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ABSTRACT

INTRODUCTION TO OPEN QUANTUM SYSTEMS

The purpose of this study is to introduce open quantum systems to the reader.
The study should not be taken as a comprehensive resource on the subject. In the
study, some of the fundamental concepts of quantum mechanics have been given with
a different point of view; thus, it is intended to take the reader beyond the orthodox
attitude of standard quantum mechanics. Here, we will start with the introduction
of basic tools to understand the open quantum systems. In the study, system-plus-
reservoir model, which is the most fundamental model to understand the nature of
open systems, will be introduced. Then, quantum evolutions will be generalized and
how non-unitary evolution will be defined will be shown. In this study, only markovian
open systems will be introduced. Finally, the example of quantum harmonic oscillator,
which is isomorphic to most quantum systems, will be given as a physical example for

explaining the dynamics of open systems.



OZET

ACIK KUANTUM SISTEMLERE GIRIS

Bu tezin amaci agik kuantum sistemlerle okuyucuyu tanigtirmaktir. Tez konuyla
ilgili kapsamli bir kaynak olma iddiasinda degildir. Tezde kuantum mekaniginin bazi
temel kavramlar1 farkli bir bakig acisiyla verilmistir, bununla okuyucunun standart
kuantum mekaniginin ortodoks tavrinin otesine ge¢mesi hedeflenmistir. Burada agik
kuantum sistemlerin anlagilmasi i¢in temel araglar1 tanitarak baglayacagiz. Tezde acik
sistemlerin dogasini anlamada kullanilan en temel model olan sistem-arti-i1s1 banyosu
modeli tanitilacaktir. Ardindan kuantum evrimlegmeler genellestirilerek tiniter ol-
mayan evrimlegmelerin nasil tanimlanacag: gosterilecektir. Tezde, sadece markof ozel-
liklerine sahip acik sistemler incelenmigtir. Son olarak acik sistemlerin dinamiginin
anlasilmasi igin, fiziksel 6rnek olarak bir cok kuantum sisteme izomorfik olan kuantum

harmonik salinic1 6rnegi verilecektir.
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1. INTRODUCTION

No system in the universe -maybe neither the universe itself- is closed. All systems
are in interaction with the rest of the universe. These systems are called open systems.
For example, the coffee in your cup is a good example of an open system. However,
in theoretical physics the notion of closed system is very important; the rudimentary
versions of physics laws are verified very well by systems of this type. If you want to
estimate for how long your coffee will remain warm, i.e. for how long you are going
to enjoy drinking it, considering it as a subsystem of a closed system on which physics

rules will make very good estimations, will ease your job.

For example, you can take the coffee you drink in your warm room on a cold
winter day, as the subsystem of the closed room system. If you go out with it for a
walk, the only place your coffee will be a subsystem of and that may be accepted as
closed will be a cold city. But note that you are just interested in your coffee. In
order to get the most accurate information on your coffee’s temperature, you have to
eliminate as much as possible the degrees of freedom of the system you accept as closed.
For an open system, we have provided the definition of “a system that interacts with
the rest in the universe”; however, if you are outside you can start with eliminating the
world except for the street you are in. The better you isolate your coffee, the slower its
condition will change. In order to enjoy your coffee longer, you should prefer a thermos
mug, which is quite stylish nowadays. It may be considered as a good approximation
to accept the coffee as totally closed for 1 minute in a mug that can keep your coffee

warm for 1 hour, and as a much better approximation to accept it closed for 1 second.

In physics, we can define a closed system as one that is completely under our
control. In fact, in the example above, we have maximized our control by putting our
coffee in an insulated mug, thus we have minimized the environmental impact. We
can clearly state that, in classical physics, taking the system as a closed one provides
you with highly accurate information on the system. However, taking the quantum

systems, which live in the microscopic world that is too small for us to experience, com-



pletely under control is impossible even with the most advanced experiment techniques.
This is why all quantum systems should be considered as open systems. This type of
open systems comprises the subject of this study. Let’s mention the closed quantum
system assumption in order to better understand the open quantum systems. Stan-
dard “Introduction to Quantum Mechanics” lessons are largely concerned with closed
systems. The most important assumption regarding the closed systems is about the
environment outside of the system. The environment of the closed system is another
system that does not exhibit quantum-mechanical properties. To put it more simply,
we consider the environment of the closed quantum system as a classic system, which
we take under complete control. The closed system is fully defined by the correspond-
ing Hamiltonian. In case of an open system, our assumption about the environment is
completely different. The environment of the open quantum system is another system
that exhibit quantum-mechanical properties. The result of the interaction between a
quantum system and another one is very different than the result of the interaction
between two classic systems. When quantum systems interact, we come across an ex-
ceptional phenomenon called entanglement. Two quantum systems become entangled
when they interact with each other dynamically. Entanglement is the heart of quantum

computing.

Quantum information theory has begun to develop quickly in the last 30 years.
In fact, quantum information theory was the inevitable result of the fact that quantum
mechanics is a probabilistic theory. Open quantum systems have a key role in quantum
information theory and quantum computing. When the system interacts with the
environment, its quantum-mechanical properties are erased by the environment. In
case of entanglement, the environment’s quantum-mechanical properties will have been
also erased by the system of interest. We call this phenomenon “decoherence”. In the
future, when the open systems are better understood, we will control the quantum
systems better to prevent decoherence and be able to develop quantum computer.
Let’s remember the coffee example: what we were interested in was only the condition
of the coffee. In the open systems theory the basic idea is to define an open system
picture in which we exclude the dynamic properties of the environment as much as

possible. In addition, it is important for you to know that the theory of open systems



is based firmly on standard quantum mechanics. We were looking for a composite
system that can be accepted as closed, to examine the state of the coffee. In order to
extend the standard mechanics to the open systems, we define a larger closed system,
which the open system is a subsystem of. Such a system can always be found with a

good approximation.

In this study, it is intended to make a quick and simple start to quantum open
systems. It is targeted to close the gap between standard quantum mechanics and
open quantum systems theory, this way. Furthermore, some concepts of quantum
mechanics have been re-discussed and attributed new meanings. Here, markovian
open systems, which are the simplest example of open systems, have been introduced.
This is important for providing a pedagogic introduction. In the second chapter of
the study, mathematical tools that are important for the open systems theory have
been given and physical considerations have been developed. In the third chapter, an
introduction to the open systems has been presented in its most common form. In
addition, the evolution of quantum system are defined with superoperator formalism
in its most common form, has been shown. In the fourth chapter, Stochastic processes
and a short introduction to the classical markov processes have been presented and
markovian master equations that describe the dynamics of the open systems have been
derived through two different ways. Then, in the chapter five, an example of open
quantum harmonic oscillator has been solved explicitly for explaining the physical

foundations of markovian approach.



2. TOOLS FOR OPEN QUANTUM SYSTEMS

2.1. Basics of Quantum Mechanics

In this first section, I wish to provide a rapid review of the formalism of quantum

mechanics.

2.1.1. Hilbert Spaces

The formalism of quantum mechanics is built on the theory of Hilbert Spaces.
Identical quantum systems are associated with the same type of Hilbert Space. A
Hilbert Space H is a complex vector space which is equipped with the inner product
[1]. In the language of Dirac, elements of H are called "ket” vectors, and are denoted
by the "ket” symbol | ), i.e. [¢). The inner product of two vectors |1)) and |¢) in H
is denoted (1|¢), where (1| is called "bra” vector. The bra vectors belong to the dual
space of H, which is denoted by H*.

The most important properties of a Hilbert Space consisting of a set of vectors

[),|6), |x),---and a set of complex numbers a,b,c,... is given in the list below [2]:

e Each ket vector [¢)) corresponds to a unique bra vector (1| and vice versa:

(19))* = (¥ (2.1)

e Kets obey the principle of the superposition:

(1)

) +10) = o) + [¥) e H (2.2)



aly) +bl¢) € H

(2.3)

e The inner product is a map (,|,):H*xH — C satisfying the following properties:

(1)
(Wlo) = (¢l)*
(i)
(a|d) = a™(ol)
(i)

(¥(alo +0x)) = a{v]d) + b{¥|x)

(iv) (¢| and (¢| are orthogonal if

(¥lg) =0
(v)
(¢¢) =0
e The norm of (1] is written by
Il = v/ ([9)

if (]1p) =1, |¢) is called a normalised (unit) vector.

(2.5)

(2.8)

(2.9)

e In N-dimensional Hilbert Space H, a set of vectors {|a;),...Jay)} is said to be an



orthonormal basis if
is satisfied.

From now on, I will assume that the term ”basis” means an orthonormal basis.

e By the above, for any [¢)) € H can be decomposed as
() =) Cala) (2.11)

where C, are called the components of the vector |¢) in the basis {|a)}. For a

more general discussion of the properties of Hilbert Spaces, see [1,3].

2.1.2. State Vectors
Consider a closed system, described by the Hilbert Space H. If we have complete
information about the system, the state of the system is represented by a normalized

state vector. Such a state is referred as a pure state. Suppose the system is in the

state [1). Then we have the following,

(Vy) =1 (2.12)

This is called the normalization condition.

The state vector |¢)) can be written as a linear combination of the basis. Let

{]a)} be basis of H, then we have,
W) = _ Cala) (2.13)

where C,’s are called the probability amplitudes of the superposition state |¢) in the



basis.

2.1.3

. Operators

A basic formalism of quantum operators can be summarized in the list below:

For any |¢), |¢) € H and a,b € C, an operator A is said to be linear if,

Alalp) +19)) = aAly) + bA[9) (2.14)

Identity operator is denoted by 1, which transforms each vector into itself:

1) = [¢) (2.15)

In general, the matrix multiplication of two operators is not commutative:

AB # BA (2.16)

Inverse of the operator A is denoted by A~! which satisfies the following relation:

AAT =A"1A=1 (2.17)

Matrix multiplication between a ket | ¢ ) and a bra ( ¢ | respectively is called
the ”outer product” which is denoted by | 10 ) ( ¢ |. The outer product acts as
an operator.

A state vector | ¢ ) is said to be an eigenstate of an operator A if,

Al) = al) (2.18)

where a € C is called an eigenvalue of A. This equation is called the eigenvalue

equation.



The Hermitian adjoint of an operator A is denoted by AT and is defined as

(U] Alg)" = (9| ATly) (2.19)

An operator A is said to be Hermitian if

A=A (2.20)

An Hermitian operator A is said to be positive if, for any [¢),

(V[Al) =0 (2.21)

The operator P is said to be a projection operator if,

Pl =P,P?=P (2.22)

Consider a basis {|a)}. The operator

P. = |a){al (2.23)

is called the projection operator onto the basis vector |a).

The commutator [A,B] is defined as,

[A,B] = AB — BA (2.24)

The anticommutator {A,B} is defined as

{A,B} = AB + BA (2.25)



e An operator U is said to be a unitary operator if,
UUt=UU =1 (2.26)

e Consider a basis {|a)} of an infinite dimensional Hilbert Space. The ”complete-

ness relation” for this basis is given by

o

> la)(al =1 (2.27)
a=1
2.1.4. Observables

In quantum mechanics, every measurable quantity is represented by a Hermitian

operator on H. Consider an observable A.

o All eigenvalues of A are real.
e Eigenstates of an operator A form a basis.
e If a system is in the state |¢), the expectation value of A is given by the ”Born

Rule”:

(A) = (¢[AlY) (2.28)

e For any |¢) € H and {|a)} is a basis of H, the probability of finding the system

in ay, basis state is given by

P(a) = [{aly)|* (2.29)
where P(a) satisfies the usual probability laws:

0< Pla) <1 (2.30)
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Y Pla)=1 (2.31)

e The operators z and p, corresponding to the position and momentum of a particle,

satisfy the well-known commutation relation
[z, p] =ik (2.32)
2.2. Time-Evolution in Closed Quantum Systems

In the present section, I will touch a few aspects of the quantum dynamics from

the perspective of the main subject of thesis.
2.2.1. Unitary Time-Evolution

We begin with the concept of a closed quantum system, that is necessary to

understand the unitary time evolution and, also the main text of this thesis.

A closed quantum system is the one that cannot access any physical information
from the rest of the universe and vice versa. Thus, information confined to a system

is conserved while a state moves in time [4]:

e Describing with physics language, a pure state evolves into another pure state.
e Mathematically speaking, the normalization condition is conserved in time evo-
lution of a closed system.

e Closed quantum systems obey the unitary time evolution.

Consider that a closed system starts out in state [1/(0)) at time zero. Let [1(t))
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be the state at time t>0. We can write

W) = (L(0)[¢(0))
= (¥(0)|1](0)) (2.33)
= (@(0)|UT (U (1)]4(0))

where we have used Equation 2.26 Then, we write

[¥(t)) = U@)[¢(0)) (2.34)

where U(t) is called a unitary time evolution operator. More generally, for given initial

state [1(to)), a state |1(t)) at any time t>t is written as,

[v(t)) = Ul(t, o)1 (to)) (2.35)

U(t) satisfies the following properties [5]:

Ul(t, to)U(t, to) = Ut to)UT(t, 1) =1 (2.36)
Ut,t) =1 (2.37)

Ul(t,ty) = U (t, to) = Ulto, t) (2.38)
Uty ta)U(ta, t3) = Ul(ty, t3) (2.39)

where t;>ty>t3.
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2.2.2. The Schrodinger Picture

The Schrodinger picture is useful for problems with time independent Hamilto-
nian. In this picture, states evolve in time while the operators are constant. The time

evolution of the Schrédinger state is governed by the Schrédinger equation:

L dlp(t)
ih= = = HJ () (2.40)

where H is time-independent Hamiltonian. In this picture, the Schrodinger equation

for U(t) can be written as

LdU(t)
ZhT = HU(t) (2.41)

For time-independent Hamiltonian H, the solution of Equation 2.41 can be given as

Ult)=e"r (2.42)

2.2.3. The Heisenberg Picture

In this picture the states are constant and the operators are time dependent.
The Heisenberg states can be thought as completely frozen in time [2]. They are often

denoted by [¢) g, such that,

[%(t)) = UT®)l(1)) = [4(0)) (2.43)

Since the Heisenberg states are constant, the equation of motion is derived from the

Heisenberg operators. The observable A is denoted by Ag(t) in the Heisenberg picture.



13

The Heisenberg operator Ay (t) is decomposed in terms of U(t) and A:

Ap(t) = U () AU(t) (2.44)

where A corresponds to the observable in the Schrodinger picture. The Heisenberg

equation of motion can be given as

dAu(t) 1
dt  ih

[Ar(t), H] (2.45)

where we have assumed that A does not depend explicitly on time and H is time

independent [6].

If H is time dependent, the solution of Equation 2.41 can be given under two

headings [5];
o If [H(t),H(t")] = for all t,t’,
Ult,ty) = exp{—% /OtH(t’)dt’} (2.46)
o Tf [H(t),H(t")] 0 for t£¢
Ut ty) = Tea:p{—% /t:H(t’)dt’} (2.47)

where T is the chronological operator. This solution can be given more explicitly

as

> y t t1 tn—1
Ut to) _1+Z(—%>n/ dtl/ dtz.../ dt H(E) H(ty)  (2.48)
n=1 to to to
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2.2.4. Interaction Picture

In the interaction picture, both states and operators evolve in time. This pic-
ture is particularly useful, when the Hamiltonian includes a weak, time dependent
perturbation term. Suppose that the Hamiltonian can be decomposed into two parts

H(t) = Hy + Hi(t) (2.49)

where Hy is time independent, and H;(t) is often called the interaction Hamiltonian.

Interaction state vectors are defined as

(1)) = e 7 [ (1)) (2.50)

Also, the interaction operators are obtained as follows:

~ iHgt __iHgt

Aty =en Ae n (2.51)

where fl(t) is the interaction operator, and A is the well-known Schrédinger operator.

Similarly, interaction Hamiltonian Hy(t) can be written in the interaction picture as

~ iHgt iHgt

H](t) =e h H[(f)G h (252)

The time evolution of [)(t)) is governed by the following equation [2]:

UL AOI0) (2:59)
The operator A(t) evolves in time as
@ = .l[fl(t),Ho] (2.54)
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where we have assumed %:0.
It is sufficient to make the following observation
e The state [¢)(t)) has a time dependence and is determined by H;(t) Equation
2.53.
e An operator A(t) has a time dependence and is determined by Hy(Equation 2.54).

2.3. Tensor Product and Trace

In this section, I wish to provide a mathematical formalism which we need to

formulate the physics of the open systems.
2.3.1. Tensor Product

A tensor product is a way of combining two or more Hilbert spaces, whose di-

mensions does not need to be the same, to form larger Hilbert spaces.

Let H) and H® be two Hilbert spaces whose dimensions N and M respectively.
The tensor product of H*) and H®) is denoted by

HAB) — 3y(A) g 2(B) (2.55)
where H4P) is called product Hilbert space with dimension NM. If {|a)} is a basis
for ) and {|b)} is a basis for H®) then {|a) ® |b)} forms a basis for H“4?). Then
one can see that, for any [V} € HW |¢B)) € HB) there is a product vector

[ @ |¢B)) € HAB) | which can be written in different ways [7].

W) @ |¢P) = | @) [Py = [ Py = |4, ¢) (2.56)

The tensor product satisfies following properties:
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e for any |[¢p € HW), |¢p € HP)) and ce C,
c(|¢) @ 10) = (c[¥)) @ d) = |[) © (c|¢)); (2.57)
e for any |¢1),[1s) € HAW and |¢) € HB),
([1) + |1h2)) @ |§) = |vh1) ® |9) + [th2) ® [9); (2.58)
o for any [1)) € H and |¢y), |p2) € HP),
) @ (161) + |¢2)) = [¥) @ [d1) + [¢) © [¢2) (2.59)
We can define the inner product on HAB=HW & HB) as follows:
o for any [p2 = [oi"), 67).|6“P)=[uy"). [6F) € HUP) an inner product
(WD) = iV 0171057 € C (2.60)
o for any [u"), [03") € HY and [p17)=[uy', o)) € HUAP
(W16 = @V [05)16) € HP (2.61)
which is called a partial inner product on H45).
We may also define the tensor product of two operators acting on different Hilbert
spaces. Let X and Y be two operators acting on H4) and H®) respectively. The

tensor product X4 @ Y(B) acts "space by space”,

(XD @Y B) (| @ [¢P)) = XD|yp) @ ¥ BBy (2.62)
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Finally, some useful relations are given in the list below

XD oy® — (xWe1®)aWey®) (2.63)
XW = xWg1® (2.64)

YH) = 1@ @ y®) (2.65)

(XA yB] =0 (2.66)

o for any [{™M), [y € H and [67), |¢5”) € HPB), then

[ @ 1017057 = [, 61w, 0 (2.67)

is an operator on H @ HP). For an extended discussion about tensor products

and tensor product spaces, see [8].
2.3.2. Trace

The trace operation is a linear functional which acts on operators. The definition

of trace can be given under two headings [9,10]:

e the trace transforms the outer product into the inner product,

tr(la){Bl) = (Bla) (2.68)
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o If {|n)} is a basis for H where A acts on, the trace of A is given by

tr(A) = (n|Aln) =Y Ay, (2.69)

n

The trace operation satisfies the following properties:
e A and B on H, and a,be C,

tr(aA+bB) = atr(A) + btr(B)  (linearity); (2.70)

tr(AB) =tr(BA) (cyclic property). (2.71)

The cyclic property of trace can be generalize to the product of more than two

operators.

e By above,

tr|A, B] = tr(AB — BA)
=tr(AB) — tr(BA)

(2.72)
=tr(AB) — tr(AB)
=0
tr(Alp)(¢l) = tr([v)(o|A) = (¢] Al¢) (2.73)

tr(Alp) (9] B) = (¢|BA[) (2.74)
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2.3.3. Partial Trace

The partial trace is an operator valued function, which acts on product operators.
Let X and Y®) be operators on HY), HB) respectively. The partial trace trea) is a

linear map that is determined by

tray(XW o y®) = yBir(X) (2.75)

If {|n®)} is a basis for HP), trp) is determined by

trs) (XW @y®) = Z(”(B)|X(A) ® Y B |nP)y

n

= |y )XW (2.76)

= X(A) Z Ynn

2.4. Composite Systems

As in classical physics, also quantum systems often have an internal structure [7].
Such a system is referred to as a quantum composite system. We always assume that
composite systems are closed systems consisting of two or more individually detectable

subsystems.

This section is devoted to introduce a formalism whereby the state of a composite
system is expressed, in terms of states of its subsystems. Without loss of generality we
will restrict our attention to the composite systems consisting of only two subsystems,
which is called a ”bipartite system”. Once this case is understood, it will be easy to

generalize composite systems including more than two subsystems.
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2.4.1. Product States

The state of a composite system consisting if uncorrelated subsystems can be
represented as the tensor product of states of the subsystems. Such a state is called

the product state.

Consider that we have a composite system AB consisting of subsystems A and
B, described by the Hilbert spaces H4 and HB). Let [¢(AP)) be the state of AB. If
A and B have been prepared independently in states [¢)(Y) and [¢)(P)), then the state

|p(AB)) can be written as

[P = [ ) @ |¢') (2.77)

where |14B)) € HA @ HB),

A product state is also called an entangled or separable state.

2.4.2. Entangled States

We consider again the system AB with the subsystems A and B. If A and B
interact sometime in the past, it is not possible to define state vectors to the individual
subsystems in the future [9]. Therefore, the state of AB cannot be written as the tensor
product of states of subsystems, such a state is called entangled state. This phenomena

is called the entanglement, which was introduced by Erwin Schrédinger in 1935 [11].

It is important to realize that the interacted systems A and B erase quantum
mechanical properties of each other while the system AB remains in purely quantum

mechanical. Mathematically speaking, the state of AB cannot be written in the form
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of Equation 2.77:

[ # ) @ |¢1) (2.78)

To illustrate this more rigorously let us look at the following abstract model

constructed step by step :

e consider two systems A, B described by H) and H®) whose bases {|a,(€A))} and
{|bl(B))} (k,1=1,2) respectively.

e at time t=0, the composite system AB is in the product state given by
™) = lus™) © lgg”) € HUD (2.79)
where

sy = —=(lar) + |as)) (2.80)

Sl

and

[66”) = [b1) (2.81)

e at a time t=t; >0, A and B interacts each other. Since the system AB is closed,
this interaction corresponds to a unitary operator on H(“#). Suppose the unitary

operator described by

U(AB) = |CL1><(11| X 1| + |a2,b2)(a2,b1| + |CL2,b1><CL2, bg| (282)
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then the state of AB at any time t> t; can be calculated as:

UAP [Py = (|lar)ar| @ 1] + |ag, ba) {ag, by| + |ag, br){az, ba|) |10, do)
= (a1|vpo)|ar, po) + (az|ts) (b1|po)|az, ba)

(2.83)
+ (az|to) (b2|po) |az, br)
1 1
= —|a1) ® |by) + —=laz) @ |b
\/él 1) ’ 1> \/il 2> ’ 2>
Let be [1)(45)) denotes the state of AB at time t, then we obtain
1
[04P) = —=(lar, bi) + |az, b)) (2.84)

V2

The state [1)(P)) is an entangled state of AB, where A and B are perfectly
correlated. Obviously, in this entangled state, neither the subsystem A nor the
subsystem B is in a pure state. Since the states of two subsystems are statistically
dependent on each other, learning the state of A or B changes the probability of
the states B or A.

2.5. A Basic Formalism of the Density Operator

Density operator formalism is fundamental to understand the main text of the
thesis. In this section, I wish to give a brief introduction to the formalism. For a more

comprehensive definition of the formalism, see [12].

2.5.1. Mixed States

A quantum system is said to be in a "mixed state” if we don’t have complete
knowledge about a system. In mixed case, a state of a system may not be known

explicitly, but may be known statistically.

By the definition, we can say that the accessible information about a system

contains some classical indeterminism. Indeed, the advantage of using density operators



23

lies in the fact that the notion of a state vector breaks down to illustration of some

information arising from classical uncertainty.
In general, this incomplete information can be presented in the following way:

Consider an ensemble whose identical members can be found in one of the n
different pure states, {|1,)} with corresponding probabilities {|P,)} (o = 1,...,n). Ob-

viously, we have

Y k=1 (2.85)

Now, let’s construct the density operator describing the state of an ensemble.
Remember that the accessible information can be extracted by using appropriate mea-
surements on the state. We measure the state using A. Let (A4),, denotes the expectation

value A measured over the state |1),).

(Ao = (YalAlta) (2.86)

By analogy with statistical mechanics, one can write the expectation value of A

in the state of an ensemble as a convex sum of (A),:

<A> = Z Pa<¢a|A|¢a>
= ZPatr(|¢a><¢a|A> (2'87)

= tT{Z Pa|¢a><wa|A}

We can now define the density operator p to be

p= Z Pa|¢a><¢a| (2'88)



24

Equation 2.87 can be rewritten in terms of p as

(A) = tr(pA) (2.89)
Obviously, p is independent of the observable, determined by the construction of an
ensemble. Note that, the pure states {|¢,)} should be normalized, but not necessarily
orthogonal to each other. If each pure state |¢),) can be represented by the same vector,
the sate of an ensemble is called a pure state.

Basic properties of density operators can be given in the following ways [12]:

e p is a Hermitian

p=p' (2.90)

p satisfies the normalization condition

tr(p) =1 (2.91)

e p is a positive operator

p>0 (2.92)

The criterion for determining whether a state is pure or mixed:

tr(p*) <1 (2.93)

where the equality holds only in pure case.
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2.5.2. The Reduced Density Operator

The most important application of density operator is in the description of sub-
systems of composite systems. Let’s begin by the reformulation of composite systems

in terms of density operators:

e Consider a composite system AB consisting of uncorrelated subsystems A and B,

in the p and p(®) respectively. Thus, we can write the state of AB as

This is also called a product state.

(AB) " The system cannot be described by the

e When AB is in an entangled state p
tensor product of density operators corresponding individual subsystems. Then,

we have

pAP % p @ plP) (2.95)

As mentioned in 2.4.2; there is no way to define state vectors to describe the states
of A and B in entangled case. However, we can write convenient density operators

describing A and B as follows by using a partial trace operation as

P = trpp P (2.96)

P = trayp“? (2.97)

where p) and p(®) are often referred as the reduced density operators.
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For any pure state p(5) the criterion to determine whether the state is entangled

or product is;

tra (p(A))2 <1 or
w (2.98)

trap (PP <1

where equalities hold in product case.
2.5.3. Time Evolution of Density Operators

Consider a quantum system is in the state |1(t)). Let p(t) = |¢(t)) (2 (t)| denotes

the state of a system, and H is the Hamiltonian of the system. Time evolution of p is

written by [9]

dp 1
—=—\H 2.99

This called the von Neumann Equation.

If H includes a weak time dependent perturbation, such that H = Hy + H;(¢),

the von Neumann equation can be written in interaction picture as [6]

PO a0, 0] (2100
where
A1) = e pt)e i (2.101)

(2.102)
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The solution of Equation 2.98 is given by

o0 =0~ 1 [ L (), 52 (2.103)

2.6. The Two Level System and Harmonic Oscillator

In this section, I will give a brief description of two important quantum models:
the two level system (TLS) and harmonic oscillator. They are often used to illustrate
the behavior of open quantum systems. Extended discussion about these models can

be found in standard quantum mechanics books.
2.6.1. The Two Level System

A two level system can be found in two different states. These states form a basis

of 2-dimensional Hilbert space which describes the system. The basis is often denoted

by {10), 1)} and {[g), [} }:

0

l9) =10) = , (2.104)
1

le) = [1) = (2.105)
0

In quantum information theory, TLS’s are called a qubit. An arbitrary qubit
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representation can be written as

) = al0) + B[1) (2.106)

with o, 5 € C.

The operators acting on the space of TLS are represented by 2x2 matrix or a

summation of outer products of the basis. Some well-known TLS operators, are given

below:

Projection operator |e)

10
P. = le){e|] = (2.107)
0 0
e Projection operator on |g)
0 0
Py = lg)(gl = (2.108)
0 1
e Creation TLS operator
0 1
oy = le) gl = (2.109)
0 0
e Destruction TLS operator
0 0
o_ = |g){e|l = (2.110)
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Identity operator

10

1=P,+P. = (2.111)
0 1
e Pauli-X operator
01
Op = (2.112)
10
e Pauli-Y operator
0 —i
oy = (2.113)
1 0
e Pauli-Z operator
1 0
0, = (2.114)
0 —1
TLS operators are also called a qubit gate.
2.6.2. The Harmonic Oscillator
The Hamiltonian of the harmonic oscillator is
2
1
H=2" 4 w2 (2.115)

2m 2

where x is a position operator, p is momentum operator. These operators satisfy the

well-known commutation relation:
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[z, p| = ihl (2.116)

The key aspects of the harmonic oscillator formalism, which the reader should

already be familiar with, can be given as follows [13]:

e annihilation operator a

=4/ =@ —-— 2.117
a T (2.117)

e creation operator at

T — mw 2 211
a o7 (x + mw) (2.118)
[a,a'] =1 (2.119)
1

H = hw(a'a + 3) (2.120)

e the number operator
n=a'a (2.121)

e The basis set of the harmonic oscillator is often denoted by {|n)}.

HIn) = E,|n) (2.122)
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where E,, denotes the n;, energy eigenvalue.

B, = hw(n+ 3) (2.123)

iln) =nln), (n=1,2,3,..) (2.124)
(nlm) = um (2.125)

a'ln) = vn +1|n + 1) (2.126)
al0) =0 (2.127)

) = Lo (2.128)

i — [n)(n| =1 (2.129)
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3. OPEN QUANTUM SYSTEMS

In nature, a closed quantum system does not really exist. Namely, each quantum
system interacts with its environment. Thus, the notion of a closed quantum system
can be assumed as an approximation only. This approximation may be physically
reasonable in some cases, where the interaction between a system and an environment
is so weak, which does not induce significant changes in the system during the typical
experiment time. In such cases, the influence of the environment can be ignored and

the system can be considered as a closed system.

On the other hand, this approximation is completely unrealistic in many cases,
where the system of interest being strongly coupled to its environment. In such situa-

tion, the systems must be regarded as an open quantum system.

This chapter is devoted as a rigorous introduction in the subject of open quantum
systems. We first set up our fundamental approach to open quantum systems. Then,

we focus on generalized evolutions of open systems in terms of the dynamical maps.

3.1. Open-System Approach

In this section, I wish to provide a convenient representation that clarifies what
an open system really means. As we know, an open system is the one that interacts
with its environment. Loosely speaking, the term ”environment” means the rest of the
universe. In many cases, an environment can be taken as a reservoir, which is directly
in contact with the system of interest rather than vast space and galaxies to high degree
of accuracy. As in the literature, this concept will be our fundamental approach to the

description of open quantum systems called a ”system-plus-reservoir” model.

To be more precise about the description, let’s define the system of interest Q

and a reservoir R to which Q is coupled.
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Also we say that Q and R are associated with Hilbert spaces H(®) and #H ")
respectively. To extend the standard quantum mechanics to open quantum systems,
we need to have a closed system consisting of the system of interest Q and the reservoir

R. Thus, we combine Q and R to make a composite system QR whose Hilbert space is

HQR) — (@) & H(R)
In most general case, the Hamiltonian of QR is written in the form
HEOP () = H® @1 419 @ H® + HO% (1) (3.1)
where

e H@ is a Hamiltonian for Q.
o H") is a Hamiltonian for R.
° H}QR) (t) is a time dependent Hamiltonian describing an interaction between Q

and R.

Figure 3.1 shows a schematic picture of an open quantum system.

(QR)

(#H ,QR)

Quantum World  (#",R)
(325Q)

®)

()
E H

i

Classical World

Figure 3.1. Schematic picture of an open quantum system.

Lets look at the reduced dynamics of @, taking into account the influence of R.
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Let p(@®(0) be the density operator for QR at time zero. Since QR is closed, its state

moves in the time unitarily such that

PO (1) = U@R(1)p @ (0)U (1) (32

where U@ (1) is a unitary time evolution operator on H@®). By a similar argument,
we can express a unitary time evolution via the von Neumann Equation:
dpl@R) 1

= ﬁi[H(QR)(t)’p(QR)@)] (3.3)

where we have used Equation 3.1. We are now in a position to show the reduced
dynamics of Q. By analogy with the reduced density operator, we can write the reduced

dynamics of Q in the following ways:

p?(t) = trry {U@P (£)p 90 (0)U LR (1)} (3.4)
dz—;@ = %”(m [H @R (1), pl9) ()] (3.5)

Since these equations still include p(@%) they are nor very applicable. From now on,
we begin to present same approximations that lead us to dynamical equations which

are only consisting of the reduced density operator p(@).

3.2. Quantum Operations

In the present section, we briefly sketch the quantum operations and their rela-

tions to the theory of open quantum systems.
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3.2.1. Superoperators

Consider again an open system Q and a reservoir R which Q is coupled. Even QR
evolves unitarily, ) in general does not obey a unitary evolution due to the presence of
R. Our goal is to construct an operation that leads us to the description of generalized
quantum evolutions.

Remember that both pure and mixed states can be represented by density oper-
ators. Thus, all quantum evolutions can be regarded as a map connecting an initial

density operator to a final one. We denote the map with ®.

Let p and p’ denote an initial state and an evolved state respectively. In this case,

write the quantum evolution in the map form:
O:p— ) (3.6)
This relation can also be written in the quantum operation form
(p) =p' (3.7)
where ® is called a quantum operation [14].

Obviously ® is an operator acting on operators, such operators are called super-

operators.
All possible quantum operations ® must satisfy the following properties [15]:

e Suppose a system is in a mixed state p = > P,po. ® must be linear in p such

that

O(p) = D{Y_ Papat =D Pad(pa) (3.8)
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e ® must be trace-preserving:

trd(p) =tr(p) =1 (3.9)
e & must be positive:
D(p) =20 (3.10)
e & must be completely positive:
P(p1)>0 (3.11)

3.2.2. Kraus Decomposition

We now construct a representation to describe the reduced dynamics of QQ shown
by Equation 3.4 in the form known as Kraus decomposition. This construction is mo-
tivated from Schumacher [10]. To get Equation 3.4 in this form, we need the following

assumptions:

e Q and R are uncorrelated (unentangled) at time t = 0.

e () is initially in a pure state p[()Q) = ¢ @) (p(D)].

e R is initially in a pure state p{™ = |OFWO®| and {|K®)} is a basis for .
e The interaction between Q and R starts at time t = 0. We say that U@®(#) is

the unitary time evolution operator for QR.
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Under the above assumptions, we can then write Equation 3.4 as

P (1) = tra{U @ (1) [ 6@ (6] @ [0 (00 1@ (1)}
= 257"1%{(](621%@(62) OB <¢(Q) O |U(QR)t}
_ ZUC(R) [UQR)| 6@ 0B (6@ 0|7 (@B (R)y (3.12)

k
= > (KPR (5)|01) g7 (0| U @R (1) 1)
k

Taking A\® () = (k®|UQR) ()| 0®), we obtain the Kraus form of the time evolution

pA(t) = AP (1D (0) A (¢) (3.13)
k

where A,EQ) (t) are known as Kraus operators. Then we denote a quantum operation

®(po) as [9]:
®(po) = Zk: Arpo Al (3.14)
with
> AfA =1 (3.15)
;

As we have described here the most general description of quantum evolutions

can be represented by a superoperator ®. For a more comprehensive discussion about

, see [16].



38

4. Markovian Description of Open Systems

The aim of this chapter is to investigate the markovian description of open sys-
tems. We start with a presentation of some preliminaries, (Section 4.1). Section 4.2 is
intended to motivate our investigation of markovian quantum open systems. In Section
4.3, we derive a markovian master equation for open quantum systems in two different
ways. Our first derivation is based on dynamical maps satisfying semigroup property.
Then we introduce microscopic derivation of markovian master equation. For more

extended discussion of the subject see [16-18].

4.1. Classical Markov Processes

4.1.1. Stochastic Processes

A stochastic process is simply a chain of events occurring in time whose outcomes
are unpredictable and uncertain. Formally, a stochastic process can be regarded as an

ensemble of random variables X indexed by t on probability space [16]:

{X(t),t € [0,00)} (4.1)

It should be noted that a random variable X always must be taken as a member of
an ensemble whose statistical properties change in time. Thus, for a better under-
standing of the dynamics of stochastic processes, it is useful to picture the dynamics

as probabilistic transitions.
Let P(X,| X1, Xn—2,..., X1) be a probability density of finding X (t = t,,) = X,

when X (t,,_1), X (t,_2), ..., X7 are given. The transition probability P(X,, X, _1, ..., X1)
is defined as [19]:

P(Xn,anl, ...7X1) - P(Xn’anla --~7X1)P(Xn717 ...7X1) (42)
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ZP(“ka+17Xkanfla ) =P Xiga, Xi—1, .0) (4.3)
Xy

(tp,> tp_1 > ..> t1), (k=2,...n-1).

If the value of X at time t is completely independent of its values in the past and

the future, the transition probability P(X,, ..., Xi) can be factorized as
P(X,,....X1)=P(X,)P(X,_1)..P(Xy) (4.4)

This stochastic process is purely random.

4.1.2. Markovian Evolutions

We begin with the formal definition of a markov process. A stochastic process

{X(t,) = X,,,n € N} is said to be a markov process, if
P(Xo| X1, X2y s X1) = P(Xo|Xoo1) (4.5)
(ty > th_1 > ..> ty > t1).

The relation shows a markov property, which means the values of X in the future
depends only on the value of X at the present. Loosely speaking, a markov process
is a memoryless stochastic process where the system removes its own history in each

definable state transition, such a system is referred as a markovian system.

From now on, we consider only markovian processes in continuous space and time.
Let {X ()} be a markov process. We say that a value of X at time t+dt depends only

on a value of X at time t:

P(X(t+ dt)|X (1), X(t — dt), .., X (dt), X(0)) = P(X(t +dt)|X(t))  (4.6)
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Our problem is now to construct the representation of a markov property via the
markovian evolution operator V whose matrix elements are the probability densities

[20], such that
(X V(o Ln-1))[Xn1) = P(Xn[Xo1) (4.7)
Let’s begin by writing Equation 4.2 for n=1 and n=3,
P(X2, X1) = P(X5|X1)P(Xy) (4.8)

and

P(X35, X2, X1) = P(X5]| X2, X1)P (X, X1) (49)
= P(Xg’XQ)P(XQ,Xl)

where we have used a markov property in Equation 4.9. Substituting Equation 4.8 into

Equation 4.9 yields
P(Xg,XQ,Xl) == P(X3|X2)P(X2,X1>P<X1) (410)

An argument similar to the one used in Equation 4.3 enables us to write

P(X3,X1) = /+OO dXoP(X3|X2) P(Xa, X1)P(X1)d X5 (4.11)

Taking P(X3, X1) = P(X;3|X1)P(X;) gives

P(X3] X)) = / - dXoP(X;3|X1)P(Xa| X)) (4.12)

—0o0

This is called the Chapman-Kolmogorov Equation. By the definition of V, Equation



41

4.2 can be rewritten as

(Xs[V(t3,t1)|X1) :/ OOdX2<X3’V(t3at2)|X2><X2|V(t3at2)\X1>

—00

+oo
- <X3|V(t3,tz){/ dX2|Xo) (X |}V (2, 1) X0) (4.13)

= (X;3|V(t3, t2)LV(t2, t1)| X1)

= (Xs|V(ts, £2)V(t2, t1)| X1)
where we have used a completeness relation fj;o dX|X)(X| = 1. It suggests that
V(ts, t1) = V(ts,t2)V(ta, 1) (4.14)
which denotes a markov property in time.

From Equation 2.39, it is easily seen that a unitary time evolution operator U
satisfies markov property in time. A time evolution satisfying Equation 4.14 is called
a markovian evolution. For this reason, each quantum closed system can be regarded

as a markovian system.

4.2. Quantum Master Equations

In Section 2.5, we identified the von Neumann Equation (Equation 2.97) as a
convenient picture for describing a unitary time evolution of quantum systems. In the
same manner, to study the dynamics of open systems one needs a first-order differential
equation to describe the non-unitary evolutions in continuous time. Such an equation

is called a quantum master equation.

For an appropriate master equation to exist, the evolution of the system must be
markovian [21]. In this section, our goal is to construct a quantum master equation,

which only depends on variables of the open systems.
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4.2.1. Markov Approximation
Consider again a composite system QR, consisting of an open system Q and a
reservoir R. To derive a master equation for the system of interest (Q, we make the

following assumptions [22]:

e a "coarse-graining” time Jt much smaller than the characteristic life time of the

system Q Tg:

0t < TQ (415)

e a "coarse-graining” time 0t much larger than the correlation time T¢:

Te < 0t (416)

Roughly speaking, the reservoir R should forget about the system at the T time scale.

Thus, the overall density operator p®® can be taken approximately as a product state

~ p@ @ pB) (4.17)

Under the above assumptions the superoperator ® satisfies the markov property:

D(t3,0) = P(ts, t2)P(t2, t1) (4.18)

This relation is also called the semigroup property.

4.2.2. The Lindblad Equation

Keeping in mind above assumptions, let us first give the main ideas of the deriva-

tion of Lindblad Equation [22]:



e By assumption, we write

p(8t) = p(0) + O(St) = Y Au(8t)p(0) A (61)

k

43

(4.19)

to satisfy this, we take a first order Kaust operator close to unity, such that

and all others take the form A; = V/0tL,.

e Let’s decompose K into hermitian and anti-hermitian parts:

H
where
K+ Kt K — KT
o T C S Y Ry )

e Then, we calculate

AopAo = {1+ (57 — 1)ot}p{L + (1 — J)ot)

and

ih

H H
(= — J)pdt — ,o(E + J)dt + O(6t?)

ih

ih

L, g6t — {J, pYot + O(52)

Combining these gives,

Dse(p) = p+

th

1
[H, plot — {J, p}ot + Y~ LypList

k>0

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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We are now in a position to show the Lindblad Equation. From Equation 4.18

we can write

dp  Dsi(p(t) — p(t))
== 5 (4.26)

Substituting eq. 4.25 into Equation 4.26 yields

dp 1

k

dp __ d

Since trip = 4trp =0, we can write

1
0= Etr[H, pl —tr{J,p} +tr Ek: LiypL)
(4.28)
= —tr(p2J) + tr(pZL;LLk)
K

By above, J is written in terms of Ly as
1 i
J=3 zk: LiLy (4.29)

Substituting Equation 4.29 into Equation 4.27, we obtain

do_ 1

gt = A+ 2 (Dupli = %{Llﬂk, p}) (4.30)

k0

which is called the Lindblad Equation [23].
4.2.3. Microscopic Derivation of Master Equation
In the previous section we introduced Lindblad Equation. In the derivation pro-

cedure physical meanings of approximations are not obvious. Now we will see these

approximations will form microscopic master equation with a better physical meaning.
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Once again, we consider the system of interest () in interaction with a reservoir

R. For abbreviation, we use the following shorthand notations:

HO® = H@ @1® +1@ o H® + ™ = Hy + H, (4.31)

pOD(t) = x(t), P D(t) = p(t) (4.32)

where Hy = H@ + H®_  We assume the interaction is weak. We will take the
interaction Hamiltonian acting as a small perturbation term. In the interaction picture

this Hamiltonian is written as,

Hyt Hyt

ﬁ[(t) = €+lTH]6_ZT (433)

From Equation 2.100, we get,

- L - -

$(0) = = [ (0), %(0) (434)

From Equation 2.103, we get,

1 [t -
W =+ 5 [ ). 1@ (1.35)
0

Now we will insert Equation 4.35 into Equation 4.34 to get the perturbative result as

() = 0, X0 — 55 [ @, ). 7)) (1.30)

Taking partial trace over R yields

p(t) = 73 dt'[Hy (t), [Hi(t'), X(t')]] (4.37)

where we have assumed =-trg[H;(t), x(0)] = 0 [24]. Under the assumptions in previous
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part, the reduced dynamics of the system Q) can be written as

t

mwzqgwaMmmxmmmmw®ﬁm (4.38)

Since p(t') represents the memory effects, the equation is non-markovian (0<
t’ <t). When the reservoir is a canonical ensemble which is much larger than the
system and is in thermal equilibrium, system does not cause a significant change on
the environment. In such a case, we can consider the direction of information flow
only from environment to system. By writing p(¢') &~ p(t) we can make the equation

markovian
0 =~ [ dteraf o), 1), 56 @ ) (4.39)

We expand the interaction Hamiltonian H}QR) (t) as

1P (6) =1y Sut) @ Tult) (4.40)
where
. (@), (@),
Sa(t) =€ 7 Sy(t)e ' w (4.41)
s (R), (R,
Co(t) =€ " Ty(t)e " 7 (4.42)

To understand the physics underlying the markov approximation, let’s begin from

non-markovian case Equation 4.38 [25]:
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= Spt)()5a (1) ® Ta(t)p () — (Sa(t)p()Sa(t') © Talt)p P Es (1)

— B()S5()5a () @ pP T (1) Ea (1))

== ; / (B3 (Fu (OF ()0

= Spt V() Sa (D)t (T p T (D)) — Sal)p(t)S5(E )t (F ()0 P Ts(1))

— B () S (D)t (P T 4(#) (1)) (4.43)
== % / 0 (BalO35 V) — S5V 5u ) (FalO ()

In the same manner with the expectation value of an operator (A) = tr(pA) correlation

functions can be defined as the expectation value of interactions over the reservoir

tr(Ca(t)Ts(t)p") = (La(t)Ts(t)(r) (4.44)

tr(Tp(t)La()p™) = (La(t)Ts()(r) (4.45)
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We now assume that reservoir correlation functions are memoryless:

(LatTs(t)) (1) = Fasd(t — 1) (4.46)

This implies that

ZOESDY %{Sa(t)ga(t)ﬁ(t) — Sp()A(1)Sa(t) — Sa(t)A(t)Sa(t) + A(t)Sa(t)Ss(t)}
o

This relation also in Schrodinger picture can be written as [26]:
.1 Yo
p= [, o]+ 30 3 220 ([S., 93] + [Sap, 551} (1.48)
o B

is called a master equation.
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5. OPEN QUANTUM HARMONIC OSCILLATOR

To illustrate the master equation as a physical example, we consider the open
harmonic oscillator Q, interacting with the reservoir R. The reservoir is also an ensemble
of harmonic oscillators. The quantized field often can be modelled as such an ensemble,
i.e. electromagnetic field. The convenient system-plus-reservoir model can be described

by the following Hamiltonians [25]:
e The Hamiltonian of the system Q is
H®Q = hweala (5.1)
e The Hamiltonian of the Reservoir R is

H® =1 " wablba (5.2)

with [ba, b] = dasl.
e The interaction between the system and the reservoir described by the Hamilto-
nian
H =1 (a@ Kbl + af @ Kaba) (5.3)

where k, are coupling constants.

For abbreviation, we follow the shorthand notations:

Dy =T5 =) kb, (5.4)



20

Ty =T1 =) Kaba (5.5)

a=a;, a =ap (5.6)

Thus Equation 5.3 can be written as

2
HOM =1y a,®T, (5.7)

a=1

Consider the case where the reservoir behaves like a canonical ensemble in thermal
equilibrium at temperature T. Thus, to obtain a convenient derivation we need a little

quantum statistical mechanics. First we note that for a density operator of an ensemble

[27]:

e PH 3
— D.
p=— (5.8)
where
Z = tr(e PH) (5.9)
(B= kBLT) Let be H = hwablb, and Z, = tr(e‘ﬁHéR)). Similarly, we define
o) = L sl (5.10)
a 7., ’
A = bl ba (5.11)

Since the density operator is Hermitian, it can be written in diagonal form. This allows
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us to write following relations:

1 —pPhwan
PgR) ¢ gheateng) (g (5.12)

Zo = tr(emPMwana) (5.13)
We assume that the interaction is weak. To separate the fast intrinsic dynamics of a
reservoir from slow dynamics QQ, we again use the interaction picture. In order to write
Hamiltonians in interaction picture, we need the ” Baker-Campbell-Hausdorff Formula”
[28]:

AB A AB _ N\~
ePAe N = ZO o Cy, (5.14)

where Cy = A, C1 = [B,Cy|, Cy = [B, C1] and so on. We give explicit derivations only
for @ (t) and Ty(t).Let’s calculate first a;(t):

dl (t) — 6iw0taTaa€7iwomTa (515)
From Equation 5.14, we obtain the recursion relation

Co=a;=a

=la'a,a] = —a
G =ldlad (5.16)
Cn=(-1)"a
Thus,
w(n =3 (5.17)
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It is easy to show

C~L1 (t) == (lle_iwot (518)
&2(75) == ageiw()t (519)
Our task is now to calculate T'(t),
fg(t) — _ LitY, wabgbar e—itzﬁwﬁbgbﬁ

—_ H H § eztwab ba /1', b ztwgb bs
_ itwablhba —itwablba
= H H E e Kybydape = 90
a B v ( : )
_ itwabhba . —itwablbe
= E H/ﬁzve bye
ZH W“

From Equation 5.14, we obtain the recursion relation

C'O - baéaﬁ

Cy = [blb,, bs] = —0ayba
1 [ Y ] Y (5‘21)

Cp, = oy (—1)"b,

It is easy to show

— Z fiabae_itwaa (522)

Z/{ bl eitwo (5.23)
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Similarly, fII(QR) is decomposed as
HO =1 aa(t) ® Tu(t) (5.24)

Using this expression together with Equation 4.38, we obtain

p==2 Z/ dt'tr(py{[aa(t) @ Ta(t), [as(t) @ B(t'), p(t)) @ p™]]}
o B 0

== / dt'tr(m{(aa(t)ap(t)p(t") @ La(t)Ts(t)p"
@ B 0

—ap(t)p(t)aa(t') @ Ta(t)p"Ta(t)) — (@a(t)p(t)as(t) @ La(t)p VT4 (t')
— A(t)as(t)aa(t) @ pOTs(¢)a(t))}

== 33 [ et (@03 () - a5 )t EalOF 5 () ™)
« B 0

+ (p(t)as(t)aa(t) — aa(t)p(t)as(t'))tr (Ta(t)La(t) ™)}

=-> /0 dt'([aa(t), al,(t) p(t)|(La(®)TLE)) = [aa(t), fua()al(#))TLE)Ta(?))

= /0 dt'{[a (1), az(t") p(t) |1 (OT2(t)) — [ar(t), A(t)az(t)|(T2(¢)1(1))

+ [aa(t), an (1)) (T2 (1 (#) — [a2(t), p()an (¢))(T1 ()T (1))}

t
N / dt'{[a, a'p(t")]e (Y [mal?e (1 — 1) (ita))
0 6
— [ap(t)alle (S ko fe (' = 1) (f1a + 1))
+ [al, ap(t)]e IS [ral?e 0 (g 4 1))

— [af, 3t )ale =00 (S g Pe 0 (,))}

(5.25)
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making the change of variable 7 =t — t' allows us

t
p=- / dr{e™ " ([a,ap] Y [Kal?e“ T n(wa))
0 «

— 707 ([a, pal] Z [Ka|?e™Tn(wy) + 1)

2 (5.26)
+ e 7 ([al, ap] Z |Ka|?e ™ n(wy) + 1)
el o) Y e ()
with
(R)pt eTMe?
n(wa) = tr(p05ba) = T (5.27)

Now we assume that the reservoir is a canonical ensemble of photons at temper-

ature T. Then, we make the following approximations:

Wa ~ W (5.28)

S el ~ [ )Pyt (5.29)
- 0
where g(w) is the density of states [25]. This allows us to write

t [e's)
5= [ap, a / ar / IR(@)Pg(w)e 0
0 0 (5.30)

+ ([ap, a'] + [a', pa)) / dr /OOO Ir(@)Pg(w)e T n(w)dw + he.

where we also made the Born-Markov approximation p(t') = p(t).

We now apply the time separation argument discussed in 4.2.1, thus, in Equation
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5.30, 7 intergration becomes more dominated than w integration. We arrive at

o0 t
ﬁ = [aﬁa aT] / dW{ lim dTeiiT(W*WO)}’KJ(w) ’29(641)
0

t—o00 0

+ (lap, al] + [af, ja)) / Cd{lim [ dre T (o) Fg(w)n(ew) + he.

0 0
= lop.a!) [ dumblo — ) o) (31
0
+ ([ap, a'] + [a', pa]) / dwnd(w — wo)|w(w)[Pg(w)n(w) + h.c.
0
= m|r(w)[*g(wo)[ap, a] + |k (w)[*g(wo)n(wo)([ap, a] + [a¥, pa]) + h.c.
After defining
v = 2mg(wo) |k (wo) | (5.32)
n=n(w) (5.33)
we obtain from Equation 5.31
p= Slap.a' + 2= (lap.a'] + o', pra]) + huc,
= %(aﬁcfr —a'ap + apal — pata)
+ ﬂ(aﬁcﬂ —alap + apa’ — pa'a + a'pa — paa’ + a'pa — aa'p)
(5.34)

[\D\Q[\D

= L(2apa’ — a'ap — pa'a
(2ap p—p
+ 72—n(2aﬁcff + 2a' pa — 2atap — 2paa’)

= %(QcicpaT —a'ap — pa'a) + yn(apa’ + a'pa — a'ap — paal)

Let’s transform this to the Schrodinger picture. To make this, we need the following

calculations:



First note that

U — e—iwoaTat

p= E(UT,OU) =U'pU - U'pU + UTpU

then, we obtain

1 .
)= —[H pUT
p=ZH p]+UpU

with

UpUt = p

Using this expression together with Equation 5.34, we can write

p= o [H. gl + 2, pal] + lap, ] + 2n(lap, ] + o, pa)

This equation is the master equation for the damped harmonic oscillator.

26

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)
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6. CONCLUSION

In this study, we tried to present a simple introduction to quantum open systems
theory. We have seen the first concept of this theory in Section 2.4.2.: entanglement is
clearly a result of the dynamic interaction of the system with its environment. Here,
it is important to notice that the subsystems of the composite system are in mixed
state. We have come across the other key concept of the subject in Section 2.5.2.
At this point, we have shown how to exclude the information from the environment,
using the partial trace operation. This operation enabled us to obtain the reduced
density operator, which defines the subsystem only. In Section 3.1, we have learned
how to picture an open system in the most common form. This was the system-plus-
reservoir model. Here, it is important to notice that the basic goal of open quantum
systems theory is to exclude the information from environmental dynamics. Then,
we have developed the quantum operation formalism that will define the non-unitary
evolution. In Section 3.2.2, we have defined the non-unitary evolution of the open
system’s state by Kraus decomposition. The important thing was the fact that an
external environment, which would define the system’s dynamics, could always be
found out of the system. In Chapter 4, we have examined the dynamics of open
systems under markov approximation. At this point, we have made the assumption that
information only flows from the environment to the system. This was very necessary
for the evolution of the open system to be markovian, i.e. memoryless. Then, we
have derived the master equations through two separate ways. Although the first way
was an elegant one, the physical responses to our assumptions were not very clear.
These assumptions have become clearer in microscopic derivation. In Chapter 5, we
have derived the markov equation that defines the dynamics of the open harmonic

oscillator. This is a good example for quantum master equations.

Thus, a reader who is not yet familiar with the open systems theory has been
provided with quickly accessible information on the subject. However, in my opinion, it
will be useful to point out that the reader’s adventure with the quantum open systems

has just begun.
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