Hj is the system-bath interaction Hamiltonian.

K denotes the strength of the spin-spin interaction.

where the Hamiltonian Hg is

N N-1

A~ €; _ 7

Hs=>" Soi t K > (oo + 070, (2.3)
i i

In the above expression N denotes the number of spins of the system, the ¢; denote the energies

of the spins and the constant K denotes the strength of the spin-spin interaction. The operators

o7 and ¢ are the Pauli matrices of the subsystem.

Hp; is the Hamiltonian of the bosonic baths. For each bath j, the Hamiltonian is given by [23]
Hpj = wnibl ;. (2.4)
Hj is the Hamiltonian of the interaction between each bath and the subsystem and is given by
H, = Z gnb}’naj_ + Z g:bjyna;f, (2.5)

Jmn Jm

where g, and g are coupling constants. It is assumed that the Hamiltonian of the interaction
can be represented in the form [23]
H; = Z(fgzvjt + f;i‘/},i)v (2.6)
jsi
where f;; and f;z act on the Hilbert space of the bath. V]TZ and Vj; act on the Hilbert space of
the system and are, therefore, eigenoperators of the system Hamiltonian Hg. These operators

are chosen in such a way that

[Hs, Vi = —w;iVj (2.7)
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and

[HS, V]:] = wm-VT

Ji?

(2.8)

where w;; are the frequencies of the transtions.

The above equations are general and can be applied to systems with any number of spins.
Depending on the strength of interaction between the spins, two different models are obtained.

The difference between these models is explained in the section that follows.

2.2 Strong Spin-Spin Interaction versus Weak Spin-Spin

Interaction

In this thesis, two models are studied: the strong spin-spin interaction model and the weak
spin-spin interaction model. It is emphasized here that the interaction between the spins and
the environment is always considered weak. It is this assumption that has allowed for the
derivation of the master equation in the Born-Markov approximation. The model names used
refer to the relative strengths of interaction between the spins themselves. The information
on the frequencies of the bath modes and their coupling to the spin systems is contained in a
function called the spectral density J(w). If the master equation (1.28) is used as an example
for this case, the spectral density would be in the environmental correlation functions ;. In
the models that are presented, J(w)dw gives the number of oscillators with frequencies in the

interval w to w + dw. The particular one used in this thesis is the Lorentzian distribution [5]

oy r
W) = 27 (W, — w)?2 + 127 (2.9)

where w is the frequency of the bath modes and w, is the transition frequency of the spin
system. The parameter I is such that I'"! is equal to the reservoir correlation time and defines

1

the spectral width of the coupling. v~ is equal to the time scale on which the system changes.

In the strong spin-spin interaction model, the condition that ¢ ~ K >> ~ holds. In the weak
spin-spin interaction model, € >> K ~ ~. The strength of the spin-spin interaction is denoted

by K.
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P

STRONG WEAK
INTERACTION INTERACTION

Figure 2.2: A schematic picture showing the energy spectra of two two-level systems. The shape

of the resulting energy spectrum depends on which model is considered; the strong spin-spin

interaction model or the weak spin-spin interaction model.

The result of this difference is seen in the structure of the systems formed by the interaction,
i.e. the energy spectra. For example, in the two-spin case, the strong spin-spin interaction
results in the formation of a single system with four different energy levels. Although there is
interaction between the two spins in the weak spin-spin interaction model, in their interaction
with the environment, they can be treated as two separate systems. This is the case even for
higher spin systems. Generally, an n-spin case results in a single system with n? energy levels
in the strong interaction model. In the weak interaction model, two distinct sets of n energy

levels are formed. This is shown diagrammatically in Fig. 2.2 for the two-spin system.



2.3 The Two-Spin System

An integrable or exactly solvable model is considered for the strong two-spin system. It is
demonstrated below how the equation of motion (1.28) for the density operator can be obtained

for the two-spin system. A similar treatment for higher spin systems yields equivalent results.

The environment consists of two bosonic baths. Each spin of the sub-system is coupled to a

separate bath. The interaction between each bath and the subsystem S is given by (2.5).

In this particular model, strong spin-spin interaction means that instead of two distinct two-
level systems, a single four-level system is formed. In the interaction picture, the interaction
picture Hamiltonian (2.5) can be written as
H[(t) - Z(fjd‘/jfieiwj’it + f;i‘/}de_iwj’it). (210)
Jst
The index ¢ represents the transition levels and j indicates the bath. This means that for a
two-spin system, the master equation (1.39) becomes

d —i —iw * 7 —iWn iw iw
7P = —/0 dt TYRZZQW L et (Ve Ve 2 ) 4 gk by je ”*Jt(VjTle 1t+V;-T26 2h,

n,g mk
(G bl e (Vione ™% 4 Vige 20 ) 4 g7 by et (V1 V] ert) p(t) @ pg].
(2.11)

Here, the indices m and k correspond to n and j respectively, and are introduced in order to
make a distinction between the two Hamiltonians of the commutator in (1.39). For convenience,

the index S in pg(t) has been dropped.

The trace is now taken over the Hilbert space of the reservoir. For the canonical bosonic

reservoir considered, the following statements hold [17]:

Trp{bn jbmipr} = 0; (2.12)

Tra{b! 0, .or} = 0; (2.13)
Trp{bn,b, o}t = (0(wn g, Tj) + 1)0mndkj; (2.14)
TrR{lA)L,jIA)m,kpR} = n(wnj; Tj)0mnOk.j, (2.15)
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where
1

Wn

n(wn,j, Tj) = W
T}

is the mean photon number for an oscillator with frequency w, ; in thermal equilibrium at

temperature 7T'.

Multiplying out the terms and introducing 7 such that t' =t — 7, (2.11) can now be written as

d t . _ . . _ . _ X
Ef»=—z/0 dr[V; 1V p@)e T T n)T g, P n(n 5, Ty) + Vi Vi pp(te TRt T 2o 0T 0 20w, 5 Ty)
n,J

—i(wy—w

+Vi2Vi,n(t)e 17T gy 5120w, Ty) + Vi2 V] p(t)e (29D 1 =wn DT 10 0200, 5, Ty)
=V pWV1e T DT g P n(wn 5, Ty) = Vi p(0) Vi ge T @2 TODITH @m0 DT g 20w, 5, Ty)
- _;2p(t>vj,2‘iii(WZiwn‘j)T‘gn,j|2n(wn,jvTj) - VthP(t)Vj,lefi(wl7w2)t7i(w27w”’j)7\gn,j\zn(wn,ijj)

+ V] Vi 1e )T g 12 (e g, Ty) + 1) + p(0) V] Vg e T e e DT 0 2 (w5, Ty) + 1)
oMV, Ve O T g P (n(wn , Ty) + 1) + p(OV] Vi e et 2 men 0T g 12 (0w, 5, Ty) + 1)
= VeV e T DT g P (nwn, Ty) + 1) = Vi)V ye T TRt T 2 en D7 g 2 (0w, 5, Ty) + 1)
— V2oV e 02T DT g 2 (wn,, Ty) + 1) = Vi)V e T 20D i @ men 07 g2 0w, 5, Ty) + 1) (2.16)
+ VI Viap@e T gy 1P (w50 T) + 1) + V) Ve (@202 0T g, 12 0wy, 5. Ty) 4+ 1)

+ VI, Vi 2p(t)e" 2 ni)T g, 12 (n(wn 5, Ty) + 1) + VI VT pt)e e R on DT g 12 0wy, 5, Ty) + 1)

= ViapMV] e 1T DT g, 12 (wn i, Ty) + 1) = Vi 1p(0) V] e T 1@ R en 0T 16 20 (w5, Ty) + 1)

- j,zﬁ(f)VthEi(wz7%"*")7Ign,j\z(n(wn,jy T;)+1) — Vj,2p(t)‘/jtlefi(w27“’1”“(“27””*1)7\gn,j\z(n(wn,j,Tj) +1)

+ oV 1V DT g, P n(wn §, Ty) + p(8) Vs 1 V] pe 1T 0T g 20w, 5, T)

+ oMV 2V, e 27T g, P (wn i, Ty) + p(0)V; 2V e T 2D DT g 2, Ty)

=V oMV 1T DT g P (W, Ty) = Vi p(0)V e T 2T I 2= 0T g 200, 5, Ty)

i(wa—wn 2 —i(w1 —wa)tti(wy —wn 2
7‘/}tgp(t>‘/j‘2el(w2 “ni)7 g, ;] n(wn,ijj)*V;zp(t)ijle Hermwntilr—en )T 20, T,

In order to evaluate the expression above, the summation over the reservoir state oscillators is

changed to an integral by using the spectral density J;(w) such that
S loni P = w0s) = [ dwdi(o).
As an illustration, the first term in (2.16) can now be written as
S VaViiolt) [ dodiinten T [ dretr
J

= Z V-,lvalp(t) /000 dwJj(w)n(w;, Tj)(md(w — wr) + ZL)

w1 — W
In the equation above, we have made use of

> , P
/ dre*™® = 15(k) + i (2.17)
0

24



where P indicates the Cauchy principal value [24].

The expression (2.16) can be simplified further by neglecting the rapidly oscillating terms

containing e**“1+«2)t [5] Noting that

/ dwJ;(w)mo(w — w;) = wJ;(w;), (2.18)
0
the equation of motion can now be written as

d 2 [ Ji(w)

aP= > (i (win(wi, T;) + ZP/O dwh)n(wiaﬂ)vj,ﬂ/}%@)

ij=1 ¢
~ (i ) +iP [ a0y, TV o0,
0 — Wi

o)+ ) 4P [ do Dy, 1) 4 DotV

— (wJj(wi)(n(wi, Tj) + 1) +iP /0 ) dw ) nlws, Tj) + DViap(OV; (2.19)

+ )T + 1) =P [ o) i T) + DVLVapt0)
- )T + )~ P [ do Dy, 1) 4 V01
+maeon(onD) — P [ do Pyt 1) + DOV

Jj(w)

W — Wwj

)(n(wi, T;) + DViEip(t) V).

— (mJj(wi)n(w;, T;) —iP /000 dw

Introducing commutators and anti-commutators of the V;; and V1., the above expression can

J50?
now be compactly stated as
d _ 2 1 1 T
prid > l@rdj(win(ws, T)(Vipt) Vi — 5 WiV p(8)}+)

ij=1
1
+(27J;(ws) (n(wi, Ty) + 1) (Viap(t) V], — §{VjT,Z-Vj,¢, p(t)}+)

wip [ o2y, Vet i [ a0

W — W W — wj

)(n(wi, Tj) + DV Vi, p(t)].
(2.20)

The last two terms on the right hand side of (2.20) constitute the Lamb shift effects that can

be neglected [5]. The first two constitute the dissipator D(p), i.e.
2

Dip) = S 12m T wnlecs TV, o)V — 3 ViV o(0)})

1,j=1
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(), T) + D0V, = S ViV (1))
(2.21)

The above expression is written in the Schrodinger picture as [17]
p = —ilHs, p] + D(p) (2.22)

Thus, the equation of motion for the two-spin system has been put in the form (1.28). A similar
result would be obtained for a higher spin system. The three-spin system will be studied in

Section 2.4.

For easy analysis of the two-spin system, a basis in which the system Hamiltonian Hg is diagonal

is convenient. The basis used is |0) and |1) such that:

and, as an example,

0
01) = ®
1 0

The four eigenvalues of the Hamiltonian given by Eq.(2.3) and their respective eigenvectors

thus become:

1
A = —5(61 + €2); |A1) = [00),
1
)\225(61‘1‘52); [A2) = [11),
1
Az = _5\/<€1 — €2)? +4K?; |[As) = cos 0]10) + sin 6]01),
1
Ay = 5\/(61 —€)? + 4K [A4) = —sin0[10) + cos 0]01),
where
2K
tan 20 = .
€1 — €2
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This gives, using (2.6) and (2.7), the result that in the |);) basis, the transition operators, V]TZ

and Vj; are

The transition frequencies are:

and

where

and

Vo1 = cos 0| s

W1:(€+A)
wy = (e — A),

1
€= 5(61 + €3)

1
A= 5\/(61 —62)2 +4K2

(2.23)

It should be noted that the above is true for the case where ¢ > A. With the transition

operators (2.23), Eq.(2.22) can now be used to explicitly find the equation of motion of the

reduced density matrix. Several elements of the matrix are seen to be linearly linked. For each

set of such linked elements, an equation can be written of the form:

d
= 0(t) = A p(t)

where A is a square matrix with constant coefficients.

It follows, therefore, that

p(t) = ¢ p(0).
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Thus the solution can be found for all the elements of the density matrix. The solution for the

diagonal elements is given by:

< o) =M ple) (2.26)
where M is the coefficient matrix:
— (AT + BY) 0 A~ B~
0 —(—=B~+ A7) Bt At
At B~ —(Bt+ A7) 0
B* A~ 0 —(AT"+B7)

This equation is solved using (2.25) to give

ai;r @12 Qa3 Qaiq P11 (0)
1 a1 Q22 Q23 Q24 p22(0)
pii(t) = 1B ;
as; asy a3z A34 p33(0)
(41 Qg2 Q43 Qa4 p44(0)

where the components of the above matrix are:
a1 = (BYe P+ B7)(Ate M 4 A7),

ay = (—e P 1) (—e M +1)B" A,
a3 = A" (BTe B+ B7)(—e M + 1),
ajg = B (—e P+ 1)(ATe M + A7),
agy = ATBT(—e P4 1) (—e M £ 1),
ag = (B B+ BT) (A e A 4 AT),
ags = BT (—e B 4 1) (A e M 4 A1),
azg = AT (B7e P+ BT)(—e M + 1),
asy = AT (BTe B+ B7)(—e M + 1),

az = B™(—e P+ 1)(A7e ) + AT),
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asy = (BTe™P' + B7)(A"e M 4 AT),
agy = ATB™(—e PP 4 1) (—e M 4 1),
ap = BT (—e B 4 1)(ATe™ M 4 A7),
agp = A" (B~e P+ BT)(—e ™ + 1),
asz = BTA™(—e B 4+ 1) (—e M + 1),

agy = (B7e™ B+ BT)(ATe ¥ 4 A7).

In the above expressions, we have introduced

AT =27y (wo)n(T1, wo) cos® O 4 2 Ty (wo)n (T, wy) sin? 6,
Bt =21 Jy(wi)n(Ty, wi) cos® O + 27Jy (wi)n(Ty, w; ) sin 6
B~ =2r1Jy(wy) (n(Ty, wi) + 1) cos® O + 2 Jy (wy) (n(Ty,wy) + 1) sin? 6,
A =27y (wa) (n(Ty, wg) + 1) cos® O + 21 Jo(wy) (n(Ty, wa) + 1) sin? 6,
A=At + A,
and
B=B"+B".

T; and J; are the temperature and spectral density values for the respective baths. From
the above matrix elements, it is observed that as time increases to very large values simple

expressions are found for the asymptotic values of the components:

I I I I A5

1M @11 = 1111 A2 = 1IN a3 = 111N 14 —= ——F——

t—o0 t—o0 t—o0 3 t—o0 AB ’

ATB*

lim a9l = lim a9 — lim 93 = lim a9y — s

t—00 t—o0o t—oo t—o0 AB

I I ! I ATB~
1M az; = 1M age = 11m a3z = 11 as4 =

t—o0 t—o0 3 t—o0 33 t—oo 3 AB ’
: : : . A™B*
lim as; = lim a4 = lim a43 = lim ayy = .

t—o0o t—o0 t—o0 t—oo AB

29



Given the fact that the trace of the density matrix is unity, the expressions above lead to the

result
A~ B~
. 1 ATB*
Mmlei) =75 | oy
A~ Bt

As will be shown rigorously in the next section, the non-diagonal elements of the density matrix
matrix vanish to zero as time increases to very large values. This shows that the solution of

the density matrix for large values of time is a diagonal density matrix.

2.4 The Three-Spin System

The treatment for a three-spin system is similar to that of a two-spin system. For this particular
case, it is assumed that all the energy levels have the same magnitude €,. Like in the two-spin
system, it is also assumed that two of the three spins are coupled to two bosonic baths at
temperatures 17 ans T5. This allows for simplification of the study as only transition operators
and frequencies for those two spins will be required for a complete analysis. It is also assumed
that the spin-spin interaction strength K is the same between all spins. This leads, using (2.3)

to the Hamiltonian below
5 2
Hy=) S0+ K (ofo5, +0, 0l (2.27)

As for the two-spin system, the analysis is best done in the basis that diagonalizes the Hamil-

tonian. In the basis that was used for the two-spin system, the eigenvalues of the Hamiltonian
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and their respective eigenvectors are:

3

M= =5 [A1) = [000),

=31 )= 7(\001> [100)),

A= ) = (1011 = [110))

M=Ser A=),

As = —%(60 +2V2K); As) = 7(|100) fyom) +1001)),
A6 = %(eo — 2V2K); o) = 7(|110> f|101> +011)),
Ay = —%(60 — 2V2K); A7) = 7(|100> \/_|010> + [001)),
As = %(60 + 2V2K): e) = 7(|11o> f|1o1> +1011Y).

Here (2.7) and (2.8) are used to determine the transition operators for this system. It is found

that
Vi = \/—[|)\4><)\3| — [A2) (M| = [A6) (As| + [As) (Ar]],
Vi, = [|>\3><)\5| + [A0) (As] + (A7) (M| + [As) ( Azl
Vi = %U ) (As| = [A3) (Ar] + [As) (M| = [Ae) (],
U = )00l = o)l = e} sl + D) Ol

Vi, = 1A s = [As) QAs] = [As) Qhof + [A) {Aul],

Vi = HA3><A7I + A Asl =+ [As) Aa] 4 [Ae) (Aal],
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Vir = 5[ (] = I3 0%l = 35}l + 3] 01
Vi = 30600+ o)l + [Aa) el + Dbl
i = 300l = e} sl + b el = 1)l
Vi = 5[0 0%l = ) (] = 32}l + 3] 1
Vi = 3006) 00l = s} sl = Dbl + )l
Vs = 51Ah sl + 125}l + D)l + e el

The transition frequencies are

Wi = €y,
Wy = €, + \/§K7
—V2K.

As in the previous case, (2.25) is used for an analytical treatment of the diagonal elements to

give
a1p Qg -0 (8 ,011(0)
i(t) = 1 Qo e e p22(0)
pit) = XY 7 : U : : ’
Qgy -+t Qg pss(0)

where the matrix components are explicitly:

ap = (XT—eMX)YT —e Y (27 —e % 27),

1— e ONXT(YT —e YY) (2T —e?27),

Q12 =

a3 = (1—e N1 —e YT ZH(XT —e ¥ X)),

apy=1—e X1 —-e)(1-e?HXTY 2T,
TINZT(XT — e X)) (YT — e YY),

1—e (1 —e)XTZH YT —e VY 7),
1— e—Yt)YJr<X+ . eiXtX7)<Z+ _ ethZ*)’
)

= (1 — e*Xt (1 - €7Yt)X+Y+(Z+ _ €7ZtZ+),
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gy = (1 —e ™ NXT(Y ™ —e VYN (2™ —e?'27),
ags = (1 —e "N XT —eMX )Y (Z7 —e?127),
N1 —e XY (27 —e7 2T,
azy = (1—e ) (XT —eMX )Y —e YY) 27,
azg=(1—e X (1—-e?HXT (Y —e VY H)Z,
g =1—e N1 -1 -eHXY 7,
)

(X~ —eMXNY (27 —e?27),
ar=1—e )1 -eHX (Y —e Y'Y H)Z,

(X~ —eMXN)Y —e Y'Y Nz,
as1 = (1 — e )Xt —e XX )Y T —e Y 7) 27,

asy = (1 —e (1 —e?HXT (YT —e YY) 27,



asz3 = (1 — e "NXT —eMXNYHZ —e?27),
1—e (1 —e XY (Z™ —e %127,

Qs = X+ thX+)<Y+ fYtYJr)(Zf o ethz+)7

(
= (
(
=(1— e XY —e"YT)(ZT — 7727,
asr = (1 —e "1 —e Y HXT —e XX 27,
—(1—e 1 -1 —eHXTYTZ™,
=(1l—e™)1-eHX (YT —e Y'Y 7)Z,
=(1—e) (X —e XY —e VY )Z,
=(1-—e A —e YT TX (27 —e?27),
—(1—e YT (X~ —eXMXT)NZ —e %27,
=(1—e )X (YT —e"Y7)(Z7 —e77'Z7),
= (XT - XY =Y ZT - e P2,
agr=(1—e N1 —e "1 —-e Y X 27,
—(1l—e"1-e)Y (X —eXXNZ,
=(1l—e "Xt —eMX)Y (Z" —e?Z7),
=(1—e ™1 -e"HYXY (Z7 —e?Z7),
=(1—eMZT(XT —e XX (Y —e VYT,
ay=(1—e N1 —eHXTZH Y™ —e YY),
=(1—e"1-e?)ZHXT —eMXT)Y T,
=(l-e™)1—e")1-e?)XTZTYT,
= (XT —e XX Y™ — YN ZT — e %77,
=(1—e™HXNY ™ —e YY) 2T —e?27),
=(1—e ™Y1 —e XY (ZF —e227),
=(1—e )X —e XY (ZT - e 72,
=(1—e™ZTX (1 —e )Y~ —e VY T),
gy = (X~ — e MXNZH (Y™ —e YY) (1 — e,
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ags = (1—e N1 —e "1 -eHZTX Y,

s = (X~ — e XXy (1 e T ZH (1 — ),
agr=(1—e XX (Y —e V'Y (2 —e %27,
ags = (X~ — e XIXT) Y™ —e YY) (21 —e 7).

In the above expressions we have used the abbreviations:

X:F = WJl(:twl)n(Tl, j:wl) + 7TJ2(:|:LU1)TL(T2, j:wl),

Y:F = gjl(iw2)n(Tla :l:WZ) + g‘]2(:l:w2)n(T2’ :l:w2)’

7% = ng(iwg)”(Th tws) + gj2(iw3)”(T2> Fws),

XT+X =X,

YT+Y =Y
and

Jt+ 7 =127

As in the two-spin case, T; and J; are the temperature and spectral density respectively for the
5" bath. An analysis is now done to see what happens to the elements of the density matrix

when time becomes large. It is easy to see that:

. Xtyt+tz+
R
U & G
S S A
L XYz
T Ty
L XYz
e ™M T T XY Z
L XY
T T XYZ
L XY
e S e
L XYz
S e
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L XYz
T Ty

In the above expressions the index ¢ runs from 1 to 8. Like for the 2-spin case, the above

expressions imply that we have

XtY+Z+
X-y+tzt
XtY-7-
o () — XY~ 7"
=00 XYZ | y+y+g-
XY*tZ-
Xty-z+
X-Y-z+

The evolution of the non-diagonal elements of p(t) is now looked at. An analysis of po5 and ps3

gives a demonstration of how this can be done. It is seen that po5 and pgs are linked in such a

way that
d [ pas(t) pas(t)
% = Al )
ps3(t) pes(t)
where
A = (All + Ml);

1
Ay=—(XT+ 27+ X7 +Y " +727) - V2K,

I is the identity matrix, and
_y- v+
Y- -Y*
The eigenvalues A; of M are 0 and —(Y ™ +Y 7).

The fact that Re(A;) < 0 and the largest eigenvalue A\yax(M;) < 0 means that for i = 1,2

RG(AZ<A1[ -+ M1>> <0

and
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lim et = 0.

t—o00
Therefore, we have
t
lim pas(t) —0
t—oo p83 (t)

A similar treatment can be given to all the other sets of linked elements. For pis, p34, ps¢ and

P78,
1
Ay = —§(XJr +X7) —ie,
and
—Y-+2) 0 —-G* F+
0 —(YJr + Z*) F~ -G~
M2 -
—G- Ft —(Z+Y) 0
F~ —GT 0 —(YJr + Z‘)

Here F7, GT and HT are given by
m s
F:F = §J1(:I:w1)n(T1, iwl) — §J2(:l:w1)n(T2, :l:wl),

™ m

GT = S h(Fwa)n(Th, £ws) — S Jo(Fwa)n (T, £ws),
m m

HF — EJI(j:w3>n(T17 tws) — EJQ(:I:w?,)n(TQ, +ws).

The eigenvalues of M, are

1
No=—5(Y +2) % VY2 + Zy £ 2YuZs,

1
= —§(Y + 72+ (Yot Zg)?),
where
Yo=Y+t Y )24+4G+G-
and

Zy=\/(Z+—Z-)2+4H+H-.

Therefore, the eigenvalues

1
A= —5(Y + 2 £ Yo+ Zu|)
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and

1
)\max = _§(Y + Z — |YG + ZH|)

1 1
=——(Y-Yy)—=(Z—-Zgy).
(Y = Ya) - 5(7 - Zn)
In order to show that
Ammas < 0, (2.28)

two conditions must be proved to hold. The first is that Y — Y > 0. This means that

Yt4+Y™ > /(Y*t - Y- )2 +4G+G,
YT4+Y )2 > (YT Y ) 4+4GTG,
YTY™ > GG,
YtY- —GtG™ > 0.
But it is seen that
YHY -GG = (%Jl(—m)n(ﬂ, —wg)%JQ(—wg)n(Tg, —wg))(ng(wg)n(Tl, w2)+gJ2(w2)n(T2, wy))
T e s T
—(§J1(—w2)"(T1, —wy) — §J2(—w2)”(T2a —wz))(§J1(w2)”(T17w2) - §J2(W2)H(T2>w2))
= 7TJ1(—LU2)J1(LU2) + 7TJ2(-W2)J1(CU2) Z 0.

This is the required result. The second condition that must be shown is that Z — Zy > 0.

Proceeding as above, the result is obtained that

J — ZH = 7TJ1(—W3)J1(W3) + 7TJ2(-C¢J3)J1(UJ3) Z 0.
Thus it can be shown that Ap.x(Ms2) < 0. Given the fact that Re(As) < 0, it follows that
RG(AZ(AQI + Mg)) <0 fori= 1, 2, 3,4
Therefore, we can summarize the above derivations in the following compact form:

lim ef(B2/+M2) —
t—o0
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and

p15(t)
T T
T pselt)
prs(t)

A similar analysis as above is repeated for all the other non-diagonal elements. The corre-
sponding quantities A;, M, and their eigenvalues are given in the Appendix for each set of

proportional matrix elements. As in the cases dealt with above, it can be shown that for ¢ # j

This means that the non-diagonal elements vanish when time becomes large. And therefore,
as in the case of the two-spin system, the solution converges to a diagonal density matrix as

t — o0.

In this chapter, the strong spin-spin interaction model has been studied. In the first case, a
two-spin system is interacting in such a way that each of the spins is coupled to a separate
bosonic bath at a different temperature. In the three-spin case, two of the three spins are each

coupled to a separate bosonic bath at a different temperature.

These two cases are simple enough to be studied analytically. Compared to a numerical ap-
proach, an analytical study of the model allows for a deeper understanding of the physical
processes involved in the interaction of the qubit systems with the bosonic baths. The solu-

tions are general and, therefore, results can be obtained for any set of parameters.
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Chapter 3

The Weak Spin-Spin Interaction Model

The difference between this model and the strong spin-spin interaction model is that in this
particular case, the interaction between the spins is far much weaker. A direct result of this
is that the energy spectrum has a different form. Unlike in the strong interaction case, the
energy levels for the spins are not brought into one composite system. The separation between
them is maintained. In this case, as in the strong interaction case, the environment consists of
two bosonic baths. Each spin of the sub-system is coupled to a separate bath. The interaction

between each bath and the subsystem S is again given by the Hamiltonian (2.2).

Employing the Master Equation (1.39), the evolution with time of the system is given by
d ~ oo, It dwn, it~ —iw;t * 7 —iwp, it _+ iwjt
al’ = >0, o [(gn, b, e a5 €™ 1 g jbn e 0 ™),
n,j m,k

. ’ Lo
W,k —twgt

[(gm,k’[;;rn,ke Uk_e + g:z,kl;m,ke_wm’kt Ul—ci_eww )7 p(t) ® pRH‘

(3.1)

The indices m, k, n and j have the same meaning as in the strong interaction case. The trace

is again taken over the Hilbert space of the reservoir, and 7 is introduced such that t =t — 7.
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The equation of motion now becomes

d ~ ! — —t(wj—wn. )T
a’ = _Z/ dr(o; ol p(t)e "= g, [Pnlwn,;, T;)
n,j 0

— o pt)oy e T g P n(wn g, T)

+ p(t)of o5 e =) | g i (n(wn . Ty) + 1)

— o p(t)ofe g P (n(wny, T)) + 1) (3.2)
+ o oy p(t)e | g [P (n(wn g, T)) + 1)

— aj_p(t)a;rei(wj_w"’j)T|gn,j|2(n(wn,j= Tj) +1)

+ p(t)oy o T g P n(wn g, T)

— o) p(t)o; )T g P wn, T))].

After carrying out the integrations as in the strong interaction case, the expression becomes

2

95— =3 My wy)nlws, Ty) +iP / " )

, Ji(w)

w—w]

n(wj, Tj)a_a;“p(t)

— (nJj(wj)n(w;, Tj) + 1P /OO dw )n(w],T )a;-rp(t)aj_

 (m () 1) + 1)+ 1P [ ' D) s, T + )pte); of

o

— ) ) + 1) +iP [ D (e, 1)+ e altho;

W ‘*’J (3.3)
+ (i) ey T) + 1) =i [ ' _% L) ey, T) + oo )
— ()l )+ 1) =P [ 2 < (w3, T}) + 1)o7 p(t)ort
F(nwpn(e,, T) — P / " %@1“ (63, T3) + Dplt)of o}

J/j (w)

— (m (s T) —iP [ dd 2D (e, T) + Dt plt)e ).

Simplification leads to

.y p= Slmsesnles T)oT 01T = 5o o0}

+(2mJ;(wj) (n(w;, Tj) + 1)(0; p(t)oy — §{Uf0§>p(t)}+)
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/ /

—iP /OOO 4 ) o, T o ot o) — i /OOO a9 oy, T3) 4+ Dlot o7 (0]

w—w]- w—wj

(3.4)

The first two terms on the right hand side of (3.4) constitute the Dissipator D(p). The last
two terms which represent Lamb shift effects are again neglected [5]. Finally, the equation is

transformed back to the Schrodinger picture using the relation

p = —i[Hs, p| + D(p). (3.5)

3.1 Two Weakly Interacting Spins

In this particular case, two weakly interacting spins are each coupled to two separate baths at

different temperatures. The Hamiltonian of the system is taken as

. €1 ., € ., o
HSZEICH —1—5202 + K(d, 0y + 01 dx"). (3.6)

The equation of motion is given by (3.5). The solution for the diagonal elements and the two

non-diagonal elements can be written as

p11(t) p11(t)

p22(1) paa(t)
d | past) g, p23(t) ‘ (3.7)
At L pas(t) p32(t)

p33(t) p33(t)

paa(t) paa(t)

The non-zero components of the 6x6 matrix M;; are:
My = =27 Jy(wy)(n(Th,w1) + 1) — 2w Ja(wo) (n(Ta, ws) + 1),
Mo = 27 Jy(we)n(Ty, wo),
Mis = 2nJy (wi)n(Th, w),
My = 21 Jy(we)(n(T2, wa) + 1),
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My = =27 Jy(w1)(n(T1,w1) + 1) — 2w Ja(we)n(Ty, wo),

Moz = 1K,
My, = —iK,

Mg = 27 Jy (w1)n(T7, wr),
Mso = 1K,

Mys — —%[QWJl(wl)(n(Tl,wl) +1)
+27 Jo(we) (n(Ta, we) + 1) + 27J1 (wi)n(T1, wr) + 2w o (we)n(Ta, we)] — i(Ay — As),
M5 = —iK,
My = —iK,
My = — 2w (@) (n(Ts, 1) + 1)
+2m Jo(wa) (n(Ta, we) + 1) + 27 Jy (wi)n(Ty, wr) + 2w Jo(wo)n(To, wa)] + i(Ay — A3),

Mys =1K,

Mz, = 2mJy (wi)n(Th, wr),
Mz = —i K,
My, = iK,

Mss; = =21 Jy(wq)(n(T2, ws) + 1) — 27 Jy (wi)n(Ty, wr),
Msg = 2mJa(w2)(n(12, w2) + 1),
Mo = 27 Jy (wi)n(T7, wq),
Mes = 27 Jo(wo)n(Ty, wo),
Mes = =271 J1(w1)n(T1,w1) — 2w Jo(w2)n(Ts, ws),

where
€1 — €
A2 = —A3 - ! 2 2.
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For the weakly interacting spins, the steady state is considered. To find the solution, it is noted
that in this state,

p1i(t
p22(l
t
p32(l
p33(t

(t)
(t)
— (¥ =0.
(2)
(t)
paa(t)
A vector X is found such that MX = 0 where M is the matrix in (3.5). The elements of
X are the diagonal elements of the steady state density matrix and the two non-vanishing
elements po3 and ps3p. In order to preserve probability, the diagonal elements are normalized.
For the particular case where €¢; = €5 in the Hamiltonian (3.6), the solved density matrix has
the following non-vanishing components:

AK?x3 4+ X2 X3 (X1 + Xx2)?
X1+ x2)2(4K?2 4+ (X7 +x2)(xf +x3)’

P11 =
(

AK?x1x2 + X1 x5 (X1 + x2)?
X1+ Xx2)2(4K2 4+ (xi +x2)0d +x3)

P22 = P33 = (

2K (x1 x5 — Xix2)
X1+ Xx2)2(4K% 4+ (xi +x2)0d +x3)

P23 = 3y = (

pas = 1 — (p11 + p2a + ps3).

In the above expressions, the following abbreviations have been used:
X1=X1 X1,
X2 =Xz TX3,
X1 = Ji(w)(n(Tr,wr) + 1),
Xi = Jo(w2)(n(Tz, ws) + 1),
Xo = Ji(wi)n(T1,wy),
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X2_ = J2 (CUQ)TL(TQ, (.UQ).

With the solution for the density matrix obtained, the entanglement dynamics of the system

can be studied using the entanglement as a measure.
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Chapter 4

Results

4.1 Non-steady State

In this chapter, the results of the analytical study of the interaction models are presented. The
quantity of interest in all cases is the entanglement between the spins. Using the concurrence as
the measure, the variation of the entanglement with the parameters of time and temperature
is demonstrated. For both the strong spin-spin interaction model and the weak spin-spin
interaction model, the environmental spectral density that is used is the Lorentzian distribution
(2.9). Two situations are considered. In the first situation, i.e. the non-steady state, the
entanglement of any system varies with time for given parameters such as temperature. This
allows for comparisons of the concurrence-time relations to be made between different initial
states for each set of parameters. In this thesis, this is done only for the strong spin-spin
interaction model. In the second situation, i.e. the steady state, time is no longer a factor
as the concurrence reaches a constant value. Here, the concurrence-temperature relations are
studied for both the strong spin-spin interaction model and the weak spin-spin interaction

model and comparisons are made between them.

We start by analyzing the entanglement for the initial two-spin state |¢)) = %(HO) + |01)).
Figure 4.1 demonstrates how the concurrence varies with time for the chosen parameters. The

concurrence is shown for different bath temperatures. The concurrence is seen to be maximum
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at the initial time. It then begins to decrease as time passes. It is clear from the figure
that an increase in the bath temperature results in rapid destruction of the entanglement.
The entanglement is seen to fall to a particular constant value that is dependent on the bath
temperatures, T} and T5. Figures 4.2 and 4.3 respectively shown the concurrence for the initial
two-spin states [10) = |10) and ) = |11). Here, the concurrence rises to a maximum value that

then remains constant.

Figure 4.4, shows how the entanglement varies with time for the initial two-spin states ¢ =
\%(\1@ + |01)), v» = |10) and ¢ = |11). All the systems have the same bath temperature for
comparison purposes. It is seen that after initial variations, the concurrence flattens to the
same value for all the states. This is the result that was predicted theoretically as all the non-
diagonal elements of the density matrix vanish and the diagonal elements become constants,

independent of time.

Similar results are obtained when three-spin systems are considered. Figure 4.5 shows how the
entanglement is dependent on bath temperatures for the initial state \%(HOO} +(010) +1001)).
Like for the two spins system, Figure 4.6 shows how different initial states all end up with
the same value for the concurrence after a sufficiently long enough time. Once again, this is a
manifestation of the fact that all the non-diagonal elements vanish and the diagonal elements

become independent of time.

Figure 4.6 also shows another phenomenon that is not so apparent in the two spins systems but
is clearly evident for the three spins system. It is the observation that the form of the curve of the
variation of the concurrence with time also depends on whether the initial state is symmetric,
like |111), or non-symmetric, like [100) and \%(HOO) +1010) 4 ]001)). For symmetric states, the
entanglement builds to the constant value without any oscillations. For non-symmetric states,
oscillations occur before the constant value is reached. This is just a reflection of the fact that
for the non-symmetric states, the qubits point in different direction to begin with and so an

energy exchanges take place between them before the steady state is reached.
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T,=15 T,=10

1.0¢
0.8}
0.6
0.4
02!

t
5 10 15 20 25 30

T,=10; T, =01

T, =0.5; T,=0.05

Figure 4.1: The variation of the concurrence with time for the strong spin-spin interaction
model when the initial state is [¢)) = \%(HO) +|01)). The bath temperatures T} and T3 are
shown for each of the curves. The chosen Hamiltonian parameters are ¢; = 2,e5 = 1, K = 1.

The decrease in the concurrence with increasing temperature is obvious.
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T.=15 T,=1.0

0.012¢
0.010¢
0.008¢
0.006¢
0.004;
0.002}

T,=10; T,=01

0.15;
0.10;
0.05;

e
5 10 15 20 25 30

T, =05; T,=0.05

0.20¢
0.15¢
0.10+
0.05¢

Figure 4.2: The variation of the concurrence with time for the initial two-spin state |¢)) = |10).

In this case ¢, = 2,¢5 = 1, K = 1. The concurrence is seen to increase to a constant value.
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T,=15 T,=1.0

0.012¢
0.010¢
0.008¢
0.006¢
0.004}
0.002}

T,=10; T,=01

0.15;
0.10;
0.05;

T, =05; T,=0.05

0.20+
0.15¢
0.10+
0.05+

Figure 4.3: The variation of the concurrence with time for the initial two-spin state |¢)) = |11).
The Hamiltonian parameters are €; = 2,e5 = 1, K = 1. Initially, the system is not entangled.

Entanglement then builds with time to a constant level.
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0.20¢
0.15:
0.10+
0.05¢

l¥)=[11)

0.20+
0.15¢
0.10+
0.05¢

¥)=110)

_ (110)+/01))

vz

Figure 4.4: Concurrence vs. time for different initial two spin states. The temperatures for each

state are 77 = 0.5, T = 0.01, and the Hamiltonian parameters are €; = 2,e5 = 1 and,K = 1.

All the different states are seen to end up with the same value for the concurrence.
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T,=06; T,=05

““““““ I I ! ! t
5 10 15 20 25 30

T,=05; T,=04

e
5 10 15 20 25 30

T,=04; T,=0.3

Figure 4.5: The variation of the concurrence with time for the initial three-spin state 1
\%(HOO) +1010) + |001)). The bath temperatures are shown for each case. Here €; = 2, €
LK =1
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ly)=[111)

0.04:
0.03¢
0.02}
0.01:

ly)=1100)
C
0.04f
0.03}
0.02}
0.01}

_ (1200)+/010)+/001))
V3

Figure 4.6: Concurrence vs. time for the indicated three-spin initial states . The temperatures
are 77 = 0.4, T, = 0.3, and the Hamiltonian parameters are e, = 2,e5 = 1, K = 1. As in the

two spins case, entanglement for all the states converges to the same value.

93



Figure 4.7: A surface-plot of the Concurrence as a function of the bath temperatures for
the strong two spins interaction system. This is for the two-spin steady state case where

€1 = 5,69 = 1, K = 1. The decrease of entanglement with increasing temperature is apparent.

4.2 Steady State

As has been shown analytically, in the limit, as ¢ — oo, all the diagonal elements of p vanish.

The diagonal elements become dependent only on the bath temperatures 7} and T5.

Given that in the steady state time no longer affects the entanglement, the effects of the
bath temperatures on the concurrence can now be studied. The steady state also provides
the opportunity for comparisons to be made between entanglement in the strong spin-spin

interaction model and the weak spin-spin interaction model.

Figure 4.7 is a surface-plot of the variation of the concurrence with the bath temperatures for
the two spins system. It is observed that the increase in either bath temperature results in a
steady fall in the concurrence. At high enough temperatures, the concurrence drops to zero.
These results are, as would be expected, the same for both the two spins system and the three
spins system. When a comparison is made with the weak spin interaction system, it is seen
that for the same parameters of temperature and energy, the concurrence for the weak spin
system is much lower. In fact, in the weak interaction system, the entanglement is zero for the

most part in the case of the parameters that are given in the Figures 4.7 and 4.8.
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Figure 4.8: A surface-plot of the Concurrence as a function the bath temperatures for the weak

two spins interaction system. In this case ¢, =5,¢; =1, K = 0.01
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Figure 4.9: A surface-plot of the Concurrence as a function of the temperature difference
between the two baths AT and the mean temperature 7T,, for the strong two spins interaction

system. The chosen parameters are e =5, =1, K =1

The steady state also provides an opportunity to see how the entanglement is affected by both
the mean bath temperature, T,, = (17 + 713)/2 and the temperature difference between the
baths AT = T} — T;. Figures 4.9 and 4.10 show the results for the strong and weak spin

interaction systems respectively.

It is observed that an increase in T,, has the effect of reducing the value of the concurrence.
Comparison of the figures 4.9 and 4.10 reveals a difference between the strong spin-spin inter-
action model and the weak spin-spin interaction model. Generally, for any given values of the
bath temperatures, the entanglement for the weak spin interaction is much lower than for the
strong interaction. The figures also reveals that for the strong interaction model, the concur-
rence is maximum when AT is zero. This is not the case for the weak interaction model, where

the maximum value is not necessarily at AT = 0.

One of the clearest results that emerged from our study is the relationship between the bath

temperature and the concurrence. For the strong spin-spin interaction model, it is seen that
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Figure 4.10: A surface-plot of the Concurrence as a function of the temperature difference
between the two baths AT and the mean temperature 7, for the weak two spins interaction

system. The parameters are ¢; = 5,¢; = 1, K = 0.01.

an increase in temperature from very low values reduces the concurrence. At high enough
temperatures, the concurrence vanishes all together. This is true for both the two-spins and
the three-spins cases. We have also observed how in the strong interaction case, all systems,
regardless of the initial conditions, end up with the same amount of entanglement for given

sets of parameters.

There are some obvious differences between the steady state dynamics for the strong interaction
model and for the weak interaction model. In the strong interaction case, all the non-diagonal
elements of the density matrix vanish. In the weak interaction case, some do not vanish. The
dependence of the concurrence on temperature is different for these two models. In the strong
interaction case, there is a wide range of temperatures over which the concurrence is not zero.
The weak interaction case, on the other hand provides only a very narrow range of temperatures

over which any entanglement is observed.
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Chapter 5

Conclusion

This thesis has been focused on the study of the dynamics of the thermal entanglement of spin
chains. In the first part of the thesis, we highlighted some of the many possible applications of
entanglement. In quantum information and quantum computing, the basic unit of information
is the qubit, which can be represented by a superposition of spin states. Efficient storage,
manipulation and retrieval of information can only be possible if the dynamics of the entan-
glement between the qubits is understood. In quantum teleportation, it is the entanglement
between the separated parts of a pair of qubits that allows for exact copies of another qubit
to be teleported. In quantum cryptography, entanglement enables information transmission

between parties to be made securely.

Transition from the theoretical to the practical means that all the quantum systems of interest
would have to be exposed to the environment. The non-unitary evolution of these open systems
is much more complicated than the unitary evolution of closed systems. The derivation of
the master equation for the analysis of the dynamics of open systems in the Born-Markov
approximation has been demonstrated. Two models have been considered; the strong spin-spin
interaction model and the weak spin-spin interaction model. For each of these models the
appropriate equation which describes the evolution of the system with time has been given
and solved. From these solutions, the dynamics of the entanglement of the systems have been

studied using analytical methods. This has been done with the concurrence as the measure of
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the entanglement.

One of the objectives of the study has been to see what the effects of bath temperatures are
on the entanglement of the systems. Of the results obtained, one of the most obvious has been
the fact that the entanglement of the systems decreases with increasing bath temperature. As
expected, this result was obtained for all the states and for both the strong and the weak

spin-spin interaction models.

Observations also verified a result that was obtained in the study of the solutions of systems.
It was shown analytically that in the limit of large times, the density matrix reduces to one
where the diagonal elements are the only non-zero elements. This was shown by the result that

given the same bath temperatures all the states show the same value of the concurrence.

In this steady state, it has been possible to observe how the concurrence varies with both
the mean temperature 7, and the bath temperature difference AT for both models. For all
temperatures, the entanglement in the weak spin interaction model has been shown to be
considerably less than it is for the strong interaction model. Indeed, it is only for a very narrow

range of temperature that the concurrence is above zero.

The other notable difference is that for the strong spin-spin interaction model, the highest value
for the concurrence occurs when the difference between the bath temperatures AT = 0. This

is not seen to be the case for the weak spin-spin interaction model.

The analytical methods used in this thesis can be used to extend this study. It would be useful
to see how the entanglement-temperature variation patterns are affected as the number of spins
being considered increases to four or more spins. Comparisons can then be made between the

two models.

Some approximations and simplifications were made in this thesis. An important step that
was taken was the use of the Markovian approximation. A possible area of further study is
the comparison of the weak and strong interaction models with the use of master equations

obtained using non-Markovian considerations.

In the study of the three-spin system, the analysis was simplified by assuming that all the spins

had the same energy value. The situation obviously becomes a lot more complicated when
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different energy values are assigned to different spins. Studies can be done to see how this
would affect the entanglement between those spins, and how that in turn would be affected by

the bath temperatures.
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Appendix

Sets Of Linked Density Matrix Elements

The following eight sets of elements are those of the reduced density matrix for the three-spin
system. They are linked in a way that is similar to the elements in Section 2.4. Listed for each
set are the matrices and the corresponding eigenvalues, and in a manner equivalent to that

used in Section 2.4, it can be shown that at large times these non-diagonal elements vanish.

i. For the density matrix elements p1s5, pa2g, P73, Psa, the matrices and corresponding eigenvalues

used in the proof are:

1
Ag = —§<Z+ -+ Zi) -+ iE,
—(X~4Y") Ft G+ 0
F~ —(XtT+Y") 0 Gt
My =
G 0 (Yt X Pt
0 G- F- —(X*t+YH)

1
A= —S(X+Y) VXR Y £2X,Ys

:_% <X+Yi\/m>,

where

Xp= (Xt —X")2 4+ 4F+F-

and

Yo=Y+ -Y )2 4+4G+G-.
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ii. For the density matrix elements p;3, p24, the matrices and corresponding eigenvalues are:

1
Ay = _E(Y_ +ZY+ Y+ Z7) + 2ie,

- X Xt
—_X- Xt

M, =

AN =0,—(X" +X7T).
iii. For pyg, p74, the matrices and corresponding eigenvalues are:
1
As=—(XT+ 27+ X +77) —i(2 - V2K),

M, =
Y- Y+t

A=0,—(Y +Y™H)

iv. For pi17, pos, ps3, pes, the matrices and corresponding eigenvalues are:

Ag = —%(w YY) +ile — VRE),

—(X~+2) —Ft —H* 0
—F~ —(Xt+27) 0 —H*
Mg =
—H~ 0 —(ZT+X7) —FT
0 H~ —F- —(X*T+2%)

1
A= —5(X+2)% X2+ 25 £ 2Xr 2y

:—%<X+Zﬂ:\/m>.

Xp=+/(X+—X")2+4F+F-,
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Zy =/(Z+ —Z-)2 +4H+H-.

v. For pis, ps4, the matrices and corresponding eigenvalues are:

1
A= —S (X +Y + X7 +Y7) +i2e+ V2K,
—Z- 7t
7= —z*
N=0,—(Z" 4 2Z%).

vi. For pos, ps3, the matrices and corresponding eigenvalues are:

1
Ag = —§(X++Z++X‘ +Z7) + 2K,

Y~ Y+
y- -yt

Mg =

A=0,—(Y" +Y").

vii. For pa7, pe3, the matrices and corresponding eigenvalues are:

1
Ay = —§(X+ +YT 4+ X +Y ) +iV2K,

-7~ Z-‘r
Z- —Z"

My =

)\i - 0, —(Zi + Z+)

viii. For ps7, pes, the matrices and corresponding eigenvalues are:

1
Ay = —§(Y+ +ZY+Y T+ Z7)+i2V2K,
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—-Z- Z"
z- =7t

Mo =

Ni=0,—(Z"+2").

The hermiticity of the density matrix means that lim; ,.p;;(t) = limy_...p;i(t). Thus, the
density matrix elements that have been considered above and in Chapter 2 are all that are

needed to prove that all the non-diagonal elements vanish at large times.
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