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Abstract

Synchronization of quantum mechanical systems have in recent years become a well-
discussed topic. The most explored systems are the quantum van der Pol oscillator
[26]]12][27] and two-level system (TLS) synchronizing to an external field [29] and syn-
chronizing to another TLS [I|. However, it was claimed that two-level systems do not
have a valid limit cycle [23], and they can therefore not be synchronized. It was suggested
that we could circumvent this problem by realizing a mixed state as an ensemble of pure
states [18]. Using quantum trajectory theory (QTT), numerical evidence was found for
the synchronization of a TLS [13]. We want to find an analytic expression for the syn-
chronization observed numerically. In this thesis we develop the framework to do so: We
give results from QTT which helps analyze the model used, and we show how the flow of
the state of a TLS from a QTT model can be easily visualized. Furthermore, we give an
explicit expression for the space of all Hamiltonians giving the same Lindblad equation
for the QTT model used in [13], and give a master equation which can be solved to find
the analytic expression for the synchronization observed numerically.
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Chapter 1

Introduction

Synchronization is the word we use for how oscillating objects adjust their rhythm to
be the same. It is a concept most of us should be familiar with from everyday life:
Examples include fireflies lighting up at the same time, pacemakers keeping the rhythm
of those with irregular heartbeats, and many more. However, not all objects can be
synchronized. The objects that can be synchronized are called self-sustained oscillators
and are mathematically described as a dynamical system with a so-called limit cycle.

In recent years there has been interest in synchronization of quantum mechanical sys-
tems. From the classical theory of synchronization, the van der Pol oscillator is one of
the prime examples [21, section 7.1.1]. It has therefore been a natural choice to see if
one could possibly synchronize a quantum mechanical van der Pol oscillator [26][12][27].
Besides the van der Pol oscillator, it is natural to study the synchronization of the least
complex quantum system, namely a two-level system (TLS). Both two-level systems syn-
chronizing to an external field [29] and synchronizing to another two-level systems [l].
However, it has later been claimed that two-level systems do not have a valid limit cycle
[23], and they can therefore not be synchronized. A counter claim was then made [15]
where it was argued that a mixed state is an ensemble of pure states, and such an ensemble
can make up a valid limit cycle. This has later been verified experimentally [25].

Quantum trajectory theory (QTT) gives a framework for extracting possible trajec-
tories all resulting in the same Lindblad equation. Using quantum trajectory theory,
synchronization of a two-level system coupled to an external field was observed numer-
ically in [13]. Tt would now be interesting to see if we can find an expression for the
synchronization observed numerically. In this thesis we develop the framework to do so:

e We give an overview of QTT as described in [!| before we give our own results in
QTT. These results will help analyze the model we want to use. The results we give
tell us that we can always choose the environment in a QTT model with two-level
environment to be in the state |0). We also show how we can achieve small jumps
in a QTT model, and we show that for a two-level environment, we can only get a
single Lindblad operator. We also show how to recover the Lindblad equation with
a non-zero system Hamiltonian, as well as how the representation of the interaction
Hamiltonian will not effect the results of a QTT model. Finally, we give an easy way
of reading out the interaction Hamiltonian for a QTT model, whenever we know
what Lindblad equation we want.



e To help better understand how the state of a TLS flows for a QTT model, we have
visualized the flow for the model given in [13]. We also show how this flow can be
projected down from the Bloch sphere to the plane through two different projection,
the stereographic projection and the Winkel tripel projection.

e We realized that there are multiple Hamiltonians that give the same Lindblad equa-
tion in a QTT model. We give an explicit expression for the space of all Hamiltonians
giving the same Lindblad equation for the QTT model used in [13]. We also discuss
how the space of Hamiltonians would look in a scenario with a different choice of
Lindblad equation.

e Most importantly, we give a master equation which can be solved to find the analytic
expression for the synchronization observed numerically. The master equation is a
difference equation which relates the probability density of the state of a TLS at a
given time step. We hope that we can take the limit of the time step going to zero,
and then end up with a differential equation for the probability density.

1.1 Outline of thesis

This thesis is about synchronization of two-level quantum systems. To understand what
this means, we need to go through what we mean by synchronization and how we can
observe synchronization in a quantum system. We begin by explaining what we mean by
synchronization in chapter 2. In this chapter, we will work classically and only give an
overview as the field is both large and demanding in terms of mathematical background.

Next, we will explain in chapter 3 why we can use quantum trajectory theory to observe
synchronization in quantum systems. The quantum trajectory theory is based on a review
article by Brun [4]. We also give results of our own, which are not covered by Brun’s article.

After this, we will in chapter 4 go through what other researchers have done. We will
focus on two articles and an earlier master thesis. The first article by Roulet and Bruder
[23] argues that synchronization of a two-level system is impossible, and say that one has
to at least have a three-level system. The next article by Parra-Lopez and Bergli [15]
argues that it is possible to synchronize a two-level system. The master thesis by Longva
[13] builds on the idea by Parra-Lopez and Bergli that a two-level system can indeed be
synchronized, and implements numerically the ideas from the article by Brun [1]|. Longva
argues for why he has numerically observed synchronization of a two-level system.

In chapter 5 we give the expression for a master equation for the probability density
of the state of a TLS. The dynamics of the TLS is given by the QTT model described in
the thesis by Longva. For the same model, we visualize the flow of the state of the TLS
on the Bloch sphere. We also visualize the flow when projected through a stereographic
projection and a Winkel tripel projection. We end the chapter by analyzing the dimen-
sionality of the space of Hamiltonians giving rise to the Lindblad equation used in the
thesis by Longva.

Finally, in chapter 6 we summarize what we have found and give ideas for what to
look at next.



1.2 Prior knowledge, notation and abbreviations

Throughout the text, it is assumed that the reader has a good understanding of two-level
quantum systems (often written as TLS on short form), and a basic understanding of
open quantum systems and the Lindblad equation. If this is not the case, I do not have
any extensive literature other than what I have used myself, such as [24] and [L7].

The following abbreviations are used throughout the thesis:

TLS - two-level system

POVM - positive operator-valued measure

QTT - quantum trajectory theory

The following notations are used throughout the thesis:

e If we have two systems A and B, which are in the states |n) and |m) respectively,
then we denote the state of the combined system AB by any of the following:
[nm) = |n) [m) = |n) ©[m).

e For a TLS, the eigenstates of o, are denoted by [1,) = |z4) and |{,) = |z_), where
we assume o, |T,) = |T2) and o, [{.) = — [{2). Equivalently, the eigenstates of o,
are denoted by [1,) = |y+) and ||,) = |y_), where we assume o, [T,) = |1,) and

oy ) = — )

e For a separable Hilbert space, an (orthonormal) basis will be denoted by any of the
following: {|k)} = {|k)}r = {|k) }xes for an index set I.

e := means left side defined as right side, and =: means right side defined as left side.



Chapter 2

A brief overview of synchronization

Synchronization is a quite general concept, and one everyone should be accustomed with.
Intuitively, we understand synchronization as an adjustment of rhythms of oscillating
objects due to their weak interaction. Examples are many and varied, which puts into
perspective how general the theory of synchronization is. Examples include circadian
rhythms in animals, unison applause at a concert, pacemakers for those with irregular
heartbeats and many more. We will in this chapter define what we mean by synchro-
nization, give examples and non-examples of synchronization, and explain how we can
achieve synchronization in presence of noise. We begin by looking at Christiaan Huygens’
observation of synchronization of two pendulum clocks, before we proceed to define the
necessary conditions for synchronization to occur. We then go through a way of visual-
izing when we achieve synchronization, explaining frequency locking, phase locking and
going through what an Arnold tongue is. We end the chapter by looking at phase slips
and what we would mean by synchronization in presence of noise. The entirety of this
chapter is based on the book Synchronization: A Universal Concept in Nonlinear Sciences
by Pikovsky, Rosenblum and Kurths [21].

2.1 Historical example of synchronization

We can actually get some insight to what synchronization should be by looking at the
etymology of the word. It comes from the greek words ypdévoc (chronos, meaning time)
and oOv (syn, meaning together). It therefore means “happening at the same time”.
We are therefore looking at phenomena that in some sense have dynamics that makes us
think of them as “occurring at the same time”.

As told in the book by Pikovsky, Rosenblum and Kurths [21], the Dutch researcher
Christiaan Huygens was (probably) the first scientist to observe and describe the phe-
nomenon of synchronization. His first mention of synchronization was in a letter he wrote
to his father, in 1665, where he wrote that he observed how two pendulum clocks synchro-
nized to each other. In his memoirs, Horologium Oscillatorium [9], he describes how two
pendulum clocks hanging from a common support beam have oscillations that coincide,
but move in opposite directions:

... It is quite worth noting that when we suspended two clocks so constructed
from two hooks imbedded in the same wooden beam, the motions of each



pendulum in opposite swings were so much in agreement that they never
receded the least bit from each other and the sound of each was always heard
simultaneously. Further, if this agreement was disturbed by some interference,
it reestablished itself in a short time. For a long time I was amazed at this
unexpected result, but after a careful examination finally found that the cause
of this is due to the motion of the beam, even though this is hardly perceptible.
The cause is that the oscillations of the pendula, in proportion to their weight,
communicate some motion to the clocks. This motion, impressed onto the
beam, necessarily has the effect of making the pendula come to a state of
exactly contrary swings if it happened that they moved otherwise at first, and
from this finally the motion of the beam completely ceases. But this cause is
not sufficiently powerful unless the opposite motions of the clocks are exactly
equal and uniform.

Huygens had described mutual synchronization, and he had also explained why it hap-
pened: The two pendulum clocks were coupled through the beam, synchronizing them
in anti-phase due to the weak interaction between the clocks. Moreover, when the two
clocks were synchronized, a small perturbation of any one of them would not effect the
long term dynamics, i.e. the two clocks fall back to their synchronized state.

After Huygens, many other examples of synchronization have been described (see [21]
for many detailed examples). The two pendulum clocks Huygens observed were in other
words not special. As we want to describe synchronization, we first need to find out which
objects can actually be synchronized. This is what we will do in the next section.

2.2 Necessary conditions for synchronization

From the example in the previous section (mutual synchronization of two pendulum
clocks), we can try to give a verbose meaning to the phenomenon that is synchronization:
We understand synchronization as an adjustment of frequency of oscillating objects due
to their weak interaction. We now need to describe what we mean by an oscillating object,
the frequency of an oscillating object, adjustment of frequency, and weak interaction of
oscillating systems.

Oscillating object and frequency

An oscillating system is intuitively a system that swings back and forth. To be more
precise, the system has some state which it always comes back to: It can pass the state
quickly or stay in (or close to) the state for a longer time, but it always returns. A natural
example is a pendulum: Let us imagine a pendulum moving back and forth in a plane,
and choose a coordinate system (z,y) such that if the pendulum does not move at all,
it has the z-coordinate zero. If the pendulum is put into motion and only experiences
gravitational force, it will keep on moving in positive and negative z-direction, always
passing x = 0. If it also experiences drag force(s), then the energy will dissipate over
time, but it will still continue to oscillate around the point z = 0.



It turns out that not every oscillator can be synchronized. If we take the example
with the pendulum that only experience gravitational force, then a perturbation (in form
of for instance a push) which increases the total energy of the system will change the
amplitude of the oscillations. This is different from that of the pendulum clocks Huygens
observed. This is closer to that of someone building up speed on a swing. Systems
like these can experience resonance, which is easily confused with synchronization. To
get the amplitude back to the original value, we need a dissipation of energy. Taking
the pendulum as example again, this would mean including drag force(s). This would,
however, again differ from the pendulum clocks as all the energy will dissipate and the
system will come to a halt. We therefore need to add some kind of internal energy source
of the system, in such a way that the oscillations stays stable. By stable we mean that the
energy of the pendulum does not keep increasing up to infinity, neither does it decrease
such that the motion stops. Instead, the pendulum keeps on oscillating. Moreover, we
want the system to fall back to this stable oscillation after any small' perturbation.

The type of system we have now described is close to those we are after: We are after
systems that have stable oscillations, i.e. oscillatory objects experiencing dissipation, with
an internal source of energy, such that after any small perturbation the object returns
to the same stable oscillatory motion after some time. Since synchronization is all about
how the natural frequency of the oscillatory object changes according to an external signal
with a different frequency, we need the oscillatory object to have a well-defined frequency.
We therefore restrict ourselves to look at oscillatory objects with periodic oscillations.
Finally, we would not want the oscillations to be dependent on the initial conditions.
That is, the periodic oscillatory motion should only depend on the internal parameters of
the system.

We summarize all the traits we have discussed. We are after systems with the following
traits:

1. The system is an oscillating object with periodic oscillations.
2. The oscillating object experiences dissipation of energy.

3. The oscillating object has an internal energy source which keeps the oscillations
stable.

4. For any (small) perturbation of the objects motion, the system will fall back into
the stable periodic oscillation it had originally.

5. Lastly, the object’s stable periodic oscillation is independent of initial conditions
and only depends on the internal parameters of the object.

When all this is satisfied, we have what is called an self-sustained oscillator.

!The word small is not well-defined here. If we again use the pendulum clock as an example, the idea
is that if we force the pendulum of the clock to be stationary at = 0 and then release it, there will
be no non-trivial oscillation: The clock will stay still with the pendulum at z = 0. We have thus forced
the clock to not move. We want to avoid this type of perturbation and will therefore be vague and say
“small”.



Mathematically, we can describe a self-sustained oscillator in the following way: Let

Cfi—f:f(w), x = (x1,...,Tn)

be an M-dimensional system of ordinary differential equations, such that it is dissipative
and autonomous. Suppose that the system has a stable periodic solution xg, i.e. a period
Ty such that xq(t + Ty) = xo(t) for all time points ¢. If we look at the trajectory of the
stable periodic solution @ in phase space,’ it will be an isolated, closed and attractive
curve. This is called a limit cycle. By isolated we mean that there are no other closed
and attractive trajectories infinitely close to it. By attractive we mean that any point in
phase space close enough to the limit cycle will converge (but never touch) to the limit
cycle®. A point moving along the limit cycle will represent the self-sustained oscillator.

Weak interaction of oscillating systems

Synchronization happens when a self-sustained oscillator (or several of them) interact
with an external force (or if they are weakly coupled, and thus “feel” each other). In the
example with two pendulum clocks hanging from a common support beam observed by
Hyugens, the beam could bend. That is it could vibrate slightly, moving from left to
right. Thus the motion of one pendulum was transmitted through the beam to the other
pendulum. This is the type of weak interaction we are after.

It is not easy to define what we mean by “weak interaction”, but we can give an
example from Pikovsky, Rosenblum and Kurths [21] where the interaction is two strong.
Say, for instance, that the pendulums of two pendulum clocks are connected with a rigid
rod (see Figure 2.1). Then the two pendulums are forced to oscillate with the same
frequency. They move synchronously, but we do not want to call this synchronization
as they trivially have the same frequency. We instead think of the two pendulum clocks
as non-decomposable. By non-decomposable we mean that we cannot think of them as
two separate self-sustained oscillators. Another example by Pikovsky, Rosenblum and
Kurths [21] of a non-decomposable system is the hare-lynx cycle. The population of both
the hare and the lynx oscillates with an approximate frequency, but it is not possible to
separate the two systems. In other words, we must think of them as two components of
an oscillator that vary synchronously.

Adjustment of frequency

We think of synchronization as adjustment of rhythms due to an interaction. Let us
again look at the example with two pendulum clocks. If we isolate the clocks, we can
measure their natural frequency f; and fs, respectively. Even if the clocks are made to
have the same frequency, there is always a tiny difference such that Af = f; — fo # 0.

2By phase space we mean the space of all the variables . This will for us be equivalent to the state
space.

3We have not defined what we mean by close enough, but intuitively it mean that if there is only a
single limit cycle for our system, then any point not on the limit cycle is close enough. If we have more
than two isolated closed trajectories, where at least one of them is a limit cycle, it could be the case that
there is only a subset of points in phase space that are attracted.



Figure 2.1: Two pendulum clocks connected with a rigid rod. This is an example of to
strong coupling, and we do not call this synchronization. The figure is taken from the
book by Pikovsky, Rosenblum and Kurths [21].

We then hang the clocks from the same beam. We can then measure their frequencies,
Fy and F5, when they are hanging from the beam. If the beam is not rigid, so that the
clocks are weakly coupled, and the frequency detuning Af is not to large, we will see
that the measured detuning AF ~ 0. We call this frequency locking and say that
the pendulum clocks are synchronized. We can plot the measured detuning AF' against
the natural detuning A f. This will give us a region for Af where AF' is zero, which is
the synchronization region. We generally expect this region to increase with the coupling
strenght. (This is described in more detail later and in Figure 2.2.)

We can define another quantity which helps analyse synchronization, namely the phase.
The phase of a self-sustained oscillator is defined to be a function ¢ of the state of the
oscillator (i.e. a point in the phase space of the oscillator) to the real numbers, such that
it is linear in time, and whenever we take a point on the limit cycle and return after one
period, the phase has increased by 27w. Mathematically, if we denote the phase space (i.e.
the state space) of the self-sustained oscillator by M, then we have ¢ : M — R such that
9 — wt (ie. linear in time) and ¢(z(t + Tp)) = ¢(2(t)) + 27 whenever z(t) € M is on
the limit cycle and Tj is the period of the self-sustained oscillator. The phase can also be
defined for a periodic force F, = esin (wt + ¢g). Here, € is the strength of the force, w is
the angular frequency and ¢ is the initial phase. We would then say that the phase of the
force is ¢ = wt+ ¢y. If we have a self-sustained oscillator with phase ¢, perturbed by this
external force, then frequency locking would mean that the phase difference A¢ = ¢ — ¢,
would become constant. This is called phase locking. A nice property of the phase can
be seen if we go back to the example with the two pendulum clocks again. When the
two clocks are synchronized, we can observe either in-phase synchronization or anti-phase
synchronization. In-phase synchronization means that both pendulum attains their right

10
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Figure 2.2: Figure 2.2a shows the difference of the frequencies of the driven oscillator {2
and the external force w. The strength of the force € is held constant. We see that for
small detuning Aw = wy — w, we have frequency locking 2 — w = 0. The dashed line
shows wy — w vs. w). When synchronization breaks down we see that the force is too
weak to synchronize the oscillator, but it pushes the frequency of the system towards its
own frequency. Figure 2.2b shows the synchronization region as a function of both the
external frequency w and the strength of the force e. The region of synchronization is
marked in Figure 2.2¢ and is referred to as the Arnold tongue. The figure is taken from
the book by Pikovsky, Kurths and Rosenblum [21].

maximum amplitude at the same time, then their left maximum amplitude at the same
time, and so on. In other words, the motion is the exact same. For the phase this means
that A¢ = 0, modulo 27. Anti-phase synchronization means that when one attains the
right maximum amplitude, the other attains the left maximum amplitude at the same
time. This mean that A¢ = 7w, modulo 27, so the phase detuning is shifted by w. This
cannot be observed by just looking at the frequency detuning and we are thus able to
distinguish between different synchronization regimes.

2.3 Visual description of synchronization, phase slips
and synchronization in presence of noise

We would like to have an easy way of determining if we have synchronization. We have
mentioned how synchronization is dependent on the frequency detuning and the cou-
pling/interaction strength. Let us assume that we have an external periodic force with
angular frequency w. Let wy be the natural (angular) frequency of the self-sustained os-
cillator. If we call the oscillator under influence of the external force the driven oscillator,
and let €2 be the observed angular frequency of the driven oscillator, then we have syn-
chronization whenever () = w. In the terms introduced earlier, the driven oscillator is
frequency locked to the external force.

If we keep the interaction strength, denoted by €, of the external fixed, we can ex-
periment with different detuning Aw = wy — w to see when the synchronization regime
stops. This will give us Figure 2.2a. If we instead visualize the synchronization region as
a function of w and €, we will get the Arnold tongue in Figure 2.2c. Putting both figures
together, we get Figure 2.2b. These figures help visualize when we have synchronization.
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Figure 2.3: Frequency-detuning curves for noisy oscillators. The angular frequency of
the driven oscillator €2 is the average observed frequency. Figure 2.3a shows how a self-
sustained oscillator in presence of bounded noise which is weaker than the external force
can still be synchronized. The region of synchronization will however be smaller than
without the noise. On the other side, Figure 2.3b shows how unbounded noise or noise
stronger than the force means that frequency locking only happens when the detuning
Aw = wy — w = 0. If the noise is not to strong, we can almost get synchronization (the
bold line), but when the noise gets stronger, synchronization is completely destroyed. The
figure is taken from the book by Pikovsky, Kurths and Rosenblum [21].

It is interesting to note what happens at the end of the synchronization region. We
imagine moving from outside the synchronization region of the Arnold tongue towards
the synchronization region in Figure 2.2c. Outside the synchronization region, the phase
difference grows to infinity, however this growth is not uniform. It turns out that when
we are close to the region of synchronization, the phase stays almost constant before it
rapidly changes by 27. This jump is what we call a phase slip: The driven oscillator is
almost phase locked, but ends up slipping and rapidly increasing by 27. The closer we
get to the region of synchronization, the longer the phase difference seems constant.

Phase slips are also common occurrences in the presence of noise. A self-sustained
oscillator in presence of noise will not have a proper limit cycle. However, if we take
the limit when the strength of the noise goes to zero, it does have a limit cycle. This
means that in the presence of noise, the phase will not grow linearly. The randomness will
accumulate in the phase. If we think of the driven oscillator again, the phase difference
will stay close to constant, but it now has a stochastic contribution. It the strength of the
noise is bounded and less than the strength of the force, then the phase will only fluctuate
about a stable constant value. On the other hand, if the strength of the noise is unbounded
(e.g. gaussian) or bounded but stronger than the force, then phase slips can occur. We
note that even tough the self-sustained oscillator has a well-defined angular frequency wy
(defined from the limit cycle when there is no noise), we can only talk about an average
observed angular frequency €2 for the driven oscillator. Figure 2.3 shows what happens in
the two cases: If the noise is smaller than the force, we will have a region of synchronization
which is smaller than the one without noise. If the noise is unbounded/stronger than the
force, we will only have full frequency locking when wy = w. If the noise is not to large we
can get close to synchronization, and when the noise grows we see that synchronization
is destroyed.

12



Chapter 3

Overview and results from quantum
trajectory theory

When we try to synchronize a quantum mechanical system, we need to add dissipation. A
natural way to do this is by letting the system be open, such that the system interacts with
the environment. If we do not have a simple model for the environment, the interaction
quickly becomes complicated. If we let p(t) denote the mixed state of the system at time
t, and assume that the Markovian approzimation' holds, then we can find the equation

% =~ [H,pl+ ; % (2L4pLf = LiLip = pLLLy)

often called the Lindblad equation, for the time evolution of the mixed state [22, section
3.5]. The first term —£[H, p| is the normal unitary time evolution of the isolated system
(with Hamiltonian H). The other terms describe interaction with the environment. The
operators Lj are know as Lindblad operators, and I’y > 0 are the rate of which the
interaction happens. The sum goes over all £ Lindblad operators.

We can think of the Lindblad equation as a dynamical system, where the mixed state
of the system p is the variable. The problem with using the mixed state is that it only
correspond to statistical ensemble of pure states. Moreover, there is not a unique way
of writing the mixed state |17, theorem 2.6]. When talking about synchronization, this
means that not only can we only talk about synchronization of a statistical ensemble
(i.e. a convex combination of pure states), but the ensemble is not unique. This is where
the idea of trajectory theory comes in: Each trajectory can be thought of as the time
evolution of the system, which on average can trace out a limit cycle of a self-sustained
oscillator in the presence of noise. For further details, see [13]. We will base the theory
in this section solely on the review article by Brun [!| and our own derivations.

'We will say that a quantum system is Markovian if it is local in time, i.e. p(t + dt) is completely
determined by p(t). The Markovian approximation is that we can neglect the memory of the environment.
In other words, it is not possible to see the effects of the system on the environment [22, section 3.5].
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Figure 3.1: Schematic diagram of the QTT model we use. The environment consist of
infinitely many two-level systems, all in the same state | E'), which do not interact with each
other. The system is also a two-level system, but in a state |¢)). The system time evolves
over some transient time 0t, before it interacts with a single environment TLS. After the
interaction, the environment is immediately measured in a chosen basis {|fo),|f1)}, and
then discarded. This process is then repeated for as long as we desire: The system is time
evolved, then it interacts with the environment, then the environment is measured, and
the cycle repeats. The transient time 0t is always the same. The Hamiltonian governing
the transient time evolution of the system, Hg, is also the same for every time step. The
interaction is for every step modelled by a unitary transformation U(#), which depends on
a parameter 6. Before the process begins, the common environment state, |F), must be
decided. The measurement basis {|fo),|f1)} must also be the same for every time step.

3.1 What is quantum trajectory theory?

The quantum trajectory theory we present is based on the review article by Brun [4]. The
theory is more vast and general than what we present, and Brun give references to other
literature in his article.

We begin with our system [¢)) placed in a very specific environment: The environment
will be an ensemble of quantum systems in the same state |E). After some transient
time Jt, a single environment state will interact with the system. This happens over a
short time 6. (Right now, the interaction time will be denoted by 6, but note that the
meaning of # will change later on.) Then, the single environment state is measured in a
chosen basis { fi}rer. This will collapse the state of the system. The state then evolves
for the same transient time &t before again interacting with a single environment state
|E) for some time 6, before the environment is measured in the same basis as before. This
cycle is repeated indefinitely. Figure 3.1 visualizes this when both the system and the
environment consists of two-level systems. The time evolution during the transient time
is governed by a system Hamiltonian Hg, which gives some unitary time evolution U(dt).
The interaction with the environment is modeled to happen so fast that we can neglect
the system Hamiltonian fully, and only focus on the interaction Hamiltonian H;. This
interaction will give some unitary time evolution U(6).
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3.2 Why we choose to use quantum trajectory theory

When using quantum trajectory theory, we
I = try = trp make a weak measurement as to not dis-
Pa P Ps P turb the system “to much”. Still, the sys-

tem will “jump” to a pure state, tracing out
a path on the surface of the Bloch sphere.
We are not able to see this solving the Lind-

blad equation, but we will explain how the
— Measure O average will give the same result.

p See figure 3.2 for visual representation

of the following explanation. We have a

two-level system, A, which interact with

the environment; another two-level system
B. The interaction results in a density ma-
trix p for the entangled system. After the

PA PB interaction, we can either measure system

B, or just discard it. Say we measure the

Figure 3.2: System A and B interact and environment B and use this knowledge to

become an entangled system AB. Whatever update the reduced density matrix p/y. A

is done with system B after entanglement, measurement on system A after this up-

on average, measurement on system A will date will give us some result a. We can

yelled the same result. repeat this procedure to obtain an average
(a).

On the other hand, if we let the environment B evolve and measure system A, we
will obtain a result b. Repeating this procedure to obtain an average (l~7>, we will have
(b) = (a). Thus, on average, we will measure the same.

In our case, QTT will trace out different paths each time we repeat the experiment.
On average, these paths will give the same result as solving the Lindblad equation. More
important is the fact that the representation of the density matrix is not unique. This
means that even if it contains all possible information about measurement results, it does
not contain the information about paths. This is the reason we use trajectory theory: To
get the statistic of all the possible paths the system can trace out for a given Lindblad
equation.

3.3 Weak measurement and POV Ms

A nice property of the quantum trajectory theory is that each measurement can be thought
of as being weak. By weak, we will mean the same as Brun describes in his article [,
namely that the information gained is in average small, but the disturbance of the state
is also small. As a measure of information, we use the Shannon entropy [17, chapter 11],

S=- sz‘ log, pi,
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where p; is the probability of i-th measurement outcome?. To describe what we mean by
weak measurement, we will first calculate the Shannon entropy for a projective measure-
ment on a TLS. Next, we take a quick detour through the topic of Positive Operator-Valued
Measure (abbreviated POVM) [20, section 9.5][17, section 2.2.6].

A projective measurement® is written mathematically as a set of (orthogonal) projec-
tion operators {F;};c; such that ) . P, = 1. The index set I has cardinality less than or
equal to the dimension of the Hilbert space of the system. If we choose to measure a TLS
in a basis, the projective measurement is thus given by {P;, P,}, where P, := 1 — P;. De-
noting the probability of getting outcome 1 and 2 by p; and ps, respectively, the Shannon
entropy is given by

Sproj = —p1logy p1 — p2logy po = —p1logy pr — (1 —p1)log, (1 —py).

Elementary calculus gives us that this Shannon entropy is a concave function which is
minimal for p; = 0,1 with value Sp,,; = 0, and maximal for p; = py = % with value
Sproj = 1 (see appendix A.3). After the measurement, the state is left in an eigenstate of
Py or P, (depending on the outcome of the measurement), so repeating the measurement
will result in the same outcome. In other words, measuring the state will make the state
jump to one of the eigenstates. If the state of the system before measurement is far from
either eigenstates (i.e. p; = py = %), then the information gained is large, but the jump
is also large. We want to (on average) avoid these large jumps such that we disturb the
trajectory as little as possible. This is where POVMs come in to the picture.

Although the name positive operator valued measure suggests a broader theory, we
will only be interested in the finite case described in the book by Nielsen and Chuang
[17, section 2.2.6]. Nielsen and Chuang defines a POVM to be a set of positive operators
{Ey}ner such that ) E, = 1 (the index set [ is taken to be finite). If the system
we are looking at is in a state [¢), then the probability of measurement outcome n will
be p, = (Y|E,|1). The state after measurement can be interpreted in different ways:
If the POVM comes from a set of measurement operators, i.e. E, = MM, then the
state after measurement will be |[¢), = M, [¢)) /p,. If we are only given the POVM
(without any set of measurement operators), we can always define M, = /E,, (since E,
is a positive operator) and use the set of M,,’s as measurement operators. Then the state
after measurement will be [¢) = /E, [¢) /p,. A more general explanation of POVM
can be found in |15, section 13.2.2].

We will go through two examples given in the article by Brun [/] which illustrates

weak measurements. The intermediate steps and arguments can be found in appendix
A.3. The first one is the POVM {E}, Ey} where

By =10) 0+ (1 —e) [1) (1], Bz =ell)(1],
and € < 1. We see that both F; and Ej are positive and E; + Ey = 1, so this is a POVM.
Letting the system be in a state |¢)) = «|0) 4+ 3 |1), we can calculate the probabilities
pr=(QIEY) =1—€lB]* and py = (V|Esfv) = €|,

2The Shannon entropy we use in this text is only defined for discrete probability distributions.

3Projective measurements are far better described in the book by Nieslen and Chuang [17, section
2.2.5], and we will only use the bare minimum needed to describe the Shannon entropy of a two-level
system.
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and Shannon entropy Spovy = —(1 —€|8]?) log, (1 — €|8]?) — €| 3]* log, (€| 8]?). The Shan-
non entropy is always close to zero, so we gain very little information. We let the actual
measurements be given by the square root of the elements in the POVM, i.e

My =10) (0] + V1 —€|1) (1], My = /e[1)(1].
The state after measurement will then be either

Milg) _ af0) +v1—€B[1)

hE i JaE
1Y)y = M [¥) =|1) (up to a phase factor)

V(| Eal)

with probability p; = 1 — ¢|3]* and p, = €|3]?, respectively. On average the state changes
only slightly, but every so often, we expect a large jump to the state |1).
The second example is the POVM {E], Ef} where

1+¢ 1—¢ 1—c¢ 1+€
= 2510 0]+ 1), By= 510} (0] + —

1) (1

. 1l

and € < 1. We again see that both F} and E} are positive and Ej + E) = 1, so this is
also a POVM. Letting the system again be in a state ) = «|0) + [ |1), we can calculate
the new probabilities

B

1+ e(lal® —181*)
2 Y
L+ ¢(BP — |af)
5 .

p = WIE ) =

Py = (Y| E5l¢) =

and new Shannon entropy
1+e(|al® — |8 1+ e(|al? — |82 1+ (|2 = |af? 1+ €(|8]2 = |a?
Shovar = — (lof Il)log2 (laf* =18]7) (18] H)log2 (162 = |af?)
2lal? — 1 1 2lal? — 1
0P = 1) 1+ elaP 1)
2 T @laP 1)

1
—1— Loz (1 - (2laf? - 1)2) -

This Shannon entropy is, contrary to the previous example, always close to one. We

again let the actual measurements be given by the square root of the elements in the
POVM, i.e

1+ 1—¢ 1—c¢ 1+e¢
M= [ == 10) O] + /5= (1], Mg = /== 10) (O +/—— 1) (1.

The state after measurement will then be either

vy MY aVTT) VT
VTVRIE) VIt e(aP = 15P)

M) avIelo) + BV el
*TVWIER) VIt e(BE - [aP)
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with probability p] = M and pl, = w, respectively. Both of the POVMs
we have looked at are considered by Brun as being weak. The first example only changes
the state slightly on average, but has a tendency to do large jumps with a very small
probability. The information gained is always close to zero. The second example always
changes the state, but never in large jumps. The information gained is always close to
one. This might seem contradictory to what we stated before: The information gained
from a weak measurement should on average be small, but here it is comparable to the
projective measurement. One way to interpret this is to use Neumark’s theorem explained
below: The POVM is realized as a projective measurement on an extension of the Hilbert
space (e.g. an environment). The information gained from the environment is large, but
the information about the system is still small.

So far we have seen that if we use a POVM, we can get weak measurements. We have yet
to explain what this has to do with trajectory theory. The relation between the two comes
from a mathematical theorem sometimes called Neumark’s theorem (or Naimark’s dilation
theorem). The mathematical statement is (as always) densely formulated [19, theorem
4.6], but the main idea is that any POVM can be realized as a projective measurement on
an extension of the Hilbert space [22, section 3.1.4| [20, chapter 9.5]. In other words, we
let our system interact with an environment and then do a projective measurement on the
environment. This is exactly what we are doing in quantum trajectory theory! Letting
the interaction between the system and environment be weak, and happen over a short
time span, we can measure the environment and only perturb the system very slightly.

3.4 Time evolution in quantum trajectory theory coin-
cides with the Lindblad equation

We will now go into the actual dynamics of the model and show that time evolution in
quantum trajectory theory coincides with the Lindblad equation. We begin by assuming
the system Hamiltonian is zero in this section, and in the next section we will include
a non-zero Hamiltonian for the system. The setup is as follows (see also Figure 3.1):
Our system is in a state |¢)) which lies in a Hilbert space Hg. The system is in contact
with an environment. The environment consists of equal non-interacting systems all in
the same state |E). Each single environment system is thus described by a Hilbert space
Hg. An environment system interacts with the actual system over a short time, before
the environment system is measured. The actual system then evolves over some transient
time 0t before a new environment system interacts with the actual system over a short
time again. The interaction time, and transient time between interactions, are always the
same. The measurement done on the environment system after interaction is always the
same. The interaction is described by a Hamiltonian H € B(Hs ® Hg), which can be
written
H=Hs®1+H;+1® Hg.

To get as quickly as possible to the result, we assume that both Hg = 0 and Hg =
0. The time evolution is then given by U(f) = exp (—ifH;). The parameter 6 takes
into account both time and interaction strength. We Taylor expand the time evolution
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U0) =1 —i0H; — L H? + O(6%). Let |¥) = [¢)) @ |E) be the state of the system and
environment before interaction, and pg = |[¢) (| and p = |¥) (V| be the density matrix
of the system and system coupled with environment, respectively. As we are trying to
recover the Lindblad equation from the time evolution, we calculate the reduced density
matrix of the system after time evolution

Ps = treny (UpU").
We find

2 2 f
UpUT = (]1 —0H; — %H,? + (’)(03)) p (IL —i0H; — %H? + (’)(03))

. 62

= p— i(Hrp — pH}) + = <2HIPH} — HHp— pH}H}) +0(60°)
. 62

=p—i[Hr,pl+ 5 (2H;pH; — Hip — pH}) + O(6°),

which already has a familiar shape close to the Lindblad equation. The partial trace is
easily computed if we can separate the system and environment. We can achieve this
separation by writing the interaction as a sum of operators* H; = > ; A; ® Bj, where
A; € B(Hs) and B; € B(Hg). Hence, exploiting the hermiticity of Hy,

pls = treny (UpUT)

=ps — 10 Z trenv([Aj ® ij P])
J
92
+ 5 tren (2045 @ By)p(41 @ BT — (A4 0 BIB)p — p(4 A @ BIBy) ) + O(6°).
il

To calculate the partial trace®, let {|n)},c; be an orthonormal basis for Hp with |E)
being one of the basis vectors. We see that

=6gn =6nE

—— ——
tren([A; @ By, pl) = Y | (4 18) (n|B;|E)) (¢ (Eln) — [v) (n| E) ((¥] 4; (E|Bj[n))

n

=ps =ps
= | A [0) (WI(EIB|E) | — | [¥) (V] A (E|Bj|E)

= [A;, ps] (E|Bj| E) .
Similar calculation gives
trene[(ATA, ® BIB))p] = Al Ay <E|B}BZ\E> :

trenv[p(A;Al ® BJTB[)] - pSA;rAl <E|BJTBZ|E> .

4This is always possible as B(H) is a vector space for any Hilbert space H and thus has a basis which
we can expand each operator in. To avoid limit arguments, we note that we will only need the result we
find for finite dimensional Hilbert spaces.

5We again note that we let the Hilbert spaces be finite dimensional to avoid limit arguments.
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However

trensl(4; ® By)p(Ar® BT = 3 (A1) (vl By|2)) (] AT (BIB]In))

n

=t 1] (£ |al S o3 )
= 4; 1) (] 4] <E|B§Bj|E> ,
where we have used that ) |n)(n| = 1. In total, the time evolved density matrix is

given by
ps =ps —i0 Y [A;, ps] (E|B;|E)
J

2
+ % %: <2AIPSA§ — AlAips — psA}Al) <E|B]T»Bz\E> +0(6%).

We now define a matrix M with entries M;; = <E |B;Bl |E > We immediately have that M

is hermitian and therefore diagonalizable with real spectrum. We write M =", A, ,ukp,L
where \; € R and py, are the k-th eigenvalue and eigenvector, respectively. We then define
the operators Ly, = . (ux);A; (where (py,); denotes the j-th element of the eigenvector

pr) and factors T'y(0) = %. If we assume that® ) .[A;, ps] (E|B;|E) = 0, then

(92

Ps — Ps :g

(92
= Z
5l

Z <2AlpSA}L — A;Alps — pSA;Al> Mlj + 0(93)
gl

2Alpsz4; (Z Akﬂk“i) — A;Azps (Z Akukul)
k lj k

lj

— psAlA, (Z Akﬂ‘kz“’li) +0(0%)
iz ()
: T
(e )
e (Z ) (Z(uk)lAl> + 0%

and thus

- T(0
s _Ps - P53y ’“2( ) (QLLpst — Ly Lips — pstLD +0(6%).
k

6This can always be done, as we show in later (see section 3.5.3).
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We have thus recovered the Lindblad equation if I'x(€) converges to some constant
rate 'y for each k, i.e. limg_,o ['x(6) = T'y.

3.4.1 Dimension of 6

We will briefly go through the possible dimensionality of #. We know that the time
evolution governed by a time independent Hamiltonian can be written as an exponential
of the Hamiltonian operator. In our case, we have either exp (—i@H) or exp (—i0H/h).
The exponent must be dimensionless, and since the dimensions of i are energy times time,
0 H must either be dimensionless or have dimension energy times time. Let us look at the
two different cases.

The Hamiltonian always has dimensions energy, so if 0 H is dimensionless, then # must
have dimensions 1/energy. Since we can write H = ;A4 ® Bj in QTT, we can choose
to put all the dimensions into the B;’s. That is, we let A; be dimensionless and B; have

dimensions energy. Then M;; = <E |B;Bi|E > will have dimensions energy squared, and

we can therefore say that the eigenvalues of the matrix M, \;, have dimensions energy
squared. Thus ?5_t>\k will have dimension 1/time, i.e. dimensions of a rate.
If 0H/h is dimensionless, then § must have dimensions time. The matrix M is in this

case multiplied by A2, and hence % will have dimensions 1/time squared. This means
that g—j%—’; has dimensions 1/time again. We therefore have a rate, as expected.

To be explicit, the parameter § = (t) always has an implicit time dependence such
that @ ~ \/6t, but has dimensions either time or 1 /energy. This is what we mean when
we say that the parameter 6 decides the strength of the interaction, as well as the time
the interaction takes.

3.5 Other results in quantum trajectory theory

In the previous section we assumed that both Hg = 0 and Hg = 0. We will in this section
show some results not covered in the article by Brun [1]. Among the results we show, we
will go into detail on how we can recover the effective Hamiltonian of the system. We
relay on the fact that {o;}?_, = {1, 0,,0,,0.} is a basis for B(C?), i.e. the bounded linear
operators on two-level systems. These operators have the important property of being
both unitary and hermitian. Moreover, {c;}?_, are traceless. Using the fact that they
form a basis, we will write the interaction Hamiltonian as H; = Zj’ i1 hijo; ® oj. Since
the interaction Hamiltonian is hermitian, we immediately have h;; € R.

The article by Brun [/] has more theory and many more examples than what we present
here. We have only presented what we think is necessary. We have also excluded some
details. For instance, Brun notes that the discarded environment still has entanglement
which can effect the system. We are only interested in the ideal case in this text and have
therefore chosen not to emphasize points like these.
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3.5.1 We can always choose the environment to be in the state
0)

In general, we can let the two-level environment of the model be in any initial state |E),
as long as everyone of them is in the same state. This might first look like we have
an independent parameter, but we can always assume the environment is in the state
|E) = |0). If this was not the case, we know that |E) = U |0) with U = |E) (0| +|E*) (1.
To see how the dynamics change, we let the interaction Hamiltonian be given by H; =
E? i1 hijo; ® o;. We have not included terms of the form o; ® 1 or 1 ® o; as these
are encapsulated in the Hamiltonians of the system and environment, respectively. Now,
this can again be written as H;y = ) . A; ® B; where A; = 0, and B, = Zj hijo;.
Then B; |E) = B;U |0), so we can define a new operator B, = B;U. Since any unitary
operator on a TLS can be written as U = 1 cos (¢) +in - o sin (¢) (see appendix A.1) and
00 = 0;;1 +1€;,0%, we can end up picking up a term proportional to the identity 1. This
in undesirable as it should be encapsulated in the Hamiltonian of the environment. We
therefore redefine the interaction Hamiltonian to be H} = 37 =1 hijoi0j, where h;; are

taken from BU = 37 _o hi;oi (taking og := 1). The leftover terms hg;1 ® o; are added
to the Hamiltonian of the environment.

3.5.2 The choice of measurement basis will decide the jump

In section 3.3 on weak measurement we saw two different examples of weak measurement:
One where we on average only change the state slightly, but occasionally the state makes a
larger jump, and an other where we only change the state slightly. We want to see when we
get the different cases for our model, a two-level system interacting with an environment
consisting of only two-level-systems. Let the system be in a state |¢)) = a|0) + b|1), the
environment in the state |0) (as explained in the previous section, we can always assume
this), and the interaction be U(f) = e~*H1 with H; being the interaction Hamiltonian.
After interaction the entangled state will be

U(0) 1) @ [0) = ' |00) + b [10) + ¢ |01) + d [11) .

As the interaction is supposed to be weak /happen in a short time span (which is modelled
by the parameter #), we can compute the Taylor expansion of U(#) ~ 1 — i6H;, to find
that the entangled state should only have changed slightly. That is, we approximately
have

adoxa(l—6), bocbl—0), cxb, doxbé.

If we choose a (orthonormal) measurement basis {|fo),|f1)}, we can find the change

%0 %1) such that |fy) = B|k) for k = 0,1. Expressing the
0o b1

environment in the measurement basis, the time evolved state is given by

U(0)[¢) @ 0) = (a"|0) +b"[1))(ao | fo) + e [ 1) + (¢|0) +d[1))(Bo [ fo) + B [ f1))
= [aw(a[0) + V' [1)) + Bo(c]0) + d [1))] | f
+ [a1(a’ [0) + V' |1)) + Bi(c |0

of basis matrix B =

/o)
)+ d )]
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The state after measurement is therefore either
ag(a’0) + ' [1)) + Bo(c|0) +d 1))

|7vb>o = \/% , Or
), — ai(a’|0) +0'|1)) + F1(c|0) +d|1))

v ’

with pr = [ag(a’|0) + ' [1)) + Be(c|0) + d |1)]T[ar(a’ [0) + ¥ [1)) + Bi(c|0) + d|1))] for
k=0,1. As da'|0) + 0 |1) is close to |¢) (as we assume that € is small), it is the term
Br(c|0) + d|1)) that will give us jumps.

Let us look at the very specific case when

O-/O:V]-_V2a a; =V, ﬁoZVa ﬁlZ_Vl_V27
where 0 < v < 1. Then we have

V1—1v2(a(l1 —0)]0) +b(1—06)[1))+v(0|0)+0|1))

9 ~ ¥ ,
_v(a(1=0)0) +b(1—0)1)) —v1—0v2(00) +0]1))
|¢>1 ~ ]\/v1 )

where Ny and N; are normalization constants. Hence, if v < 0 < 1, then
VI-12(1-0)=1, vd=0, v(l-0)~v, V1-—-120=0,
SO
_clo)y+d|1)
N,
where N is a new normalization constant. This can be a large jump depending on the

constants ¢ and d. If we want to avoid large jumps, we need to have § < v. When this
is the case, both

[V)g = al0) +b[1) and [¥),

)

V) = al0)+b]1) and [Y), =al0)+b]1).

3.5.3 n-level environment can only give n — 1 Lindblad operators

Let the environment be an n-level system and choose any initial state |E). Let time
evolution be given by U(6) = e~ where H = ;A ® Bj is the full Hamiltonian of the
system, H = Hs® 1+ H;+1® Hg. We will first show that we can redefine the Hamiltonian
such that we can assume (E|B;|E) = 0, and therefore > [A;, ps| (E|B;|E) = 0.

Define A := — 3", A; (E|B;|E). As we are only interested in the interaction with the
environment, we can then redefine H' = H + A® 1 = Zj A; ® B;. Then <E|B§|E> =0,
and thus  [A}, ps] (E|Bj|E) = 0.

We now show how we in specific cases can restrict the number of possible Lindblad op-

erators. We can find an orthogonal basis {|E) , |k) : k =1,...,n—1} for the environment,
such that
ANE U — — /kjt ::v/ki IN\T :(i
My = (E|(B)'BI|E) =Y _(E|(B))'|k) (k| B]| E) + (E|(B})'|E) (E|B]| E) .
k=1
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We define the vectors (vk,l, e vkjn_l)T. Denoting these vectors by |v) and exploiting
the (Dirac-)notation, we see that the matrix M can be represented as an outer product

M = Z |vk) (vi| = Z (vilvg) |vg) (vil,

where |v) = |vg) /+/ (vk|vk). We cannot right away assume (v} |v]) = 0, but whenever this
is the case, we have diagonalized the matrix M. Hence, whenever M is diagonalized, M
can maximally have n — 1 non-zero eigenvalues. For a TLS,

"
=v_ — ey,
=y =0

s - G " ——
M;; = (E|(B))'B{|E) = (E|(B})'|E~) (E*|B]| E) + (E|(B))'|E) (E|B| E)

In other words, M = |v) (v| is already diagonalized. Hence, for a TLS, we therefore
conclude that we always have only a single non-zero eigenvalue, and therefore only a
single Lindblad operator.

3.5.4 Recovering the Lindblad equation with Hamiltonian of the
system

We want to end this chapter by elaborating on the assumption that >, A; (E|B;|E) = 0
and say how we can recover the Lindblad equation including the Hamiltonian of the
system

dps

, 1
75— —ilHs, ps]+5 T [2LkpSLL — LiLps — pSLLLk] . (3.1)
k

The calculations are given in detail in appendix B. If ), A; (E|B;|E) = 0, then equation
(3.1) is easily recovered (see section B.2). However, this assumption is not necessarily
true. We argued that we could use an effective interaction Hamiltonian H; = H; — A, but
what happens to the dynamics of the system? It is not easy to answer this question in
general. We therefore look at a specific example: Choose |E) = [0), H; = }_,; hijo; ® 0y,
A; =04, Bi = ), hijjo;, and A = 37, A; (0[B;|0). If we go through the calculations, we
end up with

Py = treny (U(0)|0) (T1U(0)")

1 1
=pg — i i3[As 2|LpsL' — =L'Lpg — =psL'L
ps ZQZZ:M[ ,ps] +0 { Ps 5L Lps — 5ps
1 1
+ 82 Z hi3hj3 |:AipSAj - §A1Ajps - ipSAZAJ:| + O(@S)
ij
The calculations are given in section B.1.

The problem is now to handle the two terms containing A, namely —if > . hi3[A;, ps]
and 62 Zij hizhjs [AipsAj — %AiAjpg — %pgAiAj}. To ensure that
2

0
dim 57 7 0,00,
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we must have

lim 6 o V6.

ot—0
This again means that —i% > hislAi, ps] 220, 4 50 unless either > i his[Ai, ps] = 0 or
each h;z is dependent on the time step dt. This is the same as demanding h;3 = 0 for
all ¢ or letting them be dependent on the time step dt. The first case, h;3 = 0 for all 7,
would mean that both problematic terms are zero. We look at what happens if we let them
depend on the time step dt. Then we must have limg; %hig =0, and as limg;_,o 0 \/E,
we have to demand limg; o hi3 o (dt)* where a > % If we have a = %, then the first term
stays and the latter disappears. If not, then both disappears.

It is therefore possible to recover the Lindblad equation, at least in this very specific

case. We can even combine this result with the time evolution during the transient time,
and we will still recover equation (3.1). This is shown in section B.3.

3.5.5 Independence in choice of Hamiltonian representation

It is actually possible to show that the Lindblad operator is independent of the repre-
sentation of H. It is namely possible to define the partial trace of an operator in such
a way that it is both linear and well-defined [2]. Let therefore H = >.;A4; ® B;j and
H =3, Cy ® Dy, be two representations of H. Then

treny (H) = treny (Z A ® Bj) = tren(A; @ B) =Y Ajtr(By),
j j j

trenv(H) - tI'env (Z Ck; ® Dk) = Ztrenv(Ck X Dk) = Z Ck tI‘(Dk),
k k k

which means that all representations will give the same result. For U = exp(—i0H) we
have

U0y (O|UT = (11 —i0H — 922}12 + 0(93)> | ) (U] <11 +i0H — 9;H2 + 0(93)>
— | O) (] + 0 [|9) (], H] + 6 (H 0 (W] H — %H2 WY (0] — % o) (| H2) +O(6%).
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If the Hamiltonian has a representation H = ) ; A; ® B;, we get (using the notation
from [2] with IC as the Hilbert space of the environment and |¥V) = |¢) ® |E))

treny ([ V) (V] , H]) = tTeny (I\If) (T|> A; @ B; — |¥) (I ZAj ® Bj>

J

—Ztrenv 0) (U] A; ® B; — (A; @ B)) |¥) (T))
—ZZ(MW®WWMMW&MW%

— (k1 (4; ® B)) ([4) @ |E)((] & (BI) [k )
= > (1) (@l 4; ® (E| B)) | )

—<WAM®Bmww
= > () (W1 4; (E|B; B) — (BIB,|E) A; 19) ()

:Z (EIB;|E) [[v) (¥, Ayl
J

where we have used that {|k)} is an orthonormal basis for K containing |E), and that
(W k)i 1) = (UL @ k) = (¢[f) (Elk) for all system states [f), so ((W]) [k),c =
(Elk) (¥], and finally that (k|(|¢) ® |E)) = (k| E) [¢). The same argument also gives

treny (H?[T) (¥]) = Z (E|B;B;|E) A A; [¥) (1],

treny (|0) (U] H?) = Z (E|BiB;|E) [1) (] AiA;.

For the last term, we get
treny (H W) (W] H) = ZZIC k(A [¢) © Bi |[E))((¢] A; @ (E| Bj) k)

= ZZ A |[9) (kB E)) (] A; (E|Bjk))

=Z&WWM«E%ZWW&E>

- Z (E|B;Bi|E) A; |¢) (] A;.
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Hence,

treny (U ’\I}) <\IJ’ UT)
= |¢> <¢| + 10 treny ([|\Ij> <\IJ| 7H])

+ 02 tron (H O (W] H — %H2 WY (0] — % 0 (| HQ) + 0%

=) (W] + iQZ 1) (01, A1 (E|B;|E)

+ 0 Y BIBBIE) (A:16) (014; — 34416 0] = 3 10) 6] A1) + O(F)

(3.2)

Suppose now that the first order term was zero, i.e. >, [[¢) (¢], Aj] (E|B;|E) = 0, and
let H=)", Cx ® Dy, be another representation of the Hamiltonian. Then we must have

=Y [19) (@], A (EIB)|E) = treny (1¥) (¥[, H]) = [[) (], Cx] (E|Dg| E) .
J k

In other words, if one representation gives zero, all other representations must also give
zero. Contrapositively, if one representation gives non-zero, all other representations must
also give non-zero.

We have included two explicit examples in appendix B.4 showing that the representa-
tion does not matter.

3.5.6 Easy calculation of Hamiltonian

We go back to our starting point, H =3, hjjo; @0 =3, 0; ® (Z] hijaj), o, |0) = |0),

A; = 0y, and B; = Z]. hijo;. Since we want the first order term in equation (3.2) to be
zero, we compute (0|B;|0) = h;3 and define A := — %" A4;(0|B;|0) = — >, A;h;3. Then,
as explained in the beginning of this section, we change to the Hamiltonian

H=H-A®1=) (A®B - A &lhs)

i

h 1 - Zh’LQ hil — lhzg
_ZA ®< zl+lhz2 _h"t3_ ) ZA@( zl"’lth _2hz3 )

!
—:B!
7\

— ZAZ ® |:hilo-x + ]’LZ'QO'y — 2h13 (0 1):| .
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We have now expressed the transformed Hamiltonian with a representation of the form

0 O). We compute

J

H =3%".. hi;0: @ sj, where s; = 0, s = 0, and s3 = <O 1

(D ) (e )
J Wi +ihly  —2h, hiy +ihiy  —2hig

_ (W = ihja) (hiy + ihiy) hig(jy — ihis)
Wi (i + ihis) (hiy — ihig) (1 + this) + Rishig
::k; =:k;

and hence (0|B;Bj|0) = (h;l - ih;zs(hgl + thiy) = M,;. We therefore have

ki Raks ks il s g
koki  [Rol* Kokl | = M =X | popsy |pol®  piogs
kski  ksks  |ks|? pspy psps |psl®

and we can therefore read straight out what h}; must be.
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Chapter 4

Quantum synchronization of two-level
systems

As we mentioned in the introduction, there has in recent years been interest in synchro-
nization of quantum mechanical systems. The quantum mechanical van der Pol oscillator

is one of the more studied examples [26][12][27], along side two-level systems [29][1].
In this chapter, we will look at two articles and one master thesis. The first article
by Roulet and Bruder [23], titled “Synchronizing the Smallest Possible System”, finds

that the smallest quantum system that can be synchronized is a three-level system. In
particular, they conclude that it is impossible to synchronize a TLS. The next article by
Parra-Lopez and Bergli 18] shows how it actually does make sense to synchronize a TLS.
This is done by interpreting the mixed state as an ensemble of pure states, where the
ensemble can have a valid limit cycle. Finally, the thesis by Longva [13] uses quantum
trajectory theory to numerically compute the synchronization regime of a TLS.

4.1 Can two-level systems be synchronized?

The article by Roulet and Bruder [23] concludes that two-level systems cannot be syn-
chronized. Their goal is to find the smallest possible quantum system that can be syn-
chronized. As is standard, they represent a TLS on the Bloch sphere and use that any
unitary operation on the TLS will be a rotation around some axis n on the Bloch sphere,
visualised in Figure 4.1 (see appendix A.1 for mathematics behind this). They argue that
if one tries to add a dissipative map to the Hamiltonian of the TLS, to get a self-sustained
oscillator, then we will only end up with the trivial limit cycle that stays at either n or
—n. We quote the first part of this argument here before we try to break it down:

...To make contact with the standard paradigm of synchronization, we first
need to establish a valid limit cycle for the self-sustained oscillator. Specifi-
cally, adding loss and gain to the dynamics of the qubit, we look for a fixed
point of the dissipative map that does not possess any phase preference. That
the phase of the limit cycle needs to be free is a sine qua non condition that
ensures that any perturbation neither grows nor decays, which is the essence
of synchronization.
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) |9).os

Figure 4.1: Rotation of a state |¢)) around an axis n on the Bloch sphere due to a unitary
operator, e.g. a time-evolution.

To add loss and gain to the dynamics of the TLS is a correct idea, but it is not easy to
understand what is meant by “... look for a fixed point of the dissipative map that does
not possess any phase preference. ...”. The argument continues in the following way:

In the case of a qubit, any state belonging to the space Hqunit can be written
as pqubic = (1 4 m - &)/2, where || < 1 is maximized for pure states that lie
on the surface of the Bloch sphere. This implies that the set of states invariant
under rotations with respect to the axis 7 satisfy m = A7 with —1 < X < 1.
In other words, they correspond to probabilistic mixtures of the eigenstates
|£7), which are lying exactly on the rotation axis where the phase variable is
not defined. Any attempt with qubits is thus bound to fail due to the absence
of a phase-symmetric state that is different from the extremal eigenstates. ...

It is true as they say that the set of states invariant under rotations with respect to the axis
nis {\i: —1 < XA < 1}, and of these, only £ |n) are pure. What is confusing is that the
states on a limit cycle need not be independent of the phase. It is therefore not obvious
why they are looking for a “phase-symmetric state”. Moreover, they have excluded all
possibility of mixed states. This is the idea behind the article by Parra-Lopez and Bergli.

Before we move on to the article by Parra-Lopez and Bergli, we will try to look a bit
closer at what Roulet and Bruder might have meant. When they say “... look for a fixed
point of the dissipative map that does not possess any phase preference. ...”, they might
have meant that they look for a limit cycle of the dynamic, when including dissipation,
such that the phase defined from the limit cycle is linear in time. If this is the case, we
must assume that the dissipative map adds both loss and gain. If this is not the case,
we would only have dissipation of energy, so we obviously do not have a self-sustained
oscillator. It is also not obvious what is meant by “... the phase of the limit cycle needs to
be free ...”. They do not say what it needs to be “free” from, and we know that the phase
of a limit cycle is defined to be linear. That is, the phase of a limit cycle is defined after
the limit cycle of a system is defined, and the phase is then defined to be a function ¢
from the phase space to Ry, i.e. (x(t)) — ¢(x(t)), such that if we start at some point
x(0) in phase space at time ¢t = 0, and return to this point (7)) = (0) at time t = T,
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then ¢(x(0)) = 0 and ¢(x(7T")) = ¢(x(0)) = 2x. The function ¢ should also be linear in
time [21, section 7.1]. Pikovsky, Kurths and Rosenblum do talk about the phase being free
[21, section 2.2.2|, but they focus on the fact that a perturbation just adds (or subtracts)
a constant term to the phase. That is, the perturbation in the phase neither grows nor
decays.

As a final remark, from the text in the article by Roulet and Bruder, it could seem like
their interpretation of phase space is different from how we interpret it. Even though the
book by Pikovsky, Kurths and Rosenblum works classically (instead of quantum mechani-
cally), they explicitly state that phase space and state space is the same thing |21, section
2.1.2|, and that phase space is the space of all variables « in the differential equation giv-
ing rise to the limit cycle [21, section 7.1.1]. For a TLS under unitary time-evolution, the
phase space will therefore be the same as the state space, namely {|¢)) € C*: (¢|¢) = 1}.
There is no doubt that the Bloch sphere is a representation of the state space of a TLS
[17]. However, the use of the spin equivalent of the Husimi Q) representation looks similar
to treatments in phase-space formulation of quantum mechanics [6].

4.2 Limit cycle for two-level system constructed from
pure states

The article by Parra-Lopez and Bergli [1%]| discusses how a two-level system can be syn-
chronized, contrary to the conclusion drawn by Roulet and Bruder [23].

They begin by explaining how a TLS can be thought of as having a valid limit cycle:
To make the calculations easier, they choose a system Hamiltonian ]:IO = %woﬁz, where wy
is the natural frequency that the Bloch vector precesses around the z-axis with. Letting
p' = 3(1+m' &) (where m’ is the Bloch vector of the system), they change to a rotating
frame p = Two 0 Tjo = %(]l +m - &), where Two — ¢/2'%! The Lindblad equation in the
rotating frame is 5o .

= 2Deu]p+ 5 Dlo-)s

where I'y and I'y are the gain and damping rates, D[@]ﬁ = @ﬁ@T — %{@T(’j,ﬁ} is the
Lindblad superoperator, and 6, and 6_ are the ladder operators for the system, 64 =

%(533 +146,). Solving for a fixed point, i.e. p =0, m =0, they find

I'y—TYy
F9+Fd'

my=0; m,=0; m,=

The extremal points, i.e. the points m, = 1 (corresponding to I'; # 0 and I'; = 0) and
m, = —1 (corresponding to I'y = 0 and I'; # 0), are excluded as these are pure states and
will only give trivial limit cycles (same argument as Roulet and Bruder). However, Parra-
Lopez and Bergli suggest that the mixed states can be used. To quote, the mixed state is
“... not a superposition and our system is for sure in any of those pure states, but only in
one of them at the same time.” They go on explaining that if we build up the mixed state
as mixture of pure states on the plane orthogonal to the z-axis and at the same height as
the mixed state (see Figure 4.2). Letting this be their choice of limit cycle, they continue
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Figure 4.2: Limit cycle of a TLS. A mixed state on the z-axis can be thought of as a
convex combination of the pure states with the same z-value. Taken from [15].

by adding a periodic signal, ﬁsignal = ihi(ei”t&, — e‘i”t&r). This signal is the same that

Roulet and Bruder uses [23], i.e. a classical external force with frequency w and strength
e. Taking the original Lindblad equation (the non-rotated frame corresponding to /'),
they rotate the Lindblad equation by T}, = €3+ to find (see appendix A.2)

(A AR D I S
—3 [AG, + €0y, p| + ?gD[aJr]p + ?D[a,]p,

P
dt
where A := wy —w and p = TwﬁT . They solve for the steady state p = 0, and when
transforming back to the non-rotating frame they find that m; and m; will vary in time
with the frequency of the signal, w. They conclude that this means that the system phase
locks to the external signal.

Parra-Lopez and Bergli have thus describe how a TLS can in fact be synchronized,
contrary to the analysis by Roulet and Bruder. We will now move on to the master thesis
by Longva [13].

4.3 Using quantum trajectory theory to construct the
ensemble

The work done by Longva [13] continues on the result by Parra-Lopez and Bergli [15],
i.e. that two-level systems can indeed be synchronized. Although Parra-Lopez and Bergli
have argued that a TLS can be synchronized, they state that they are working with mixed
states. Since a non-pure mixed states does not tell us which pure states it is made up of,
there could be doubts as to how the synchronization can actually be achieved. Longva’s
idea is therefore to use quantum trajectory theory (from chapter 3) to explicitly find the
limit cycle numerically.

To get both gain and dampening, Longva needs at least a three-level system environ-
ment in his quantum trajectory (as explained in section 3.5.3). He instead chooses to
use a two-level system as environment, but he lets the interaction alternate between gain
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(a) Our TLS is in contact with a bosonic field. (b) We can study the transition directly.

Figure 4.3: We model the transitions with a bosonic field to the left, and to the right we do
not assume any model for the environment. Left figure: The probability of transitioning
to the excited state is given by |(1,1 — 1|Hin|0,n)|°, and the probability of transitioning
to the ground state is given by [(0,7 4 1|Hyn|1,n)|°. Here, n is the number of excitations
in the field of the mode with correct energy, and Hj,, models the interaction between the
field and the TLS. We have Hi, = g_a + g.a' where a and a' are ladder operators and
g+ x ot. As aln) = /n|n—1) and a' [n) = /n + 1|n), the transition probabilities will
be proportional to n and n 4 1. (See [11, chapter 15.4] for more details.)

Right figure: Let p_ and p, be the probabilities of being in the ground- and excited
state, respectively, and T'y and T'_ be the transition rate of absorption (excitation) and
emission of the TLS, respectively. If we want equilibrium, we must have detailed balance,
p-I'y =pi T

and loss. Since Longva is after the same type of Lindblad equation as Parra-Lopez and
Bergli [18], he wants Lindblad operators Ly o o, and L_ « o_ (where plus and minus
refers to gain and loss, respectively). Longva therefore calculates that he needs interaction
Hamiltonians Hiy, = }1(% ®o, o, 0,).

The Lindblad operators from the QTT, using the Hamiltonians Hiy,, , take the form

2
Ly = %ai. As the variable 6. depends on both time and the rate in the Lindblad
equation, Longva needs to make sure that it takes the correct value to represent the
Lindblad equation he is after,

T T
p= %D[ﬁ]p + = Dlo-Jp.

Longva chooses to set 0. = /I'10, where 6 is purely a time variable which satisfy

limg;—so \/g = 1. To choose I'y in a reasonable way, he uses a statistical mechanical
approach: He lets Ey and F; denote the energy of the ground- and excited state, re-
spectively, AE := E; — Ey, and § = kBLT where kg is the Boltzmann constant and T is
the temperature of the system. Longva then choose py = %e‘ﬂEO and p; = %e‘ﬁEl to
be the probability of finding the system in the ground- and excited state, respectively,
where Z = e PFo 4 ¢7PF1 is the canonical partition function. He then assumes that the
environment can be modeled as a bosonic field, e.g. photons as excitation of the field
in some mode. The energy needed to excite the TLS/that the TLS can excite the field
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with will be AFE. Since we are working with bosons, the number, n, of excitations of the
mode(s) with the correct energy will be Bose-Einstein distributed

1

n= AR T

We also have that the transition rates I'y and I'_ are proportional to n and n — 1,
respectively (with the same proportionality constant). Figure 4.3a tries to illustrate the

transition. Hence,
1 eﬁAE

:—eBAE—l and T'_ = CPAE

(Most of the derivation can be found in chapter 15 of the book by Bellac [11].) We could
alternatively follow the diagram in Figure 4.3b. Here, p_ and p, are the probabilities of
being in the ground- and excited state, respectively, and I', and I'_ are the transition rate
of absorption (excitation) and emission of the TLS, respectively. If we want equilibrium,
we must have detailed balance

ry

p-I'y =p T

Moreover, we have that p, = p; and p_ = py.
Longva goes on to describe how we should update the state. After interaction with
H_, the state of the system and environment will be

|\I’/> = Coo |00> + Co1 |01> + C10 |10> + C11 ’11>
= [¢}) @ lay) + [UL) @ |2-),

where ¢;; € C are constants dependent on the time-evolution with H., and Wﬁr> =
%[(Coo + 601) |O> + (610 + 011) |1>] and W)/_> = %[(Coo — 001) |O> + (010 — 011) |1>] Note that
the subscript 4+ in |1Z1’1_L> correspond to the measurement |z.), not the interaction H.!
Longva continues finding the probabilities of measuring |zy) by tracing out the system,
finding that he will measure |z1) with probability p. = <¢§:W§E> Thus, the system state
will after the interaction be updated to

1
¥y = — |4
= 1)
when the environment is measured to be in |xy) with probability p. Longva notes that
the same analysis can be done if we measure in y- or z-basis, or any other measurement
basis for that matter.
Longva then explains how he simulates the evolution of the system as follows:

1. He begins with the system in an initial state [ig), which he connects to the envi-
ronment, V) = [y) @ |E).

2. The time-evolution is then calculated for the interaction Hy (H. is used if we are
on an even number of previous interactions, and H_ is used if we are on an odd
number of previous interactions). That is, |V') = Uy(0) |¥) is calculated. (Here
Us(0) = e )
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3. The environment is measured in the basis {|fy),|f-)}, giving an outcome |¢)).

4. Finally, time-evolution is then calculated for the system Hamiltonian H (this can
include the external signal) giving the new state [t1).

5. We return to the first step with [¢);), and go through the algorithm until we have
calculated the desired number of steps [{y).

This only gives one trajectory, and since the system is inherently stochastic, Longva
simulates multiple trajectories to gather statistics.

Longva has now laid out the groundwork for his numerical simulations. As a proof of
concept, he compares it to the analytical solution from the corresponding Lindblad equa-
tion. He does this by calculating the average density matrix of the trajectory simulations,
p(n) = %Zf pj(n), where the index j is the j-th trajectory out of the S trajectories sim-
ulated, and p;(n) = |¢,) (¢,| where |¢,) is from the j-th trajectory simulation. He finds
that the average density matrix matches the density matrix computed from the Lindblad
equation better and better when increasing the number S of trajectories simulated.

Confident that the QTT approach works, Longva introduces the same signal Hamil-
tonian as Parra-Lopez and Bergli, Hggna = ih§(e™'o_ — e “'g,), and transforms to
the rotating frame using 7}, = ¢’2°+*. Simulating the system, he finds that the system
synchronizes the same way as a classical system with noise: At no point does he get
full synchronizations, as phase slips occur, but he finds clear regions where the measured
frequency of the system is very close to the frequency of the signal. One of his best result
is shown in Figure 4.4.
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Figure 4.4: Taken from the master thesis by Longva [13]. See the thesis for full explanation
of the figure. The figure shows how a TLS is almost frequency locked to an external field.
The figure is created by doing simulations of the system for a QTT model.
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Chapter 5

Analysis on synchronization of
two-level systems using quantum
trajectory theory

In this chapter we will present our results and analysis. There are three main topics we
want to discuss

1. Is there an analytic expression for the synchronization we observe numerically (cf.
what Longva finds in his thesis [13])?

2. How can we most easily visualize the trajectory traced out by the quantum trajec-
tory theory?

3. When recovering the Lindblad equation from the trajectory theory, there seems to
be a freedom in choice of interaction Hamiltonian, initial state and measurement
basis. Does there exist a clever description of the space of stochastic processes (i.e.
interaction Hamiltonian, initial state and measurement basis) that give rise to the
same Lindblad equation?

The analysis we do will only concern the system, without any external signal. As in the
chapter on quantum trajectory theory, we assume the system is a two-level system in a
state |¢), and the environment consists of two-level systems all in the same state |E).

5.1 Deriving a master equation for the stochastic pro-
cess araising from the quantum trajectory theory

Quantum trajectory theory, as described in chapter 3, gives us a stochastic process for
the time evolution of the state of our system. We want to describe this stochastic process
through a master equation. The setup is the same as before: We have a system (not
necessarily a TLS in general) in a state |1), which interacts with an environment consisting
of systems all in the same state |E). We denote the time evolution during the transient
time between interactions by U (0t) and the time evolution during the interactions by
U(#). After each interaction the environment system is measured in a basis {|f;)}icr.
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Up to now, we have only formulated the QTT for environments with finite dimensional
Hilbert space. We therefore assume that the index set [ is finite.

If we stay this general to begin with, we do not get a lot of information: Letting
the system be an m-level system and denoting the state of the system after the n-th
measurement by [¢) , we know that

) (U600 [9),- @ 1)) = >3 cuilm) li)

k=1 i€l

We can therefore derive a general expression for [¢), , but to compute anything we need

to know U(#), U(6t), |E) and the initial state of the system [¢)). We will therefore look
at the model proposed by Longva in his thesis [13]. Computations and minor details are
given in appendix C.

5.1.1 A single step of QTT for a specific model

We begin by looking at the first step of the QTT algorithm for the model proposed in the
thesis by Longva [13].

In his thesis, Longva find evidence for synchronization of a TLS numerically. He
chooses to model the TLS using quantum trajectory theory: The TLS is in an environment
consisting of two-level systems all in the state |E) = |0). The system Hamiltonian is
Hg = %woaz and the environment Hamiltonian is Hr = 0. As we saw in section 3.5.3,
choosing the environment to be a TLS forces the recovered Lindblad equation to have only
a single Lindblad operator. This means that his environment can only either give or take
energy from the system, and not both. This can therefore not be a self-sustained oscillator.
Longva thus chooses to a model switching between two interaction Hamiltonians,

1
Hlizzl(ax(@ox:tay@ay), (5.1)

between each interaction. These interaction Hamiltonians are shown to give rise to Lind-
blad operators L, = o, and L_ = o_. The measurement basis is chosen to be the
. 0)+]1 0)—[1
z-basis?, \TI> — 0D >\/§‘> and ||,) = 2-1L >\/§| 3 ' o .
We begin by looking at the case Hg = 0. The time evolution is given by the unitary
operators

Uy(0) = exp (—i0H+).

To find the eigenstates and corresponding eigenvalues of the interaction Hamiltonians
Hj+, we can use functional calculus [17, section 2.1.8| to compute Uy () |¢) @ |E). Here
|) = a|0) + B |1) is the state of our TLS. After measurement of the environment in the

!Note that we here have chosen the convention o, |0) = |0).
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x-basis, the system will be in the state

((a i sin & )|0> (Bcos

3)

\/1+21m *B)smg

(acos )|0> (B—iasm%)
\/1+2 Im aﬁ*)smg ’

3)

0

2@

3)

, if interaction H" and measure |1,),

. . . +
if interaction H,', and measure ||.),

)
)
(5.2)
)
)

¥ = n
(octifising )0+ (BCOS |1>, if interaction H,; and measure [1,),
\/1+2 Im(af m
(cxcos5)I0) (Bﬂasm - B , if interaction H, , and measure ||.).
L \/1+2Im (a*B) sm§
We have here used that o, |0) = |0), but if we use o, |0) = — |0) we will only get a phase

factor —1 on the two states corresponding to the interaction H;+. The calculations can
be found in appendix C.1

5.1.2 Master equation for the model proposed by Longva

We now want to find a master equation for the model proposed by Longva, i.e.
1
Hp: = Z(O_:r:@OxiO_y@Uy)-

This is not to be confused with the Lindblad master equation: We already know that
quantum trajectory theory with H;+ will give back the Lindblad equation

% = Hg. g+ (2LLpL+ —pLy Ll — L Ll ) = (2LT_pL_ —pL_L! — L_LT_p) ,

t h 2 2
where Hg = woaz, Ly = o4 and I'y are the respective rates whose values are decided
by the parameter 0. We are instead after an equation telling us the probability of being
in a state after a given time. This is closer to how we recover the diffusion equation from
random walk: For random walk in one dimension, we let u(z,t) be the probability of a
random walker being at position = at a time ¢. If the time step At and physical step Ax
possible for the random walker are discretized, then the following differential equation
holds true:
w(z,t + At) = pu(z — Ax,t) + qu(x + Az, t).

Here, p is the probability of the walker taking a step Az, and ¢ = 1 — p is the probability
of the walker taking a step —Az. Taking the limit of At and Az going to zero, in such a

way that (A2)” ) goes to a constant, we can recover the diffusion equation in one dimension,
ou(x,t ou(x,t Ou(x,t
ulw,t) _  Qulet) 0ulat)
ot ox 0x?

The constants C' and D arises when taking the limit. Details and calculations are given
in appendix C.2.

Given the state after n 4- 1 measurements, [1)), ., we therefore want to see how many
possible states [¢), that can have evolved to this state. It is not difficult to show that
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if each step must follow equation (5.2), then there are only two possible states that can
give 1), ;. The calculation is given in appendix C.1.3 and give

. 5n_+01
o Qi1 £ 10p11 tan z 5 = cos (5.3)
‘Oz 4 i1 tan & 1Bnsa|? 4Byt 1Brga|?
w1 £ By tan §|” + Lot s |1 £ 0By tan §|” + Lo s
if the interaction is H;+, and
Q41 .
. Cosg ﬁ ﬂnJrl + 10n 41 tan 9 (5 4)
. 2
\/‘ﬁnﬂ * i, tan 5 612 4 ‘z;:glg' \/}ﬁn—l—l + 10v, 41 tan 9’ + |3§s+219|

if the interaction is H;-. The % corresponds to measuring |1,) and |{.), respectively.

Let u(|?) , t) be the probability of the system being in the state |1)) at time ¢. Similarly
to a random walk, we can write the different equation for each step in the QTT model.
They are

U(|¢>n+1 7t + (§t + 0)) = p+,0u(‘¢(0)>n 7t) +p+,1u(‘w(1)>n >t>7 and

u(¥)py (0t +0) = poou([9 @) 1) + p_qu([pV) 1)
and correspond to the interaction Hy+ and Hj-, respectively. If [¢) ., = ay,q1]0) +
Br+1|1) is known, then W(O)>n and ‘1/1(1)>n are given by equation (5.3) and (5.4). The

probabilities are given by pi; = (@ [¢p@), for i = 0,1. If we look at two consecutive
interactions, H;+ followed by H;-, we find

u([9), 105t + 200t +0)) =py ou([ ), . t+ (0t +0) +prau([pV) ., t+ (5t +0))

(5.5)
=p.o [p-ou ([¢*7), 1) +p-gu ([0 V), 1)] (5.6)
e oo ([90) ) 4oy ([000) 0] (57)

Next would be to do as shown in appendix C.2 with the diffusion equation, to find a
differential equation when taking the limit 6t — 0. As of now this has not been done yet,
but it would be a perfect thing to do in the future.

5.2 Flow of the state of the two-level system on the
Bloch sphere when applying quantum trajectory
theory

To get an intuition for how the TLS evolves as we trace out its trajectory, we would like
to visualize the flow of the state. That is, we would like to visualize how the state changes
similarly to visualizing the velocity field of a flow. This also limits what type of systems
we can visualize: The state space of a two-level system can be visualized as a unit sphere,
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known as the Bloch sphere [17, exercise 2.72]. For an n-level system with n > 2 however,
the state space has more than three complex dimensions. We are therefore not able to
visualize the state space in its entirety, even when taking phase factors and normalization
into account.

For a general QTT model of a TLS (i.e. a sequence of n-level environments all in the
same state |F), interaction Hamiltonian H; and unitary evolution U(0) = exp (—i0H),
and a chosen measurement basis {|fi)}ier), we find the flow of the TLS on the Bloch
sphere by calculating 2. Here n is the Bloch vector of a state [¢), where |¢) is the state
after a step of the QTT model. In other words, we take a state |¢), let the state |¢) |E)
evolve to U(0) |¢) | E), and are then left with the TLS in the state |¢)) after measurement
of the environment. Fach possible measurement will give its own Bloch vector, so each
measurement will correspond to a unique flow. We will now calculate the vector flow for
the model presented in the thesis by Longva [13]. Various steps in the calculations and
minor details can be found in appendix D.

5.2.1 State flow for the model proposed by Longva

In the QTT model proposed by Longva [13], we let the environment be in the state |E)

and let the interaction Hamiltonian be given by Hy+ = 1 (0, ® 0, = 0, ® 0,), where we

alternate between the positive and negative interaction between each step. The measure-

k p—
:L“;’ L (1] We let n = (¢¥|o|1)) be the Bloch vector of the
T_), =

state of the TLS (before evolution). For unitary evolution U(6) = exp (—i6H/), the Bloch
vector after a measurement of |f;) will in general have the form
__ U+ 0V + O(6?)

VIUZ+20V -U + 062

where the index k tells us the measurement result and

ment basis is |fi) =

ny

U={flE)*n,  V=2Re (iz rl Byl B (Al ) <fk|E>)'

J

Here we assume that the interaction Hamiltonian is written on the form Hj+ = > ; Ajc ®
B]j-E for some operators A;-t and B;E. Taking the derivative with respect to # we find that
the flow evaluated at § = 0 is given by

dnk 1

R (v — -n)). .

L) (58)
Defining AT = 104, AF = +310,, Bf = 0, and Bf = 0,, it is not difficult to show that
U= %n and

—n,+1, n,), k=0and Hiy,

n.—1, —ny,), k=1and Hy,

—n,—1, ny), k:anndHintf'

| —
o o o o

n,+1, —n,), k=1and Hy_
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The normalized the Bloch vector, given by equation (5.8), is then

( 2
Ny Ny, n,+1—ny,
(dnk>T - 1 NyNg, My — 1+ ni, ny(_l + nz) )
db 2| (nyng, —n.—1+ ny, ny(l+n.)),
\ —MNyNg, N, +1— n?

The details of this argument can be found in section D.1.

We will most often simulate our QTT model, which means that setting § = 0 would
not work: We need a finite non-zero value for 8. We can still approximate the flow by
assuming it follows equation (5.9), but we would like to have control over the error we
are making. We can therefore compute the full Bloch vector. Although not difficult, it is
time consuming to compute the actual Bloch vector, i.e. without approximating. This is
done in appendix D.2. We then find that the non-normalized Bloch vector is

(

i(af*
o = |5

i(af* —
~ 1)\~

ne —

DO |

i(af*

|| cos @

i(af” -

with norm

1

|at|? cos 6 —

("B + af*) cos &

ny, (1 — nz)> , k=0and Hiy
k=1 and Hiy,
k=0and Hi
ny(—1— nz)> , k=1and Hiy_

(5.9)

— a*B) cos & +|B[*sinb , k=0 and Hiy,
2 cos —i(a* — af3*)sin §
(a*B+ af*)cosd
a*fB)cos$ — |B|?sind , k=1and Hiy,
2 cos 0+ i(a*B — af*)sin
(a*B+ af*)cos
—aﬁ)cos§—|a\251n9 ., k=0and Hiyy_
— |8 — i(0*8 — af*)sin &
(a*B + ap* )COS—
a*f)cos & + |af?sin ., k=1and Hy,_
B+ i(a*8 — ap*)sin ¢
1—isinja*B—af], k=0and Hy,,
1+isinéja*B—aB], k=1and Hy,,
1+isin§[a*ﬁ—a5], kE=0and Hy,
1— ising[a*ﬁ —af], k=1and Hyy_
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The derivatives are give by

(

—(1/2)(a*B + aB*)sin §
—(1/2)i(aB* — a*B) sin g + B> cosf | , k=0 and Hi,
8]*sin 6 — (1/2)i(a* B — aB*) cos &

(1/2)( —|—Ozﬁ ) sin &

—(1/2)i(af* — « ﬁ)sm— |B]%cos® |, k=1and Hiuy,
dn, 1 |8|*sin 6 + (1/2)i(a* B — a3*) cos &
do 2 (1/2)(a ﬁ+aﬁ)sm—
—(1/2)i(ap* — a*B)sin g — |a|?cosf |, k=0 and Hiy_
—|al*sing — (1/2)i(a* B — aB*) cos §

—(1/2)(« *6—1—&5 )sm—
—(1/2)i(aB* — a*B) sin g + |a|*cosf |, k=1 and Hiy_
—|a|?sind + (1/2)i(a* B — af*) cos &

\

and
—icos 4B —aB], k=0and Hy,

|nil] 1 )icosg [ *B—apl, k=1 and Hiy,
0 2 )icoslla*8—af], k=0and Hy,
—icos & [ *b—apf], k=1and Hyy_

U

We can put all of this together to find the actual Bloch vector

dn,, _ dnk ||'n || ~ dH;ékH
do 72|

The final expressions are not very readable and do not give much insight. The interested
reader can themselves put everything together. What is interesting to note however, is
that if we put § = 0 we do indeed recover equation (5.9) as we should. It is therefore no
problem to approximate n; with equation (5.9) for small 6.

We now move on to visualizing the flow of the state given in equation (5.9).

5.2.2 Visualization of state flow on the sphere and in the plane

Figure 5.1 shows the flow of the state given in equation (5.9) for the interaction H;+ and
measurement of [1,). We have here assumed that n = (0, 0, 1) corresponds to the
state |0), so 0, |0) = |0). The state flow for the other interactions and measurements can
be found in appendix D.4. As the Bloch sphere is a three dimensional object, it is not
trivial to interpret the flow from the figure. For interaction H;+ and measurement |1,),
the state will flow in circles first going towards the state ||,), then towards the state |1),
next towards the state |T,), and then finally towards the state |0). We see that the state
moves slowly close to |0), and fast close to |1). For a state at [0) we have n = (0, 0, 1).

Plugging this into the flow equation (5.9) glves % —= (. It is interesting to note that if
the state is not exactly |0), but closer to |l,), then it will actually move around the entire
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Figure 5.1: The flow of the state given by equation (5.9) for k = 1 and H;+, i.e. interaction
Hamiltonian H;+ and environment measured to be in the state |1,). The flow goes in
circles always ending up at the state |0). The state |0) is a fixed point where there is no
flow.
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Figure 5.2: Stereographic projection of the flow of the state given by equation (5.9) for
k =1 and Hy+, i.e. interaction Hamiltonian H;+ and environment measured to be in the
state |1,). This is the same flow as depicted in Figure 5.1. We have here used n = (1,0, 0)
as the north pole and only show the south half of the sphere. We will get the exact same
figure using n = (—1,0,0) as the north pole and depicting only the south half of the
sphere in this case. It is now easier to see the path which a state flows: It will move in
a circle towards the state |0) where it stops completely. The flow is fast close to |1) and
slow close to |0).

Bloch sphere to reach the state |0). That is, it will not take the shortest path to |0). The
state will instead evolve around the Bloch sphere. The figures for the other interactions
and measurements show the same trend, but the flow changes direction and fixed point.

As we noted above, interpreting a three dimensional flow is not always obvious. Since
the surface of a sphere is a two dimensional object, we will instead project the surface
down to the plane. The procedure for doing this is explained in appendix D.3.

The first projection we have done is a stereographic projection |7, chapter 1, section
3]. The calculations and explenation for stereographic projection is given in appendix
D.3.1. Figure 5.2 shows how the flow in Figure 5.1 with n, > 0 is mapped down to the
unit disc through a stereographic projection. The flow on the Bloch sphere at n, < 0
turns out to be the exact same after projecting. It is now easier to see that a state will
go in a circle and end up at the fixed point |0). The flow is slow close to the state |0) and
increases until it reaches a maximum at |1). For the other interactions and measurements
we see a similar trend. Figures for the other interactions and measurements can be found
in appendix D 4.

Next we did Winkel tripel projection [10]. The calculations and explenation for the
Winkel tripel is given in appendix D.3.2 and D.3.3. The Winkel tripel uses a parameter
o which specifies the line of latitude that has true scale. Figure 5.2 shows how the flow
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Figure 5.3: Winkel tripel projection of the flow of the state given by equation (5.9) for
k =1 and Hj+, i.e. interaction Hamiltonian H;+ and environment measured to be in the
state |1,). This is the same flow as depicted in Figure 5.1 and we have used cos (¢o) = 2/,
where g is the standard parallel for the equirectangular projection (see appendix D.3.3
for full explanation). We now get the full flow, contrary to the stereographic projection
we showed in Figure 5.2. We again see the circular flow in the middle of the figure. The
flow to the left in the figure also follows a circular motion which continues at the right

side.

46



in Figure 5.1 for cos (¢g) = 2/m. Again, we see in the middle that a state will flow in a
circle towards the state |0). On each side of the figure we see how a state will again flow
in a circle towards the state |0), but this time we must understand that the states jumps
from the left edge to the right edge of the figure. The flow is slow close to the state |0) and
increases until it reaches a maximum at |1). For the other interactions and measurements
we see a similar trend. Figures for the other interactions and measurements can be found
in appendix D .4.

5.3 Dimension analysis of the stochastic processes giv-
ing rise to the same Lindblad equation

There are two main ideas we want to explore:

e Are we able to describe the space of Hamiltonians giving rise to the same dynamics
governed by the the same Lindblad equation.

e Does there exist different Hamiltonians and measurement basis which gives the same
stochastic process?

For a given Lindblad operator L we are interested in knowing all sets {H,|fg)}, which
generates all possible paths (i.e. stochastic processes) that give the same result as the
Lindblad equation (see Figure 5.4). Note that 'L will give the same Lindblad equation
as L:

—_

dp

7 = —ilHs. p + 5 [ L)p(e L)' = (L) (*L)p = pleL) (L))

— DN

= —i[Hg, p] + 3 [2LpL" — L'Lp — pL'L] .

We have not taken this into account as of yet, but it means that even more stochastic
processes can be thought of as giving the same dynamics as the Lindblad equation.
We restrict ourselves to look at the situation when both system and environment are

two-level systems. Let a Lindblad operator of the form L = 0;_;\ > io; be given. We

know H = >, A; ® B;. We choose to work in the basis {1,0; : i = 1,2,3}, and as we
are not interested in term of the form 1 ® o; (evolution concerning only the environment)
or 0; ® 1 (evolution concerning only the system), the Hamiltonian is given by H =
Z?,j:l hijo; ® o;. As we want the given Lindblad operator L we choose A; = o0; and
Bi = Zj hi]‘O’j.

We can always assume the environment is in the state |E) = |0). If this was not the

case, we know that |E) = U |0) with U = |E) (0|4 |E*) (1|. Hence, M;; = <E|BJTBZ-|E> -
<0|UTB]T-BZ-U|O> and we can thus define B = B;U = }_; hj;0;. We then have, since
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(Hl, f§>>) and (Hz, f§)>).

A point corresponds to
a stochastic process B,
generated by the tuple (H,|fz)).

Figure 5.4: Hypersurface of all stochastic processes B “equivalent” to the Lindblad equa-
tion with a given Lindblad operator L. Each process is generated by a Hamiltonian H
and measurement basis {|fg)}. For now, we assume that environment is a TLS; This
means that we only need to specify |fg), as the basis then will be given by {|fg) , ]fE)l}.
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BT B and 00 = 5kl]l + ZEklmO'm,

(0|B; B;|0) = <0| > hjow) thla, yo> Z(O]hjkhilokol|0>

= Z hjkhir(8r L + i€k (0]0,]0)) = Z hjkhig 4+ i(hjihio — hjohir),
il %

where we have used that (0|o,|0) = (0]o,|0) = 0 and (0|o.|0) = 1. Furthermore,

il s s
M= XMu) (pl = M| popt 2l pape
pspy  paps | psl®

as well as M;; = (0|B;B; \O) > hjrhie + 1(h]1h22 — hjohi1). As L is known, M is also
known. Hence, we have nine equation for the nine unknowns h;;: We demand that M is
equal to

>k hikhik Yo harhig +i(hathiz — hoshi1) Y-, haghir + i(hsihiz — ha2hiy)
Ek hakhor + i(hazhi1 — ha1hi2) Zk harhay Zk hskhor + i(hs1hog — hazhor)
> ok hikhar +i(hg2hi1 — haihi2) Y, horhsi + i(hsahar — haihag) >k harhar
(5.10)

5.3.1 Example: The model proposed by Longva
In his thesis [13], Longva shows that the Hamiltonian Hjx = (0, ® 0, + 0, ® o)

corresponds to the Lindblad operator Ly = 04 = (O'I +i0,) with rate I'y = 4/ % in the
QTT framework. We will now start with the Lindblad operator L = o, = %(O'w + ioy)

and rate I' = %2, and see exactly which Hamiltonians H corresponds to L. From the
QTT framework we demand (see section 3.4)

92
I=%5M LZXj:ujAj,

where App’ = M and M, <¢ ’B}Bi) ¢> As we noted above, we will try the repre-
sentation H[ = Zij hijo-i X 0; = Zj Aj & Bj with Aj = 0j and Bj = Zz HijO'z’. Then
b X (1, 7, O)T, and thus p = \% (1, 7, O)T and A = 2. This gives

—1

o O O

1
M =Xp) (ul =11 1
0 0
Setting M equal to equation (5.10), we go through the process of solving for the different

values of h;;. This is done in appendix E. We find that the Lindblad equation with
Lindblad operator L and rate I' must come from a Hamiltonian on the form

H=ho,®0,+0,80,) £V1—h*(0,R0,—0,® 0,),
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where h € [—1,1]. This means that the subspace of the Hamiltonians generating this
Lindblad operator is one dimensional, even though we have nine possible parameters to
tweak and only six equation to satisfy.

From the equations in (5.10), we see that we have nine non-linear equations with nine
unknowns. Furthermore, for the Lindblad operator we have three complex numbers p;
and one real number . Since ||u|| = 1, we should have six numbers that determines the
matrix M. It therefore sounds like we have nine unknown parameters with six numbers
determined by them. This should give us three independent parameters. However, we
have seen from the above example that we can find at least one case where we only have
a single degree of freedom. It is not difficult to find other cases with decreased degree
of freedom. Take for instance L = 0. This can only be achieved by h;; = 0 for all ¢, j.
This is due to the diagonal equations ) i hfj = 0 and that h;; € R. As we have seen,
the diagonal equations are quite restricting whenever they are equal to zero. Take for
instance y_ h3; = 3 h3; = 0 and 37, b, = X Then hy; = hy; = 0 for j = 1,2,3 and
we get a two parameter family of solutions, hy; € [=\, A], hia € [|h11] — A, A — |h11]] and
hiz = ++/1 — h2, — h3,.

As far as we can see, there is no obvious way of telling the dimensionality of solutions
for a given choice of Lindblad operator.
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Chapter 6

Discussion

When we began working on this thesis, our goal was to continue the work by Longva [13]
and find an analytical expression for the synchronization he observed numerically. As we
saw in section 5.1 we found a master equation for the probability density of state of a TLS
modeled the same way as in the thesis by Longva. Our idea is to use the same approach
as when deriving the diffusion equation, and solve a differential equation instead.

Although we have not yet found an analytical expression for synchronization in the
model given by Longva, we have developed the groundwork to do so. In section 3.5 we
have given several results making computation easier and building understanding for the
QTT framework. We saw that for a QTT model with two-level environment, we can
always choose the environment to be in the state |0). This means that we can remove the
freedom in the choice of the environment state. We also saw that for a TLS, to achieve
small jumps of the system state when measuring the environment, we should choose a
measurement basis not containing the environment state |E). We did a specific example
where the environment was in the state |0). For this example we saw that choosing the
measurement basis to be {|0),|1)} would occasionally result in large jumps of the system
state. Next, we showed that an two-level can only give a single Lindblad operator in the
QTT framework. For an n-level environment we saw that the matrix M, which was used
to determine the Lindblad operators, would maximally give n — 1 Lindblad operators
whenever we could argue that it was diagonalized. We then went on to show how we can
recover the Lindblad equation when we have a system Hamiltonian Hg # 0. This was
not done in the article by Brun [1], and we saw that we need the interaction Hamiltonian
to have a specific form as to not pick up an extra term not in the Lindblad equation.
After this, we showed that the representation of the interaction Hamiltonian does not
matter. In other words, both H; = Zj A; ® Bj and Hy = Zj C; ® D; will give the
same Lindblad equation. This also means that for a QTT model of a TLS with two-level
environment, the representation H; = Z?:1 hijo; ® o can always be chosen. Finally, we
ended by showing an easy way of determining the interaction Hamiltonian whenever we
had a specific Lindblad operator in mind. This was shown when we had a TLS and a
two-level environment.

Going back to chapter 5 visualized how the state of a TLS, modeled the same way
as in the thesis by Longva, would flow on the Bloch sphere. We realized that a three-
dimensional flow is not trivial to interpret and therefore showed how we could map the
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flow on the Bloch sphere down to the plane. We gave both a stereographic projection as
well as a Winkel tripel projection. From these projections it is easy to see that the model
chosen by Longva results in the state flowing in circles on the Bloch sphere for all four
different flow regimes. If we looks at a single flow in particular, we see that it flows to a
fixed point. The flow is slow close to this point, and fast the further away from the point
we are.

Lastly, we realized how several interaction Hamiltonians can give rise to the same
Lindblad equation. We looked at the model proposed by Longva in particular and found
all the possible Hamiltonians giving the same Lindblad equation, as the model by Longva.
We saw that the dimensionality of the space of Hamiltonians giving the same Lindblad
equation is not necessarily given by counting the number of free variables. As and example,
for a TLS with two-level environment, the space of Hamiltonians can have dimension 0,
1 and 2, depending on the chosen Lindblad equation.

6.1 Future work

Now that we have laid down the groundwork, the next thing to look at would be a solution
to the master equation (5.5) given in section 5.1. We would need to take the limit when
the interaction time goes to zero. When doing this for the random walk/diffusion case,
we need to make sure that the probabilities have a specific form (see appendix C.2). This
should also be the case for our master equation. The restriction on the probabilities will
most likely turn out naturally when taking the limit. If we manage to find the limit when
time goes to zero, we are left with a differential equation for the probability density. We
would then need to solve this differential equation. This differential equation would also
hopefully give insight to the limit cycle of the system. When all of this is done, we will
still need to add the system Hamiltonian Hg. Furthermore, to observe synchronization,
we would also need to add the signal Hamiltonian described by Longva. We can then
compare our results with those Longva obtain numerically.

There are many minor details we would have liked to explore. These are not necessarily
important, but interesting nonetheless:

e Although intuitive, it would be nice to confirm that QTT does indeed give a Markov
process. We say intuitive as each step in a QTT model is determined from the
current state. There should therefore be no dependence on the previous state of the
system, i.e. we have a Markovian process.

e The QTT framework described in the article by Brun [/] seem to suggest that the
matrix M, defined in section 3.4, should be positive. Since the eigenvalues of the
matrix determines the rate, it would make sense that they are positive. However,
this was never shown or explicitly claimed in the article by Brun.

e In the QTT framework we say that all environment states are in the same state |E),
but experimentally we know that there will be noise which can interfere with this
assumption. It could therefore be an idea to build the framework up again, but this
time with a stochastic element in each environment state. We could then see how
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this will change the dynamics of the system, and if we still recover the Lindblad
equation.

In both the article by Rolet and Bruder [23], and the article by Parra-Lopez and
Bergli [15], it is claimed that the solution to the Lindblad equation is a fixed point.
Although this is true, it is not shown that this fixed point in attractive in the sense
that all other density matrices will converge to this fixed point. This means that
neither article has excluded the possibility that the dynamical system given by their
Lindblad equation has a valid limit cycle. It would therefore be interesting to see if
it is possible to determine if there is a valid limit cycle.

In the QTT model proposed by Longva [13], he determines the rates of the Lindblad
equation by looking at excitations in a field. This lets him determine the rates by
the temperature. This is a valid approach, but it implicitly assumes that the envi-
ronment can be modeled as a field. However, he know exactly how the environment
is modeled: It is described by two-level systems all in the state |0), and not a field.
It would therefore make sense to find the rates determined by this environment
instead.

It feels intuitive that switching between interaction Hamiltonian H;+ = i(az ®
o, £ 0, ® 0,) should give the same Lindblad equation as if we chose an interaction
Hamiltonian for a four-level system instead. It is therefore interesting to verify that
this is actually the case.

In the beginning of chapter 3 we calculated the entropy of different measurements.
As of now, we have not calculated the entropy for the QTT model. We could
therefore get new insight from the entropy. For instance, we could verify that our
choice of measurement basis gives small jumps, and that it is the best basis to
choose.

We discuss in appendix D.3 how our choice of mapping is not the only one. It is
possible there are better ways of visualizing the flow by projecting it down to a
plane. What is more, we saw that when computing the Jacobian of the coordinate
transform, we let the radius r of the Bloch sphere vary, even though we knew r = 1.
We would therefore like to find out what we actually mean when we choose to let r
be free, before we choose r = 1.
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Appendix A

Rotating frame in quantum mechanics
and entropy calculations

A.1 Unitary operator and rotations

We will here who that a unitary operator on a two-level system will always correspond to
a rotation around an axis of rotation m on the Bloch sphere. This is (as we will see later
on) the same as showing that the most general unitary operator on a single ¢-bit can be
written as

U =1cos(p) +in-osin(p) = %™, (A.1)
modulo an irrelevant overall phase, where n = (n,,n,,n,) is a three-vector with unit
norm and o = (0,,0,,0,) are the Pauli matrices. We start by observing that

(n-0)* =n,(n0.0, + nyo,0, + n,0,0,) + ny(n.o,0, + n,o,0, +n,0,0,)
+ n,(ngo.0, + nyo,0y +n,0,0,)

=(n2 +n} +n)I +ngny{os, 0y} + nen.f{os, 0.} + n.nyfo.,0,}

SO
ol _ i l(@gon o)k = i (_l)kgOQk(n o)k +Z~i (=" 2 (n . g)2kH
— k! — (2k)! — (2k 4+ 1)!

=T cos (p) + in - osin(p).

Thus the right hand side of equation (A.1) is shown.

We know that any unitary operator U can be written as U = ¢! (see theorem 2.5.8
in Murphy [16]). It is not hard to check that span{l,c,,0,,0,} = B(C?),, i.e. the
hermitian (same as self-adjoint) operators on the Hilbert space we are working on, C?. (If

H:( a. b1+2b2),a,b1,b2,C€R7

bl — Zb2 C

choose numbers ¢y = %€ 3 = <€ ¢ = b and ¢ = —by, and observe that H =

VA4 3+ 3 and define n = (¢, ¢, ¢3)/¢. Then
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|n|| = 1 and, as [[,0;] = 0, U = e*ce*™°. This was exactly what we wanted to show
in equation (A.1). Next, we will see that this actually corresponds to a rotation of 2¢
around the axis m. First a direct and convoluted approach, and then an abstract but
perhaps more elegant way.

Rodrigues’ rotation formula

We know that the density operator of a two-level system can be written as

1
p=s1+7r-0)
2
where o = (0,,0,,0,) = (01,02, 03) is a vector containing the Pauli matrices, and r is the
Bloch vector, and with time-evolution UpUT |17, section 2.4 and exercise 2.72]. We will
calculate the time-evolution for U = %™ directly and end up with Rodrigues’ rotation
formula |5] (called rotation formula in [3]),

1+7r-o

5 ) (Lcos(p) —in-osin(yp)).

UpU' = (1 cos () + in - o sin (p)) (

Using the relation o,0; = 6;;1 + i€;j;0%, we begin by calculating

(rn)L . .
A i3 —io3

Ve

(n-o)(r-o)= (Tlnlof + r2n20§ + r3n30§) +(r1ne 0109 +1r9ny To07)
+ (r1n3 0103 +T3Tl1 0'30'1) + (7’271,3 0203 +7’377,2 0'30'2)
—102 102 101 —101
:(T‘ . n)]l +1 [(7"2%3 — 7'3712)0'1 — (7’1%3 — 7’3”1)0'2 + (7’1”2 — 7’271/1)0'3]
(r-m)l+i(rxn)- o,

which gives
(n-o)(r-o),(r-o)(n-o)]=(rn)l+ilrxn)-oc—(rn)l—inxr)-c=2i(rxn) o
and

(n-o)(r-o)(n-o)=m-o)((r-n)l+i(rxn)- o)
=(rn)n-o)+i(n-o)((rxn)- o)
r-(nxn)=0 (nn)r—(n-r)n

=(rn)n-o)+i|l(n-(rxn)l+i(nx(rxn)) o

=(r-n)(n-o)=(((n-n)r—(n-r)n)- o)

=2(r-n)(n-o)—(r-o).

Here we have used that a-(bxc) =b-(cxa)=c-(axb),nxn =0,and a x (bxc) =
(a-c)b— (a-b)c for three dimensional vectors a, b, ¢ [11].
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Hence,

U(r-o)U"= (1cos(p)+in-osin(p))(r-o)(Lcos(p) —in-osin(p))

= (r- a‘)cos (p) + isin (¢
o)

+(n-o)(r-o)(n

)
) co

cos (p)[(n-o)(r-o),(r-o)(n- o)

sin® ()

= (r- o) cos® (¢) + 2i*sin (¢) cos (@) (r x n) - o

+(2(r-n)(n o) —(r-0))sin’ (¢)
= (r-o)cos(2p) —sin (2p)(r xn)-o +2(r-n)(n-o)sin®(p)
= (rcos (2¢) + (1 —cos (2¢))(r-n)n + (r x n)sin (2¢)) - o

The expression which is dotted with o is sometimes referred to as Rodrigues’ rotation
formula [5], and corresponds to a 2¢ rotation of r around n.

nxr

Figure A.1: Help figure for Rodrigues’ rota-
tion formula. The vector r is rotated by 2¢
around n. 7, and 7| are the perpendicular
and the parallel component of 7, respectively,
when compared to n. 7. is the rotation of
r around m.

To see this we first decompose r into
components parallel and perpendicular to
n’

T=T7+7TL,

where the component parallel to n is 7| =
(r-n)n, and the component perpendicular
to n is

ri=r—rj=r—(r-nn=-nx(nxr).

(To keep track of the different variables and
what happens to them, we have tried to
visualize them in Figure A.1.) Both n x
r and n X (n X r) can be thought of as
r1, but rotated anticlockwise by 7 and 7
radians, respectively about m, so that their
magnitudes are equal to r,. Denoting the

rotated vector r by 7., we know that the component parallel to n stays constant, i.e.
7|+t = T||- The perpendicular component will however be rotated by

T ot = €08 (2¢)7r) +sin (2p)n X r].

Moreover, since n and 7| are parallel, we have n x 7| =0 so

NXT =NX(r—7)=NXT—NX1r =nXxr.

Now the full rotated vector is

Trot = T|,rot + T L rot-

Hence

Trot = T + c0s (20)7r | +sin (2¢)n x r

=7 +cos (2¢)(r — 7)) +sin (2p)n x r

)
)

= cos (2¢)r + (1 — cos (2¢))r| + sin (2p)n x r
(

= cos (2¢)r +

which is the formula we were after.

o7

1 —cos(2¢))(n-r)n +sin (2p)n X 7,



Another approach

We will now take another approach. Assume that n = (0, 0, 1)T. Then we can compute
that

U(r-o)U" = (rcos (2¢) + (1 — cos (2¢0))(r - n)n + (r x n)sin (29)) - o

T 0 Ty
= ry | cos(2¢)+ | 0 | (1 —cos(2p))+ [ —rs | sin(2p) | - o
T, 0

7y cos (2¢) + 1y sin 290)
= | rycos (2¢p) —rysin (2¢) | - o,
TZ

which we recognize as a rotation of 2¢ around the z-axis. For a general n, we just create
an orthonormal coordinate system mn,, n,, ., with n, := n. The rotation will then look
like

74 €Os (2¢) + 1y sin (2¢) On,
U(r-o)Ul = |r,cos(2p) —r,sin(2¢) | - | on, |,
T On,

where 0, :=1n, - 0.

A.2 Rotation of the Lindblad equation

We often change reference frame to rotating reference frames. We want to see what the
Lindblad equation looks like in the rotated reference frame. Let therefore T' = %™ be
the rotation we want, and recall the Lindblad equation |11, chapter 15]

. i Iy
p= —#H, p) + ; 7D[Lk]p,

where p = (]1 + 7 - o) is our mixed state, p = d—f is the time derivative, H is the system
Hamiltoman h is Planck’s constant divided by 27, Ly is the k-th Lindblad operator, I'y
is the rate of the k-th Lindblad operator, and D[Lk]p = 2L;€,0L,Tc — LLLkp - pLLLk is the
Lindblad superoperator.

The mixed state in the rotated frame is given by TpT" =: o/, and hence

' : i ;
o = TpTt +TpT" + TpT".
We calculate

%eiw(t)n'” = % (Lcosp(t) £in - osinp(t)) = —1o(t) sinp(t) £ in - op(t) cos p(t)

= 4ip(t)n - o (Lcosp(t) £ in - osing(t)) = +ip(t)n - et O™
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where we have used that (n - o)? = 1. Thus
:p/ :pl

. . —~ = —~ =

TpT" + TpT" =ip(t)n - o TpTT —ip(t)n - o TpT" =ip(t)[n - o, p].
For the final term, THT", we need to calculate T[H, p]T" and T(D[L;]p)TT. Observe that
we for any operator O have

TOpT" = TOT'TpT" = TOTY,
and likewise TpOT" = p'TOT" since TTT = TTT = 1. This means that T[H, p]TT =
[THTT, p'] and
T(D[Lilp)T" = 21, T pfTLITh — TLITTT L, T — pfTLITIT L, TT.

The rotated Lindblad equation is therefore

i =ip(t)ln- o,p) = Z[THT", /]

L'y
5 <2TLkTT PTLITY — TLITITLT Y — p’TL,QTTTLkTT> .
k

Let us now calculate a specific example from the article by Parra-Lopez and Bergli
[18]: Let H = Ho + Hggnal, where Hy = 2woo, and Hggna = ih(e™'o_ — e ™0, ), and

2
0y = 3(0, £ i0,). Let the original Lindblad equation be

7 r Iy
)= ——|H =) —Dlo_
p=—3IH pl+ - Dlotlp+ - Dlo-]p,
where I'; and I'; models gain and damping rates, respectively. Finally, let the rotation
be given by T = €'2%:*. Then, using Rodrigues’ rotation formula found in appendix A.1,

1 1
To Th = T5(0e ioy,)TT = 5(T%TT +iTo,T")

1 0 0 1
0] cos(wt)—[1]sin(wt)| -o+i||1]cos(wt)+ |[0]sin(wt)| - o
()= G o ()] -

(loz cos (wt) — oy sin (wt)] £ i [0y cos (wt) + o, sin (wt)])

N | —

N =N =

— L (cos (wt) £ isin () oy + %z (0, cos (wi) + isin (wt)) 7,

— eizwto_:b

and hence T(D]o+]p)T" = D[o+]p’. This calculation also gives

h . . h h
THT' =T <2woaz + z’hi(e’“to— - e"“”ff+)> T = Swoos + ihi(a_ —04) = w00 + mgay.

Putting everything together, we get

| h r r

P = ig[az, o'l — % |:§W()O'Z + ih%ay,p’} + 79D[0+]p' + fD[a_]p'
r r

Ao, + €ay, pl] + ?’D[(ﬂ]p' + gD[U_]pl,

7
2
where we have defined A := wy — w.
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A.3 Shannon entropy for a two-level system

Projective measurement

The Shannon entropy for a (finite) discrete probability distribution with probabilities
(p1,...,pn) is given by [17, section 11.1]

S=-=Y pilog,p:.
i=1

If we measure an observable for a two-level system, we will mathematically apply one of
the two (orthogonal) projection operators P, and P, := 1 — P;. The projection operator
will be P, = |¢) (¢| where |¢) is an eigenstate of the observable. The probability for
outcome 1 and 2 can be written as p; and ps := 1 — py, respectively. Thus the Shannon
entropy is given by

Sproj = —P110gy p1 — p2logy p2 = —p1logy pr — (1 — p1) log, (1 — p1).

Before we analyze the Shannon entropy, we show that log, 2 = 222 for z,a,b € (0, 00):

logy a
As log, x = ¢ for some ¢ € R, we have '
xr=a
log, a“ = log,
clog, a = log, x
1
_logz
log, a
Hence, log, © = }Zgbz, and for b = e and a = 2 we get log, z = L.
We therefore have
In py In(1—pq) 1 1—p
Soro; = — —(1- = 1 —In(1-— : A2
proj = ~P17 — (1= p1) =1 e [P n(1—p) (A.2)
We calculate the derivatives
dSproi 1 1 1— 1 1 1 1—
—Zproj J:—{ +1In P1 + p1 (— ——)}:_ln h
dp In2 |1-m D1 I=p1 m In2 D1
and
PSpoj 1 ( 1 1)_ 1
dp} In2 Il=p1 m pi(l—p1)ln2
The extreme point is given by % =0,ie p =py = % As p; € [0, 1], we see that
dQ;;";"j < 0 for p; € (0,1), which means that the Shannon entropy is strictly concave.
1
Furthermore,

o = 0) = Sl = 1) = — 1 IR S 3 D SN v)
Sproj (P1 = 0) = Sproy(p1 = 1) = =35 pm prinp = =y lim 1/pr  In2 Sy —1/p2
where we have used L’Hopital’s rule, and

1 [1, 1-1 1 11
Sproi(p1 = 1/2) = — | =1 2 m(1--)|=-—In-=1.
proj(P1 = 1/2) ln2[2n I n( 2)} m2 2

60



POVM measurement

We look at the examples given in section 3.3. The first example of a POVM was { £}, Es}
where

By =[0) (0] + (L= [1) (1], Es=e1) (1

and € < 1. To see that they are positive operators, we let |¢)) = «|0) + 5 ]1) be a general
state of a TLS and compute |17, section 2.1.6]

pr=(WIEY) = |af + (1 = e)|B* =1 —€[f]* > 0
p2 = (Y| Ea|th) = €| = 0.

The Shannon entropy is calculated by

Spovm = —(1 — €|B[*) log, (1 — €|B]*) — €| 8] log, (¢l B]*)
1

=~ (1= clBP) I (1 = € 5") + | 8" In (e|3*)]
_ 1 elB12 1n —1_€|6’2 —1In(1—€|B)?

For 0 < z < 2 we have Inz = 327 (=1)""1 &% — (4 — 1) + O((z — 1)?), and thus we
can approximate

Spovm ~ —ﬁ [(1—€|B*)(1 — €8] — 1) + €| 8]* In (| B)]
e[~

=75 |~ (A= elBP) +In(elBP)

2
~ % [1 —1In (e|B|2)} )

Since lim,_,gz Inz = 0, we have Spoym < 1 for € < 1. We can also see that the Shannon
entropy is small by finding the maximum information: Comparing equation (A.2) for Sp,;
with equation (A.3) for Spovnm, we see that they are equal if we put p; = €|S]*>. Thus

dSpovm  dSpovm d(€|B]?) € 4 1— €8

dpP ~ d(elpP) diBE 2 B

Since 0 < [8]> < 1 and we assume € < 1, we can safely assume that [8> < -, which
means that Spoyy has maximum and minimum for |3]? = 0, 1, i.e.

1
20 = —— 1 2] 2y =
Spovm([8]" = 0) o wﬂzn_l}()dﬁ‘ n (el 5]°) = 0,

Spovm (|87 =1) = —(1 — €)log, (1 — €) — elog, €.

Since 0 < —In (1 —€) < 1 and lim._,g elne = 0, we can again conclude that the informa-
tion gained is very small.

61



The small information gain is good, but we need to know where the state ends up
after measurement. This is unfortunately one of the downsides with a POVM. Following
postulate 3 in the book by Nielsen and Chuang [17], we need to build up each POVM
with measurement operators. In his article [1], Brun states that this can be done by
knowing a set of operators A, such that each element in a POVM {E,}, is given by
E,=>, ALkAnk. As ATA is a positive operator for any operator A [17, exercise 2.25],
the construction Brun suggest will be valid as long as > >, ALkAnk = 1. However,
it is not obvious how a measurement should (mathematically) be done (at least not in
the context given in the literature [17][20][22]|11]. On the other hand, we do know that
any positive operator can be written uniquely as the square of another positive operator,
E, = A, A, where A,, = \/E, is positive |16, theorem 2.2.1]. Following the book by Nielsen
and Chuang [17, section 2.2.6|, the set {A,} describes a measurement with POVM {E, },
and the state after measurement will be

Aclt)
VITET)

For the POVM in our example, it is easy to check that
Ay =0) (0] + VI =€) (1], A= Vel1) (1],

are positive and the square root of E; and F,, respectively, and hence the state after
measurement will be either

Alg) _ a0)+vI—€eB]1)

), =

hE JmEm  JioaE
)y = Alv) VBl ~ [1) (up to a phase factor)

C VWIER)  VelB]

with probability p; = 1 — ¢|3]* and py = €|3|?, respectively. On average the state changes
only slightly, but every so often, we expect a large jump to the state |1).

The second example is the POVM {Ej, Ef} where
/ 1-—

DAl By =——10) (0] +

1+
2

1+¢ 1-— €
By = =2 510) 0]+ = 1 (1

with square roots

1+e 1—c¢ 1—c¢ 1+e
! !/ I !/
A= B =[S0 01+ S Al Ay = B = S50 00+ Sl

and € < 1. It is again easy to see that A} and A/, are positive and the square root of
E'} and EY, respectively. We again let 1)) = «|0) + §|1) be a general state of a TLS and
compute the probabilities

1+e€ 1—¢ 1+ e(Ja* —18]?)
= WIEL ) = ot 4 L= - Ll D)
1oe oo 1de o LtefP—loP)
Py = (Y| Eyl) = 5 lal® + 5 18] = i :
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The Shannon entropy is

log, (I+e(lo[*—181") 1 log; (L+<(|8[2—|a[?))-1

1+ e(la® —|8%) 1+e(|al2 =817 1+¢€(p? - |af? 1+ €182 — |af?

Shoyy = — < L IBF) 1, 1< L B _1+¢(] ; o) 15, L < L %)
_ 1t - 18P)

— 5 logs (1 + €(laf®* = 18]*))

=1

T+ e(lal? = |812) + 1+ (B — |af?)

_ Lte(IBP = o)

logy (1 + €(|B* = |af*)) +

9 2
1-e2(|a?—|B1?)?
1 e
=1 g logy | (1+e(laf® = B + (|8 ~ |af)
7EGQP_¢5P)bg 1 +e(|al®> =87
2 21+ c(|B]? —Jaf?
1 e(2la)? - 1) 1+ e(2laf® - 1)
=1 — 71 1-— 2 2 2 - 1 %) — l
5 0gy (1 — (2| )7) D) 0827 e(2la2 —1)

where we have used that |a|? 4 |3]*> = 1. We calculate the first and second derivative,

dShovm 1 1 ) )
T —262(2]al? — 1)2
dlof? 2In21 — €2(2|al2 — 1)2 [ € (2|a ) }
1+ €(2|a|2 — 1) 6(2|a|2 . 1) 9 iy
— elog, _ B
1 —e2[al? —1) 2In2 T+ea2—1) 1—eaf-1)

2¢2 (2lal? —1)
21— 2(2a2 - 1)?
€? 2lal* = 1)
CIn21—e2]al2—1)?
1+ e€(2al* —1)

1+ e€(2al®* - 1)
21— e(2al2 - 1)

— elog

[1—e@la> = 1) +1+e2la* —1)]

S
OB T (2alr — 1)
and
d*Spovm € 2¢ —2¢
d(|a2)2 2 [1+eRla2-1) 1—e2al2-1)
2¢2 [1—e€(2]a)* = 1)+ 1+ €2)al*> —1)
~ In2 1 —e2(2]al? —1)2
B 4¢? 1
 In21—e(2afr —1)2
As 0 < |a]* < 1 we immediately see that Spoyy is symmetric about | = 1 and

d2 S . .
d(@%y < 0 for all values of |a|?, so the Shannon entropy is a concave function. Next, we
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find that

dSpovn —0
dlaf?
1+ e2laf* —1)
=1
1 —e€(2la)?-1)
e2la)? — 1) = —e(2|al* — 1)
4laf* =2

so |a? = £ is a maximum (since the Shannon entropy is concave). We calculate

1

Spov (|0"2 = 5) =1 and

1+€
1—¢€

1 €
Stovm (|f* = 1) = Spoyy (Ja[? =0) =1 - 2 log, (1 —¢€) — §1Og2

Since € < 1 we see that the entropy is always very close to 1.
The state after this measurement will be either

vy - A _ﬁamﬂﬁﬁ'“_w—1+e|o>+w—1—e|1>Or
COVEIEW)  JhdeElR /T (o - [BP)

FP 11 \/%MOH SO ayT—€l0)+ BVITell)
O VWIER) | eBl=lar) V1B =TaP)

Both these POVMs are considered by Brun as being weak. One of them only changes
the state slightly on average, but has a tendency to do large jumps with a very small
probability. The other one always changes the state, but never in large jumps.
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Appendix B

Different ways of recovering the
Lindblad equation

The Taylor series, around the point ¢ = 0, of a time dependent operator A(t) is given by

R drRA(t)

Woar
k=0

In our case, we have U(6) = exp (—i0H), and hence the Taylor series will be

—iH)k
Z( k!)e.

k

oo
=0

Up to second order we get U() =1 —iH6 — %292 + O(6?).

B.1 Time evolution with sum of two operators

General approach

Let us begin completely general and let the time evolution be given by U(f) = e~ (1 +H2)

where H; and Hs are just two operators. We will later let them be hermitian, but for
now, they need not be. The system is in a state [¢)) and coupled with an environment in
state |E). The coupled state is denoted by |V) = |¢) ® |E). Then we have

U(0) 1) (0| U(0)' = W) (V] — if [(H, + ) [¥) (V] ~ [¥) (V] (H, + Hs)']
+ % [2(Hy + Hy) [0) (W] (Hy + Hy)'
— (Hy + Hy)* |0) (9] — @) (9] (H] + H])?| + 0(6").

(B.1)

Next would be to take the partial trace over the environment. To get an explicit expres-
sion, we assume H; = Zj A; ® Bj, Hy =) _,C;® Dy, and let {n},c; be an orthonormal
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basis for the environment containing |E). Then the partial trace of the first order term
in 6 will be

S5 (A1) (0B E)) (0] (El) +ZZ (Ci 1) (n|Di| E)) (] {E]n)
—ZZW nlE) (] 41 (E|B >) ZZW mlE) (wic! (B |D]|n))

_ZA ) (] (E|Bj| E) +ch!w (VI{E|Di| B)

—le Wl Al (BB >—Z|w wici (e|pj|E).

The partial trace of the second order term in # will be

2 treny (1 + Ha) | W) (W] (Hy + Ho)'| ~treny [(H1 + H2)? [0) (9] —treny | 19) (W] (5] + F])?]
The first of these three terms gives
treny [(H1 + Ha) W) (| (Hy + H)']
= treny | Hy [ W) (9] H] + Hy [0) (] Hf + Hy |0) (U] H + Hy | @) (9] H]]

I ICETIEAR) (A} (E|B]|n))

o +le<Aj|¢><nyBj|E>)(<w\CJ<E\D””>)
+;Z<clw><nDzlE>>(j<w;§<E ”>>

n + 33 (Gl (D E)) ((wl ¢ (B[ D] n))

Ik n
Bl "|n) (n| B; E>
g
+ Sl wict (£ |ol S ol 0 )
=>4l WA (B |BIB;| E) + 3 4;10) (vl ¢f (E| Dl B;| E)
ik gl

+ D Al) Wl O <E
jl
£l WAL |BID| B + 3 Gy wl of (E[Dip| E).
lj Ik

=2 A1) (1 4] <E

Diy |n) (n| B,

+Zc, v) (v| Al <E

B! " |n) (n| D, E>
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The second of these three terms gives

tI'env [(Hl + H2)2 ‘\Ij> <\Ij‘:|
= trony [HZ |©) (U] + Hy Hy | W) (U] + HoHy |) (W] + HZ |T) (W]
= ZAjAk ¥) (V| (E |B;By| E) + ZAjcl ¥) (| (E|B;D| E)
+ Z CLA; [v) (Y| (E |DiB;| E) + > CiCi |¢) (| (E |DDy| E) .

The third and last of the three terms will similarly give
treny [19) (0] (] + 1))?]

=) W A4 (B |55 1) + 3 1v) (01 4G (£]5,P]| E)
- Jl

jk

+ 3 wicial (B |piBl| E) + 3" vy wiclcl (B |pip)| E).
ly lk

Putting all this into equation (B.1) we see that there is not much information to be gained.
If we want to recover the Lindblad equation we need to assume more about the operators
A;, B;, Cy, Dy, Hy and Hy. We therefore move on to a much more specific case.

Choosing a basis

Back in chapter 3 on trajectory theory we said we could assume };[A;, ps] (E|B;|E) =0

for H = Z]‘ A; ® B;. We will now take a close look at this.
Let H = Zij:l hijo; ® oj and define A; = o0;. If we let the environment be in the

state |E) = |0) and o3 |0) = |0), then >, A, <0| o hijaj|0> = >, A;hi3 and we can define
A =3 hi3A; ® 1. Let us define

=:15;
A\

Y

H :=H—- A= Zz‘h@ {hila—l + higoy — 2hi3 <8 (1])} '

H' is the dynamics we want, so we look at the time evolution with H, U(f) = e =
e WH'+A) "t see if we can remove A somehow. If [H', A] = 0, then we could split the

exponential, but

[H', A] =

ZAi ® Bi,Zhngj ®1
i j

ij

and
[A; ® B;, Aj @ 1] = (A @ Bi)(A; ® 1) — (4; © 1)(A; ® B;)
= [O‘Z‘, O'j] X BZ = Qieijko-k: X BZ
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This means that

[H', Al =) " hjs2i€inor @ B;
]

=2 <h13(0'3 — 0’2) & Bl + h23(0'1 — 0'3) (024 B2 + h33(0’2 — 0'1) & Bg) 7§ O

We again denote the system state by [¢) and the coupled state by |V) := |[¢)) ® |E). As
U)=1—1i0(H +A)— %(H’+A)2+O(93) and (H'+ A)' = H' = H = H' + A, we get

U(0) |9) (®|U(0)" = W) (O] —i0([H",[0) (] + [A,[P) (¥]))

+ O2(H' 4+ A) | W) (V| (H' + A) — 92—2(}[’ + A)? W) (T

=Ly (w4 A7+ 06"
= ) (] — ([, 1) (] + (A, ) (]
67 [ () (0| H' 4+ B 0) (9] A AW (0] B+ A D) (9] A)

((H")* W) (O[ + H'A|W) (U] + AH'|) (U] + A% ) (V)

| — N~

(%) (U] ()" + [©) (V| H'A + |9) (V| AH' + |T) (9] A?) }

~ N

+O(6?

H'" was chosen such that tren, [H', |¥) (V][] = 0 and tren[A, [¥) (Y]] = > [A;, [¥) (V]]Ays.
This was done to ensure that ). A; (E|B;|E) = 0. Moreover, since {H', A} [¢) (/| occurs
in the equation above, we calculate

{H,, A} = Zh]3{A2 ®BZ‘, Aj ®]1} = Z hjg{Ui,O'j} ®Bz = Z hj325ij]l ®Bz = QZ hig]l ®Bz
Hence
treny (U(0) [¥) (¥ U(0)7)
io
=ps — 10(tTeny [H', [U) (V] + trenv [A, [T) ([])
+ 6? [trenv (H'|W) (V|H + H' |¥) (V| A+ A|W) (V| H + A|¥) (V]| A)

~ 5 e () |W) (O] + H'A|W) (U] + AH'|0) (U] + A% |¥) (T])

2
- %tfenv (1) (0| (H")? + @) (U| H'A+ W) (U] AH' + | W) (P[] A%) ]
+ O(6?).
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Grouping term only containing A, only containing H’, and mixing A and H', we get
treay (U(6) [2) (T U(0)")

s — 10t [ A, [T) (0[] 1 62 treny (H/ o) (w1 = () o) - Ly o) <H’>2)

1 1
O b (A|\If> WA 22wy ) - Loy o A2)

_ %t ({H', A} |) (U] + [O) (W] {H', A})

+ 0 trony (H' |T) (U] A+ A|T) (U] H') + O(6%)

Lindblad operator from H’

~

, 1 1 1
=ps —i0Y  his[A;, ps] + 0 A [LpSLT - 5LTLpS — ipSLTL]

+ 62

1 1
izj hiSAipShjSAj - 5 ; hi3hj3AiAjpS - §ﬂs ; hi3hj3AiAj

0 tren ({H, A} W) (W])

=0 =0
" "

Ve

+ 6 Z<E|Bi|E>AiPSZhj3AJ+Zhi3AipSZ<E’Bj’E>AJ +O(93)-
J i J

)

Setting in for the anti-commutator gives

. 1 1
Teny (U(Q) |0) (| U(Q)T) =ps — 0 Z his[Ai, ps] + 67 {LpsLT — QLTLpS — §p5LTL}

1 1
+6% " hishys {AipSAj — 5 Aidjps — EPSAiAj:|
ij

—20*) " his (E|Bi|E) ps + O(6°).

We know ). (E|B;|E) A; = 0, but since A; = o, are linearly independent, we must have
(E|B;|E) = 0 for each i. In other words,

Py = treny (U(0) |0) (T1U(0)")

1 1
=pg — i 3 A; 2|LpsL' — —L'Lpg — =psL'L
Ps 19;%[ i»ps] +0 { ps 5L Lps — 5ps
1 1
+ 82 Z hi3hj3 |:AipSAj - §A1Ajps - ipSAZAJ:| + 0(93>
]

The problem is now to handle the two terms containing A, namely —i6 > . hi3[A;, ps] and
92 Zz’j hi3hj3 [AlpsAJ — %AZA]pS — %pSAZA]} We need limgt_m ?S_i # 0, :l:OO, and thus

limg;_,0 @ o< V/0t. This again means that —i% > his[Ai, ps] 20— 406 unless either
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> i his[Ai, ps] = 0 or is dependent on the time step 6t. This is the same as demanding
his = 0 for all ¢ or letting them be dependent on the time step d¢t. The first case, h;3 =0
for all 4, would mean that both problematic terms are zero. We look at what happens if

we let them depend on the time step 6t. Then we must have limg;_,q %hi;», = 0, and as

1

limg; 0 0 x V/0t, we have to demand limg;_o hiz (0t)* where a > % If we have a = 3,

then the first term stays and the latter disappears. If not, then both disappears.

B.2 Recovering the Lindblad equation for both time
steps dt and 0

We now compute the full time evolution of one single step, i.e. time evolution of TLS
only, followed by interaction between environment and system. Let U(6) = exp (—i0H)
and U(6t) = exp (—idtHg) be the time evolution operator for the interaction and the
transient time, respectively. Here, Hg := Hg ® 1 is the system Hamiltonian and H; =
>_;Aj ® By is the interaction Hamiltonian between system and environment. Let [¥) =
|) ® |E) be the initial state. We assume that we apply the two operators in suc-
cession and calculate the reduced density matrix of the system after time translation,

treny [U()U(6) |0) (U] (7(515)*(](9)1. To recover the Lindblad equation, we know that

we need the second order Taylor expansions of U(6). For the time evolution of the system
alone, we only need the first order Taylor expansion of U(dt). These are given by

2

U0) =1 —i0H; + %(—@HI)2 +O(6%)

92
=1-i0) A;®Bj— Y Aid;® BB +0(6%)
j i

and
U(0t) = 1 —idtHg + O(65t2).
Hence

UO)U(0t) =1 —idtHs —i0 Y  A; @ B; — 05t Y~ A; ® B;Hg

J J

62 626t
) Y AiA; @ BiB; + — > AjA; ® BB Hs + O(6°,6t*)
i i

70



and

U(0)U (6t) |) (W] U (6t) U ()"
= W) (U] + ot | W) (V| Hg +1i6 > |¥) (¥| Al @ B] — 66t > " |¥) (V| HsA} @ B]

me \D|ATAT®BTBT—@12|\D (V| HsAlAl @ Bl B!

—zétHS|\I/)<\If|—|—0(1,5t2)+95tH5|\I/ mZA;@B;
J
2y, 00t t AT o Rt pt 2 512
+O(0, 0t) +i——Hs [¥) ( \IJ|ZAA ® BBl + 0(6°,6t*)

—i0» A; @ B; |U) (¥] + 95tZAj ® B, |U) (V| Hg
J J
+02Y A @By W) (U])Y Al @ Bl +i0%5t Y A; @ B |W) (¥]Y  HsAl @ Bl
+—C)(92,1) + O(6?, 6t) ] J ]
- Gétz A; @ B;Hg |U) (W] — if(5t)* Z A; ® BjHg | V) (U| Hg
- @'92]&2 A; ® B;Hg ) (U] Z Aj.]® Bl +0(6%,6t%) + O(6%, 6t) + O(6*, 6t*)
- ,

92
—§ZAZ-AJ-®BZBJ»|\I/> (U] —Z—ZAA ® B;B; |¥) (U| Hg

i iJ
+O(03,1) + O(83,5t) + O0*, 1) + O(0*, 6t)
025t

i AjA;® BB Hg W) (U] + O(6%, 6t%) + O(6, 5t)
ij
+—C?(93,5t2)<+-67(94,5t)<+-C?(94,5t2)
+ 063, 6t%).

This might look long and ugly, but it is nothing more than writing out all terms that are
of interest to us. Letting pl denote the reduced density matrix after the time evolution,
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and letting {n},e; be an orthonormal basis for the environment containing |F), we have
pls =trene (U(0)T(50) [9) (| T (3)1U (0)')
— ) (] + 8t [) (] Hs + wz ) (| A1 { EIB]|E)

—95t2|¢ ¢|HSAT<E|BT|E>——Z|¢ ¢|ATAT<E|BJB}|E>
—@sz (vl HsAl AT (E|BIB]|E)
—idtHs ) (4] + 05tHs 0) (0] 3 A} (EIBJIE)
+Z@H5|¢ ¢|ZATAT <E|BJB]T|E>
~ 03" (EIB,|E) A, ) o1+ 05t (EIB;|E) A;10) (0] Hs
+6° 33 (nlBIE) A ) (4] A} (E|B]In)
+ 2025;2; S (nBIE) A, |¢) (4] He Al <E|Bj.|n>

wj n

— 00t Y (E|B)|E) A;Hs |v) (0] = i6(51)* Y _ (E|Bj|E) A;Hs |$) (| Hs

— 6%t >3 (n|BiE) AiHs [9) (v] A ( E|Bl|n)

G | 626t

5 D ABIBBIE) A, 0) (] — = D (EIB.B,|E) Ad; [v) (0] H
025t |

+ -1 (BIBiB;|E) AiA;Hs [v) (U]
i,
+ O(1,6t%) + O(0, 61%) + O(6?, 6t2) + O(6?, 6t*) + O(6*, 6t?)
+ O, 1) + O(6*,5t) + O(6*,6t) + O(0*, 1).
Up to this point there has not been many assumptions. However, to not get in trouble

like in the previous section, we assume » . A; (F|B;|E) = 0. We will again use the fact
that

> (nlBi|E) (E|Bjln) = Y (E|Bjn) (n|Bi|E) = (E| B; Y _ n) (n| B; |E) = (E|B; B,|E) .

n n
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Finally, as we noted in section 3.4, we must have H} = H;. We can therefore mix adjoints
to recover what we want. Then, excluding the terms O(6™, 6t™),

= i) (W] +idt [¢) (Y| Hs +0 — 0——ZI1/J (V[ AiA; (E|B;iB;|E)

- @ZZW (] oAl A, <E|B*B 2)

, %ot
—i6tHs |¥) (] + 0 + i—Hs ) (VY AiA; (E|B;B;|E)
tj

—0+0+0 3 (EIBIBIE) A [) (6] A]
Y]
+i6°5t Y (E|B;B|E) A [v) (U] HsA,
Y]
—0-0-— 1025tz (E|B;B;i|E) AiHs |1) (1] A;
1,]

0° 625
=5 Y (BIBIBIE) ALA; [6) (9] — 25 S (BIBB, |B) Ay 19) (9] Hs

9, Z’j
026t .
+ Z (E|B;B;|E) A;A;Hg |¢) (] .

i,
We will eventually divide by 6t and take the limit 6t — 0. Since we want limg;_,q % to be
equal to some non-zero constant, all the terms proportional to 625t will go to zero. We

therefore exclude these from now on. Defining pg := [¢) (/| and <E\BJTBZ|E> = M,

ij —
ok Akfikifty; as we did in section 3.4, with Ly, := > iAi, we get
2

4 0
10{5' = ps — l(St[Hs, ps] — E Z [PSAIAJMW — QAZpsA;[Mﬂ + AIA]psM]Z]

2%
. 0?
= ps — 16t[Hg, ps] — ) Z Ak [pSLLLk —2LpsL} + LLL/CIOS]
k
and )
Ps — Ps
ot
Taking the limit 6t — 0 we get the Llndblad equation back:

= ~ilHs. ps] + o ZAk 2LipsLf — LiLips — psLiLy] -

dps

. 1
pTa —i[Hg, ps| + 3 Z [ [QLkPSLL — L} Lips — pSL};Lk] :
k

B.3 Recovering the Lindblad equation for general case

We are now interested in putting the two previous results together: We saw that we could
recover the Lindblad equation for a redefined interaction Hamiltonian H} in section B.1,
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and we saw that the full time translation under only the redefined Hamiltonian would
give the full Lindblad equation in section B.2. However, we would like to see that we get
the same result if we add the system Hamiltonian in the time evolution U(#), and that
the result from section B.1 can be put into the framework of section B.2.

Let U(0) = exp (—i#(Hs + H; + A)), where H; and A are the same as in section B.1
and Hj is the system Hamiltonian (possibly modified in such a way that the limit works
out). If we define A’ := A + H§, then the calculations in section B.1 gives us

treny (U(0) [¥) (U] U(6)")
=ps + 0 tTeny[A', [ 1) (Y]]
2 / / 1 1\2 1 \2
+ 0% treny (HI 0) (W] Hy — 5 (H))? ) (] — 5 ) (¥] () )

1

0t (A 9) QUL = G0 ) 0 5 19) (0] )

- %t ({H7 A} 9) (0] + |) (U] {1}, A'})

+ 07 treny (H] W) (U] A"+ A W) (U] H}) + O(6°).
We know that we need to choose h;3 in such a way that the terms
Lo 1 2
treny (A 9) (V] A= S A% [0) (9] — W) (W] A7),
treny ({H7, A} W) (¥ + |W) (V[ {H], A}), and
teny (H7 [W) (U] A+ A|V) (V| H))
disappears. We are therefore left with
treny (U(0) [¥) (T|U(0))
1 1
02 tnn (H10) (01 H, — 507 ) ] = 5 9) (] (7))

1

02t (A 0) U] = (2 ) - 510 (0] 4

_ %trenv ({Hj, Hg} |0) (W] + | W) (U] {H], H})

07 tren (H W) (U] HY + HY |0) (9] H}) + O(6%).

Denoting a := limg; %, and the interaction time by dt;, we see that choosing Hg =
gét;Hs gives

Lindblad operator from H’

62 A 1 1 1
Py = ps + ;51&1[}]5, ps] + 0[A, ps] + 0>\ | Lps LT — 5LTLps - §psLTL +0(6%).

This gives us a good indication that we will get back the correct Lindblad equation when
we also do the time evolution of U(dt).
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We have
UO)U(6t) W) (WU 00 U 0) = U(st) W) (¥| U (6t)"
— i6tHgU (5t) |0) (W] U (6¢)}
+i6tU(8t) |O) (| U(5t)T Hg + O((61)?).

As all terms except pg in U (6t) ) (¥| U(6¢)! are O(6), they will all disappear in the limit
when multiplied with d¢. In other words,

pls = trens (U(O)T(51) [9) (W] T (01U (0))
- ((7(&) W) (] 17(&)*) — i5t[Hs, ps] + O(6%5) + O((61)?)

2
= ps — i (0—5751 + 523) [H, ps] — i0[A, ps] + 67X [LPSLT — %LTLPS — %PSLTL]
a
+ O(6) + O(0%6t) + O((6t)?).

When the limit is taken over the sum of interaction time and transient time going to zero,
we see that we recover the Lindblad equation

dps

: 1 ot f
i —i[Hg, ps| + 3 ; I [QLk:PSLk — Ly Lyps — pstLk;] -

B.4 Examples showing that the representation of the
Hamiltonian does not matter

B.4.1 Same basis, but not “fully reduced”

Say we want a Lindblad equation with the Lindblad operator L = o, + io, = 20, with
rate [' = g—i. As always, we start with a unitary operator of the form U(f) = e~ % 25 45@B;

We know that L = Zj pi;A; and I' = %Ak, where A\, and puy are the eigenvalues and
normalized eigenvectors, respectively, of the matrix M = ), A\gpgpy, where we define

M;; = <E |BJTBZ|E> Furthermore, since we have two-level environment we know that
there is only one (non-zero) eigenvalue with corresponding eigenvector. Choosing A; =
By = 0, and Ay = By = 0, we calculate

(0lowo:(0) = (0[1]0) = 1, (0loyos|0) = (0] — i0=[0) = —i,

(Olozoy|0) = (0io-[0) = i, (Oloyo,|0) = (0[1]0) = 1.

1 —i
=i 7)

which we quickly check has normalized eigenvectors and eigenvalues

() (i) aen ae

Hence
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respectively. Hence, we only get a single non-zero Lindblad operator
1
L' = A = —(0, +i0
zj:ﬂlj j \/5( y)

with rate IV = 92‘1 = 2%. This gives the Lindblad equation we where after.

We now ask the following: What of H = Zj A; ® B; has another representation,
H= Zj, Aj @ By ? Will we still get the same Lindblad operator? Let us look at a “silly”
example: Take Ay = Ay = 0,, A3 = 0y, B1 = 20,, By = —0, and B3 = 0,. Then

HZZAJMX)B]-/=0x®(20x)+0z®(—0x)+0y®0yde®0z+0y®0y,
j/

which is the same Hamiltonian as before, and should therefore give the same dynamic.
We calculate

(0[(202)(204)[0) = 4(0[1]0) = 4, (0|(=02)(202)[0) = —2(0[1[0) = =2,  (0]oy(202)|0) = 2(0| — i0;|0) = —2i,
(0|(202)(—=02)[0) = —2(0[1]0) = =2, (0|(=02)(—02)[0) = (0|1]0) = 1, (Oloy(—02)|0) = — (0] — i0-|0) = i,
(0](202)0y|0) = 2(0lio+|0) = 2i, (0](=02)oy|0) = — (0lio=|0) = —i, (Oloyoy|0) = (0[1]0) = 1.
Hence
4 -2 =2
M=1-2 1 1 ,
2t —i 1

which we quickly check has eigenvectors and eigenvalues

—2//6 0 1/V/3
= 1//V6 |, pma=1/V2], pus=|1/V3 ], M=6, A=0, A=0
—i/\/6 i/V?2 —i/V/3

respectively. Again, we only get a single non-zero Lindblad operator

1 1
L” = Z/'Llj/Aj/ = —(—20'$ + O-LI,’ - 10_:1/) = _<_Uz - io_y)u
5 Vo Ve

with rate I = 925% = 6%. Since the Lindblad equation does not care about the phase
factor of the Lindblad operator, we are again left with the same Lindblad equation.

B.4.2 Different basis

As above, we take the same Hamiltonian, representation and Lindblad operator, and ask
the same question. That is L = o, +i0, = 20, I' = %, H=0,®0,+0,® 0, and the
question “ What if H = Zj A; ® B; has another representation, H = Zj, Ay ® By ? Will
we still get the same Lindblad operator?”

Define Sy := 0, + 0, and S; := 0, — 0,. Then {1,0,,5;, 52} is a basis of hermitian

operators (since S} = ol ol =0,4+0.=25;) and
1 1 1
H:Ux®0x+§(51+32)®§(51+52)Z(Tx@Ux-i-1(51®51+52®S1+S1®SQ+52®52)
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gives the Hamiltonian expressed in this new basis. Let us choose

Al = Oy,

Bl = Og,

As 005 = (5”]1 -+ iEiijk and [O’Z’O'j]

518, =

0,51 = 0,(0y+0,) =

0,52 = 0,(0y

Moreover, S; |0) =

{oi, 05} =

_ Uz)

AQI
By = By

(oy +0.)(0y—0,) = 02 + [az, oy) — o’ =
7'527

=10, + 10y = 151,

10, —

0,10y £ 0,|0) = 4|1) £ |0) and S? =
20;;1. Hence,

A4 - 51/4,
:Sla

= 2i€;,0%, we get

z

—210,,

A3:

B4:B5:SQ.

S951 =

Slo-m =

(S15)" =
(UmSl)T

A5 == 52/4,

200,

2527

SgO'x = (O-mSQ>T = —le

or +{0y,0.} + 02 = 21, since

(0]0202]0) = (0]S102[0) = i (0]S2]0) = —i  (0]S104|0) = —i  (0|S204|0) = —i (0]S1]0) = —i  (0[S204]0) = —
(0]028110) = —i (0]S2]0) =i (0S151]0) = 2 (0]515110) =2 (0]S251]0) = 2i (0]ox]0) =0  (0[S251]0) = 0
(0]o£S1]0) = —i(0]S2]0) =4 (0]S151|0) =2 (01515110) =2 (0]S251|0) = 2 (0]o|0) =0 (0]S25110) =0
(0]ozS2|0) =i (0]S1]0) =4 (0]51.52|0) = —2i (0|o2|0) =0 (0]S152|0) =0 (0]S252|0) = 2 (0]S2.52|0) = 2
(0]ozS2]0) = i(0]S1|0) =4 (0]S152]0) = —2i{0]o2[0) =0 (0[S152/0) =0  (0[5252(0) =2 (0]S25210) = 2
and thus
1 =i =1 —i —1
2 2 0 0
M=147: 2 2 0 0
00 2 2
0 0 2 2
We check that M has normalized eigenvectors
0 —1 0 0 44
R RIS I B I R Il I O
M1 \/41 ) y M2 \/g . ) M3_\/§ 0 ) M4—\/§ . ; ,LL5—2\/5 . )
1 1 0 -1 1
with respective eigenvalues
A =4, Ao =5, A3 =0, A =0, A5 = 0.

It would seem like this contradicts the fact that we can only have a single non-zero eigen-
value, and therefore only a single Lindblad operator for a two-level system environment.
However, we are left with

L, = Zulj
J

1 1
Aj_ﬁ(o05‘+4_1(_Sl_52+81+52)> =0
and

1 )
(—ioy + Uy)7

1 . 1
]_E(_Zo-x—i_zl(sl—i_SQ—i_Sl—i—SQ)) —%

Ly = Z poj A
J
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with rate 'y = %. This again gives back the same Lindblad equation.
To get only a single non-zero eigenvalue for M, we must have (E|B;|E) = 0. In our
case, we have

(0loz|0) =0 (0[51]0) =1 (0[52]0) = —
but Z]‘ A; (E|Bj|E) = (S1+ S2 — 51 — S2)/4 = 0. We therefore need to change to

Ay =0y, A2=A4=S1/4, A3=A5252/47
BiIO'm, BézBé:Sl—]l, BQIBQZSQ—F]I
We have
(Sl )(Sg—f—]l) 5152—1—51—52—]1:—2i0$+202—]l,
(So +1)(S; — 1) = ((S; — 1)(S + 1)) = 20, + 20, — 1,
(S —1)*=5? -25, +1 =31 -2,
(Sy +1)2 =52 +258, +1 =31 + 25,,
O'I(Sl - ]1) = —ZSQ — Og, (51 - ]1)0'5,; = (O’x(Sl - ]1))T = ZSQ — Oy,
O'I(Sg—f-]l) :i31+0x, (SQ‘}‘]I)O';E = —z'81+0x.

Hence, the missing inner products are

(0]o.(S1 — 1)|0) = (0] — Sy — 0,]0) = —i (0]55]0) = i,
(0]o(S2 + 1)|0) = (0]2.S] + 0.|0) =7 (0]S1|0) = 1,
(0/(S1 —1)(Sy +1)]0) = (0| — 2i0, + 20, — 1]0) = (0|20,]0) — 1 =1,
(0[(S1 — 1)?0) = (0|31 — 25;]0) = 3 —2(0|S5:|0) = 1,
(0[(Sz + 1)?|0) = (0|31 + 25,]0) =3+ 2(0|S —2[0) — 1 =1,
and thus
1 — -1 —1 —
11 1 1
M=1: 1 1 1 1
11 1 1
111 1 1
We check that M has normalized eigenvectors
—1 0 0 0 43
1 0 1 1 1
1 1 1 1 1
= — 1 y = — 0 s = — —]_ 5 = = 1 5 — 1 ,
Nl\/gl Hzﬁl MS\@O ,u42_1 Hs 2\/51
1 -1 0 -1 1
with respective eigenvalues
A1 =5, A2 =0, A3 =0, A =0, A5 = 0.



This shows that there was no contradiction as we get a single Lindblad operator

1 1 1
L=> mAj=— (—wx +=(S1+ S+ S1 + SQ)) = — (0, +i0y)
; Vb 4 Vb

: _ 6 _ 6%
with rate I' = 5= 5
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Appendix C

Master equation

C.1 Time evolution - direct computations

Let us assume that the interaction between the two systems is given by the Hamiltonian
Hfflt = 1(0'1, ® 0, £ 0, ® o). Then the time evolution is given by aplying the unitary
operator

U(e) —e zBHljrft o 67%(a’z®aziay®ay)
As 0,|0) = —10) and o, |1) = |1), we get
0:[0) = 1), ou[1) =10), 0y[0) = =i|1), oy[1) =1]0),

(0. ® 0, £ 0, ®0,)00) = [11) + (=i)*[11)
(0, ® 0, £ 0, ®a,)|11) = [00) £ i*|00),

(02 ® 02 £ 0y ® 0,)) [01) = [10) £ (=) [10) ,
(02 ® 0z £ 0y ® 0y) [10) = [01) £ i(—7) [01),

are {|00),|11), |01>\J/r§|10>, ‘01>\;§|10>} with respective eigenvalues

Hence, eigenstates for H.'
are {|11>\}L§|00> D10 101) ,]10)} with respective

—%}, and eigenstates for H._

int
{O 07 27 int 2
eigenvalues {%, —%, 0,0}. Both sets of eigenstates for orthonormal bases.
To see the time evolution of a state |¢), we write |¢) = Z?Zl a;j|7), where the states
|7) refer to the orthonormal eigenstates of either H;' or H, .. Then, by functional calculus

[17, section 2.1.8],
4

Jp—
Us(0) [W) = e [ W) = " aze ™ |j),

=1

where \; is the eigenvalue corresponding to |j). Thus,

2100) +10) o o1) — [10)

U4(0) %) = a [00) + a2 1) + age™ ¥ = et = (C.1a)
io |11 00 w0 |11) — |00
U_(0)|9) = aye= 2 M 1000 g IO = 1000 o1y gy 10) (C.1b)
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After interaction we measure the environment with o,. We rewrite the time evolved state
as

UL (0) | W) = ¢ 100) + i [11) + ¢ |01) + ¢ |10)
= (g0 [0) + ¢35 11)) 10) + (37 11) + ¢y 0)) [1)

= (cop [0) + cio 1)) %(IM o)) + (cin [1) + 6 [0)) T(IM + [a))

= [(C(j)co 10) + ¢ |1>) + (Ci 1) + c5 |0>)] [Te)

§||
[\
—

+ 7 [— (c0010) + i 1) + (e11 11) + 5, 10)) ] )

[(Coo +c1) 10) + (1o + i) [1)] 1)

+%I

% [(=co + 1) 10) + (=cio + eq) [1)] =)
= [0 ) [ta) + [V 1a) -

The state we transition to after time evolution and measurement on environment is there-
for given by

( % ‘@/J;; > , if interaction H;' and measure [1,),
V(1)

)
———|¢"), if interaction H, and measure ||,),
V <¢¢z’wlz>

)

)

N = C.2
) —L—|¢; ), if interaction H, and measure [f,), (C2)
Vv <w?x’w{x> fe n
\/ﬁ ‘@/JJ) , if interaction H,; and measure ||,).
\ Lo’ 7l
C.1.1 What happens if we switch convention
Let us now assume o, |0) = |0) and o, |1) = —|1). Then
02 [0) = 1), oo [1) =0), oy[1) ==i[0), 0,[0) =i]1),
S0
(0, ® 0, £ 0, ®0,)[00) = [11) £4*[11),
(0 © 00 £ 0, ® 7,) [11) = 00) & (=i)* [00)
(02 @ 7, = 7 @ 7,) [01) = [10) = i(—) |10}
(72 © 00 £ 0, 7,) [10) = [01) & (~3)i 01)
Hence, the eigenstates are still {|00),|11), ‘01>\J/r§|10>, [04) |1O } for the positive case and
{lllj}'OO), |11>f|00 |01), |10)} for the negative case. The elgenvalues are here {0,0, 3, —3}

and {1, —1,0,0} for H;}, and H;,

ot» Tespectively. This means that the time evolution given
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by equation (C.1) will be the same in both conventions. However,
Us(0) |¥) = g 00) + 13 [11) + c5; [01) + €55 [10)
(c50 10) + cio 1)) 10) + (&3 11) + <5 10)) 1)
1
= (cto [0) + €1 1)) E(IM + 1)) + (cii 1) + 51 10)) T(IM e))

Sl

[(C(j)co 0) + Cico |1>) + (Citl 1) + C(:)tl |0>)} [T2)

" % [ 10) + ¢ |19) — (5 1) + & 10))] o))

_|_

Sl -

1

[(Coo +¢51) 10) + (o + ) [1D)] [12)

\/§ [(Coo C()il) 0) + (Clio - Clil) |1>] [a))
=: |95 ) o) + [¥) Ha) s

which shows that the dynamics have slightly changed. Equation (C.2) can be written
in the exact same way, but when unpacking }1/}%2 > and |2/1f;> one needs to specify which
convention is used.

C.1.2 First step for actual system

The choice of HE

int

system be in the state [)) = a/|0) + 3[1). Then

) =

Following the equations for time evolution (C.1), this means

a1 =a, ay=>~0, (1325/\/5, a4:—5/\/§

for H}, and

for H, .. Thus

co+0—a1:a
_ are—i0/2 _
€00 =

which means

V2

a1 =a/V2, ay=-a/V2, a3=0, as=p

apei®/2

[¥3.) =
[41.) =
i) =
[er) =

%I

/‘\/‘l\/‘\/‘\
o
| .
~. >
=
<
=
|
"
=
/N

SI

|Y) |[E) = «|00) +0]11) +01]01) + 3|10} .

v a3€729/2 +a467’9/2 ) _ a3€7i9/2 — age
o1 = 73 = —ifsin -, ¢, 7
[% _ a1e~10/2 4 qyei0/2 .. 0 _
= @ cos — ¢, = ———"—— = —jasin — co, =a3 =0
1 \/5 01

— [ cos g) ]1>] ,
4

relies on the assumption that the environment bit is |E) =

i6/2

0). Let the

[4
—,Bcos§,



if we use the convention o, |0) = — |0). If we instead use the convention o, |0) = |0), then
1

62 =75 | (o) 10+ (/acos—) m].
-5t o]
- ot ]
o) =75 [(acos ) 10+ (5 +iasm ) ).

We see that the only difference is that ‘¢i> picks up a phase factor of /™ = —1. So the
convention does not matter up to a phase factor. We calculate the different probabilities:

st = L Bsin 2|+ 181 cos? 8
<sz ¢T1> 5 | | —Bsing + |5|* cos 5
;(]a\Q—i- \B|2sm + |BJ* cos? g i(a*f —af* )sm9> :%—i—Im(a*ﬁ) sing,
1 ) Ik
<¢Tz|¢Tz =3 (|a| cos? ‘5—zasm2 )
1 1
5 (Wg + |0¢|251n + ]a\Qcos 4 —i(af” —a’p) sin9> =- +Im(a6*)sing,
2 2 2 2
< |¢¢x 2(a+zﬁsm + |B|* cos 2)
1 2 2 9 - * * : Q _1 *\ - Q
=3 (] +|/B| sin — +]ﬁ| cos? 3 —i(af" —a 6)51112 = 2+Im(aﬁ )81n2,
1 5 9>
<¢¢z|¢¢z =3 <|a| cos? ‘ﬁ—i—zasmz )
_1 2 9 . 0 4 B gy _ 1 sy O
=5 (]ﬂ\ + | 51112 + || cos® 3 i(a* B — af” )sm =3 + Im(a ﬁ)st.

We can now update equation (C.2) for the state after measurement,

'(oz iBsin & )|0)+(Bcos )|1>
\/1+2 Im(a* ) sin ¢

acos 5 ) (B i sin

(
W’/)_ ( \/I—I—QIma,B)sm
(

, if interaction H.", and measure

int

, if interaction H,!, and measure

a+ifsin 5 ) (6 cos
1+2 Im(aﬁ*) sin
acos 5 ) (B—ch sin

\ \/1—1—21111 a*f)sin o

, if interaction H,, and measure

)1t
)ity
)

1)

, if interaction H, , and measure

R | MEEAS MRS TR

C.1.3 How many states can evolve to a fixed state?

We have seen what the state looks like after measurement. Now we ask ourselves the

following question: If we after n+ 1 steps have a system in the state |1))
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Bn+1|1), what are the possible states |¢), = ay,, [0) + 5, |1) that could have evolved to
the state [1)), .7 We know that each step must follow equation (C.3). In other words,
state [¢), ., comes for the interaction H;+ and measurement of either [1,) or ||.). We go
through the four different possibilities.

Assume |¢), ;= \/ﬁ ‘@Z);; ), where we have used the notation for equation (C.2).
TI’ x

If we define pi := <w§,w{6>, we get

a, — 13, sin g [, cos g

Y Y e
2p} 2p}

We then solve for a,, and (,:

2p{ B " o " . 9
ﬁn =% & Qn= 2p¢ Opy1 + Zﬁn S 5 =\ 2p¢ Opy1 + Zﬁn-‘rl tan — | .

oS 5 2

Moreover,

=¢f(an+i75n+1;9)

~

2 |6n+1|2]

+
cos? g

, 0
1= |ag|* + |Ba” = 2pf [ U1 + Bnt1 tan§

1
2f<05n+17 BnJrl; 9) '

We have thus written the probability in terms of «a,; and S,41. As we only have one
choice for the values of a,, and (3,, this shows that we only have one possible choice for

pl =

We can do the exact same computation for the other choices: Assume [¢), ., =
% Wj;> Defining pj = <¢L,@DL>, we get
RS
Qay, + 153, sin g B, cos g
Ontl = = — Bt = T
2p| \/2p]
and thus
2p)
§ Pl 0 0
Bn="—F5—, n=1/20]ani1 —ifusing =/2p] ( Qny1 —ifpirtan s ).
oS 5 2 2
Moreover,

=:f(ant1,8n+1;0)

0’ mw]

Qpg1 — ifBp1 tan -| + >0
cos? §

1= |on]? + [Ba]? = 2p] [ 5

1
2f(an+17 /BTL+1; 9) .

Py =
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Next, assume |¢)), ., = \/ﬁ W{J Defining p; = <¢¢_z7¢¢_m>> we get

0 . .9
Q, COS 2 By, — 1oy, sin 5
Qpy1 = —_27 Br1 = —_2,
\/ QpT A /2pT
and thus
\/ 2P5 Qnpa — o - . 0
Qn = 6 Bn = 2p¢ Brt1 + iay, s1n§ = 2p¢ Bri1 + 1oy tan 5]
Cos 5
Moreover,
::f(anﬁiﬁn+1 ;0)
T 2 N
— Apt1 . 6)
1= ’C¥n|2 + ’6n‘2 = 22% [| —; l + ﬁnJrl + 1041 tan — ]
cos® 35 2

_ 1
pT B Qf(an+l> Bn-&-l; 9) ‘

Finally, assume |¢), ; = \/ﬁ ng) Defining p| := <¢¢_z, @/}JJ, we get

0 - 0
oy, cos 2 By + iy, sin S
Opt1 = —_2’ Bri1 = —_2,
\/2p, \/ 2P
and thus
\/ 2p¢_an+1 — . . 0 _ . 0
o =———"73—, Bn=1/2D But1 — i sin 5 = 2p | Bnt1 — it tan§ .
COS 5
Moreover,
:5f(an4;£75n+1?9)
— Q41 . 9
1= ‘Oén|2 + ‘5n‘2 = 2p¢ [| —; L + BnJrl — 1041 tan — ]
cos” 3 2

_ 1
pi B Qf(an-i-la ﬁn-ﬁ-l; 9) '

We see that in all cases we have a unique state [¢)), .

C.2 Diffusion from random walk

Following |3, section 14.2], we give a heuristic argument for why the random walk con-
verges to a diffusion process when time and space are taken infinitesimal.
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1D case: Let (X,)nen be a stochastic process consisting of i.i.d. Bernoulli r.v.’s with
parameter p, i.e. P(X, =1) =pand P(X, = —l) =1—p=: q, where [ > 0 is a distance.
Append Xj = 0 and define S, :=>""" ; X;. Then

ZE Z —lg) =nl(p—q) = nl(2p—1),

=1

E[S?] = E[ZZXin] ZXQ +2) E[X; = nl® +n(n—1)22p—1)%

=0 j=0 i<j

Var[S,] = E[S?] — E[S,]* = 4nl2pq.

We define a time ¢ := nAt and a distance Az = [. We want lima; ay—0 Sy, to have both first
and second moment. Since the time ¢ should be fixed, we see that n = t/At goes to infinity

when At goes to zero. Hence, if Var[S,] is to converge, we must have limas az—oo % =
2D. However, then limat az—soo E[Sn] = limar Az—oo % = limas Az—oo (AA’“;) 1:0 co. We
must therefore demand p = a + bAx + (’)((Ax) ), where a,b € R. As all higher order
terms disappear, we simply assume p = 3 + ¢ 55 Az, where C' € R. Then
. C C
At, 1A1£:ILOOE[S I= At,ki&oo nlEAx - ED =G
lim Var[S,]= lim 4nl2(1 - C—Q(Ax) ) =2D.
At,Ax—oc0 At,Ax—r00 4 4D?

We can now look at the probability density of being at position = at time ¢, denoted by
u(z,t). We must have

u(z,t + At) = pu(zr — Az, t) + qu(z + Az, t).

Hence, as ¢ — p = —%A:v,
u(z,t) + %At + O ((At)?)

. [u(a:,t) + aug;, DAz +2 gf; ) (_3@ +0O ((—Aa:)?’)}

+q {u(az,t) + —auéz t) Az + 0 ?)E; J (A;!C) + O ((Axf*)]

Ou(x,t) Ou(z,t) (Ax)?
Oz Avt 0x? 2

=u(z,t) + (¢ — p) +0 ((Az)’),

and thus
du(z,t) B ou(z,t) Az O*u(x,t) (Ax)? (Ax)3
o TOBN =D TG e aar PO A
ou(x,t) Ju(x,t) O*u(x,t)
o~ T TPTam

where we in the last line have taken the limit when At, Ax — 0. We have found the
diffusion equation!
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3D case: This time we have

[ — 0
PX,=(0])=p,P(X, =10 1|)=p2...,P(X,=1| 0 |)=ps.
0 0 -
Hence,
n P1— P2
=Y E[Xi]=nl|ps—ps
i=1 D5 — Ds
and

E(5,57) = B[S XX = 3 BXXT] = 3 EXGXT] + 23 Bl 2]
4,7=0 4,7=0 i=1 1<j

— nE[X,XT] + n(n — 1)E[X,)E[X)]T

X12,1 Xi11X12 X11X13 P1 — P2 P1 — P2
=nE[| X12X11 X12,2 Xi12X13 |]+n(n— 1)12 D3 — D4 D3 — D4
X13X11 X13X12 X1273 Ps — De Ps — De
1+ P2 0 0 pL—Dp2\ [P1—D2
= nl? 0 D3+ P4 0 +nn—107[ps—pa P3 — P4
0 0 D5 + De Ps —Ds) \Ps5 — De
Thus
var[sn} = E[Snsg] - E[Sn]E[S;ﬂ
T
p1+ P2 0 0 P1— D2 p1—
= nl? 0 p3+ P4 0 —nl? | ps — pa P3 — P4
0 0 D5 + De Ps —Ds) \Ps5 — De

As before, we have

u(z,y, z;t + At) =pru(z — Az, y, z;t) + pau(x + Az, y, z; 1)
+ pau(z,y — Ay, z;t) + pau(z,y, 2 + Az;t)
+psu(x,y — Ay, z;t) + peu(z, y, 2 + Az;t),
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SO

. du 5 du 0*u (Ax)?
u(x;t) + T At + O((At)7) =p; (u(m;t) - %Ax + 92 3 + O((Aa:)3))
u 0*u (Ax)?
+ P2 (u(w;t) - %A:c + a—xg( 2x') + O((Am)B))
' du 0*u (Ay)?
+ p3 (u(w,t) - a—yAy + a7 2l O((Ay)3>>
du 0*u (Ay)?
#(utasn) - San+ S L oan?)
. du 0%u (Az)?
. du 0%u (Az)?
o (ateit) - 5oz + THEE L ogag)
_ z 1+p2 (Ax)? 0%u
) (2 — )2 b (BN (2
G_U + O(At) = ((m — m)ﬁ -Vu + pitps (AA.J)2 : ?ﬁ
t A 2 o (A i
(p6 — p5)—t p5+De (Az)2 9%y
@ o O B
x Yy z
+ O( A )+ O( A )+ O( A7 ).

Defining 2D; = li (Azi)? _ 1 Cy 1 C
et g 2D; = limag, ats0 5z, and pr = 5 + 55-Az, p2 = 3 — 35-Aw, and so on, we

du % (p1+ p2) D1 —3;5

E:— 02 -V'U,+ (pg +p4)D2 . g_g‘
g

Cs (ps + ps) D3 377;
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Appendix D

Flow of a TLS state on the Bloch
sphere

This part of the appendix is dedicated to finding the flow of the state of a TLS for the
model proposed in the thesis by Longva [13]. As we want to represent the flow on the
Bloch sphere, we need to compute the Bloch vector of a TLS. Recall that

(01 (0 —i (1 0
9= =1\1 o)’ b=\i o) %= \o -1/

In the computations that follow, we will use the convention o, [0) = |0).

Given a mixed state p = %(]1 +n-0), where o = (ax, Oy, O'Z)T, we define the vector
n as the Bloch vector of the TLS. Observe that

1 1 1
tr (,00']') = tr (5(]1 + Zi:nigi)aj> = Qtr <O’j + ;niOin> = 5277,] = le,

as 0;0; = 16;; + i€;;,04 and tr (o) = 0. Hence, for a pure state |¢) (4|, the Bloch vector
can be computed by

n =tr([¢) (Y] o) = (Ylo|y).
Moreover, if |¢)) = «|0) + B]1) is a pure state such that p = |[¢) (| = |a]?]0) (0] +
af*10) (1] + a*B]1) (0] + |B]* 1) (1], then the Bloch vector can be expressed by the fol-
lowing:

lo* o

1 —1 1
p=ttwl= (0 o) =5 (L5 ) = 5o

Hence
1+n, =2|a? ng —iny, = 206" Ng + iny, = 20" 3,
1—n, = 2|8 ne = af* + o*p in, = —af* +a’p,

n, = 2|a* — |32 n, = 2Re(af”) n, = 2Im(a*B). (D.1)

Before we go on to the actual computations, we note that if the state [¢) is not
normalized, then we can choose to either normalize the state before computing the Bloch
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vector, or first compute a non-normalized Bloch vector before normalizing the Bloch
vector. Let |¢) = a|0) + B]1) be a state which is not normalized, i.e. |a|* + |B]* # 1.
Define n := (¢|o|¢)). Then

= (o (0] + 8" (1))ou(a[0) + B 1)) = (" (0] + 5" (1)(r|1) + B0)) = a*F + a7,

(D.2a)
ny = (@ (0] + 5" (1)oy(a|0) + B |1)) = (a” (0] + 5" (1])i(a[1) = B[0)) = i(—a"B + aff),

(D.2b)
fz = (a" (0] + 8" (1)o=(a [0) + B[1)) = (" 0] + 5" (1[)(a [0) = B 1)) = |of* — |B]*.

(D.2¢)

As all terms are real, the norm is given by

17)* = (a* B+ aB*)? — (—a* B+ aB*)* + (|af* - |8*)?
= (*B)* +2|a’|B] + (B*)* — ((a*B)* = 2[a|BI* + (aB*)?) + |af* — 2|af?|8]* + |B[*
=2[al’|B* + |a* + |8/
= (Jaf* + 181> (D-3)

Since (¥[1) = |a|? 4 |B]?, we have

Wlely) _ n

W)y Il

In other words, it does not matter if we normalize the state before finding the Bloch
vector, or normalize the Bloch vector of the non-normalized state.

D.1 Bloch vector flow for model proposed by Longva

Before we calculate the flow of the Bloch vector for the model proposed by Longva in his
thesis [13], we will go through the general method. Using QTT, we assume that our system
is a TLS' in a state |1), the environment consists of n-level systems all in the same state
|E), the interaction Hamiltonian is on the form Hy =}, A; ® B; and the time evolution
is given by U(0) = exp (—i#H;), and we have chosen a (orthonormal) measurement basis
{If&) }1<k<n. By writing the Taylor expansion of U(f), the non-normalized state after
measurement outcome k£ is then given by

W) 1= [0) (Rl E) = i0 3 A5 [0) (fel Bi ) + O(6%).

LAs we noted in section 5.2 it is not possible to visualise the entire state space of an n-level system
for n > 2. The argument can be generalized to n-level systems, but this will only give an expression for
the flow of the state. One can only hope to visualize the flow in a subspace of the state space.
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The (non-normalized) Bloch vector of the k-th measurement outcome is then given by

ik = (¥l o) (D.4)
=mn, Bloch vector before time evolution
9 ——
=[ (/x| E} | (Vlofv) (D.5)
+i0 Y (el Bi|BY (vlAlolv ) (il E) (D.6)
J

—i0 Y ([l Bj|E) (Y]o As]) (fil E)" + O(6%) (D.7)

92;e (v)=:0V

——
=U+ v+ 60" +O(0%) =U + 6V + O(6?). (D.8)

Before we can take the derivative to find the flow of the state, we need to normalize:

T ny, U+0V+0(6?%)
Ty =

Tl Vo JJUP 120V U 1 O@®)

Taking the derivative with respect to 6 we find that the flow is given by

VVIUR+20V - U+ 0(02) — (U + 0V + O(6%))4 2V-U+0(6)

dny, 2.\ /lUP+20V-U+0(62)

df U2+ 26V - U+ O(6?)

Since § < 1 we put § = 0 to find the main contribution. With this assumption, and
knowing that ||n| = 1 and |U| = | (fx|E) |*|n| = | {fx|E) |, the flow can be written as

dn 1
= gV =V ). (D.9)

We are now ready to tackle the model proposed by Longva.

Let Hi = 1(0,®0,%0,®0,) be the interaction Hamiltonian, |E) = |0) be the state of
[z4), k=0
lz_)y, k=1
We define 4; = iaz,Ag = i%‘ay,Bl = 04, By = 0y, such that H; = A, ® B; + Ay ® Bo.
This gives us

the environment, and choose measurement basis {|x,),|z_)}, i.e. |fx) = {

(ol E) = {i*'m = (0] + (P oy, k=0

BIBIE) = (sl 510) :%“O'i“')'”:{l_/ﬁa Y
0 —2)(1)_(0 i
e

(BIBIE) = sl ,10) —£<<ou:<1|>|1>—{Z_/Z.N’§ Y
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(vlalolw) = 7 (Wlolols) = 7 (0] (1, 0oy, 020 o)
1 1
=1 (L i@louv), —i@loyl)) =7 (1, in., —iny),
1
(vlalolw) = (0] £ ololv) = +2 (U] (oy0n, 1, oy02) )
:i% (=i (losly, 1, @<¢|ax|¢>):ii (cin., 1, iny),

where we have used that o; = JJT- = 0, , 0,05 = 16;; + i€jjpop and (Plogyp) = n;. We

calculate the variables in equation (D.4),

[y

(

z\%i 1, in,, —in, %‘I’\;—%% —in,, 1, ing \/Li ; k=0 and Hiy,
o z\;—%i 1, in,, —in, %—i—\%% —in,, 1, in, \/Li , k=1 and Hiy,
i %i 1, in,, —in, \/AE + %(—i) —in,, 1, in, \/Ai , k=0and Hiy_
K \_/—%% 1, in,, —in, % + \/Li(—i) —in,, 1, in, % , k=1and Hiy_
(14 (—i)Pn., in. + (=i), —iny + (—i)iny), k=0 and Hi,,
i —1+i(—=i)n,, —in,+1i, —(—i)n,+i*n,), k=1and Hin,
TR (1 i i — (), —iny — (—i)ins) . k=0 and Hye
\ —1—i(=i)n,, —in,—1i, —(—i)n, —i’n,), k=1and Hn_
( 1—n,, in,—1), —in,+ nx> , k=0 and Hiy,
i —1+n,, i(—n,+1), iny—nx> , k=1and Hiy,
~ 8 14+n,, in,+1), —in, — n$> , k=0and Hy,
\ —1—n,, i(—n,—1), in, + nz) , k=1and Hy,
and U = %n = % (nx, Ny, nz)T. Next we compute
VT =2Re(v?)

~

=
@
=
!
3
NP
=
2
£}
N
|
=
=
<'D

( —iny +ny)) )

Re(i(—1+mn.)), Re(i*(—n.+1)), Re( i(in, — nx))> k=1 and Hin,
i(1+n.)), Re(i*(n,+1)), Re(i(—in, —n,) )) k=0 and Hiy_

Re(i(—1—n.)), Re(i*(—n,—1)), R ( (iny + nx))> k=1and Hy,

k=0 and Hiy,

=~ =
j=g)
D

, —n.+1, n,), k=0and Hiy,

n.—1, —ny), k=1and Hy,

e~ =

0
0
0, —n,—1, n,), k=0and Hy,_
0, n.+1, —n,), k=1and Hy_
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The normalized the Bloch vector for § = 0, given by equation (D.9), is then

Since
0-n
1]0-n
V'?’LS—Z O
0-n
we get
4
d’l’Lk T_ 1
do 2
\
4
_1
-2

\

As a final remark, we note that the flow vector W

sphere:
dnk e 1
_ n e
do ny 2

N | —
N\

dnk

— =2(V—-—n(V-n)).

oV (v -m))
+ (=n. + 1)ny +nyn,, k=0 and Hiy, Ny, k=0 and Hiy,
+ (n; — D)ny — nyn., k=1and Hiy, 1 )-ny, k=1and Hi,
+ (—n. — 1)ny +nyn,, k=0 and Hin_ 4 —ny, k=0and Hin_ ’
+ (n.+ny —nyn,, k=1and Hiy_ ny, k=1and Hin_
0, —n.+1, ny)—ny(ng, ny, n.), k=0and Hiy,
0, n,—1, —ny)+ny(n, ny n.), k=1and Hy,
0, —n,—1, ny)+ny(n,, ny, n,), k=0and Hy_
0, n.+1, —ny)—ny(n,, ny, n,), k=1and Hy,_
—Nyng, —n,+1— ni, ny (1 — nz)> , k=0and Hiy,
Nyng, N, —14+n2, n,(=1+n,)), k=1and Hyy

Yy Yy y( ) + ‘ (DlO)

nyNg, —n, —1+ nz, ny(1+n,)), k=0 and Hi,
—nyng, n,+1—n2 n,(-1- nz)> , k=1and Hy,_

is indeed orthogonal to the Bloch

(—nyn? + (—n. +1—n2)n, +n.ny(1 —n.), k=0and Hy,,
nyn? + (n. — 1+n2)n, +n.n,(=1+n.), k=1and Hy,
nynZ + (—n, — 1+ nf/)ny +n,n, (1 +n,), k=0 and Hiy_

(—nyns + (n. + 1 —=n2)ny +n.ny (=1 —n,), k=1and Hy,_

(—nynZ + (—n, +n2 +n2)ny + n.ny(1 —n,), k=0and Hy,
nyn2 + (n, —n2 —n2)ny +nny(—1+n,), k=1and Hy,
nyn2+ (—n, —n2 —n?)n, +n.n,(1+n,), k=0and Hiy_

(—nyn2 + (n, +n2 +n2)n, +n.ny,(—1—n,), k=1and Hy_

(n.ny (=14 n.) +n.ny(1 —n,), k=0and Hy,
n.ny(1—n.) +n.ny(—=1+n,), k=1and Hy,
nany(—1 —n,) +n.n,(1+n,), k=0and Hyp_

(g (L +n,) +nny (=1 —n,), k=1and H_

This fact will be useful when we try to map the flow from the sphere to the plane later

in the appendix.
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D.2 The full Bloch vector for the model proposed by
Longva

Although we have found an approximation for the Bloch vector for small 6, we could
also calculate the full Bloch vector without approximation. We could then get an exact
expression for the error we get by assuming all higher order terms are zero.

We are in the same setting as the previous section. That is, we assume that our system
is a TLS in a state |¢)) = «|0) + §|1), the environment consists of two-level systems all
in the same state |E) = |0), the interaction Hamiltonian is on the form

U(0) = exp (—i0H;+), and we have chosen a measurement basis {|1,),[l.)}, i.e. |fx) =

k=0
[Jri 7 =1 From appendix C we found that the unitary evolution could be written
as

U (0) ) = c5 [00) + ¢ty [11) + 5 [01) + ¢35 [10)

[(Coio + C(jﬁ) 0) + (Cﬁ) + Ci) |1>} Te)

1 + + + +
ﬁ [(COO - Col) 0) + (Clo - 011) ‘1” lz))

= [ ) ) + [0F) 1)

!
V2

+

where
+ _ + _ + _ inw +
B 0 _ .. 0 _ _
Coo = cosy, o =—iasing, co =0, cp=07.

The non-normalized Bloch vector after measurement k, given by equation (D.2), will then

be
n, = <¢k|‘7|@/}k>
_ {% [(cgo +cg1) O]+ (cig +c81) " (U] o [(cgo + c31) [0) + (¢ + 1) 1], k=0
% [(C(jJEo - Coil)* (0] + (Cito - Citl)* <1H 4 [(C(j)co - C(jﬁ) 0) + (Cico - Cﬁ) |1>} , k=1
(coo+ 1) (cio + i) + (cio +cin)” (cio + co)
—i (g + 1) (clo+en) +i(co+en) (Go+en) | k=0
&+ e — [ + o
(o0 — 1) (cio — cin) + (cio — &) (o — ) »
—1 (Cato - COil)* (C:lt() - 01i1) +1 (Cﬁ) - Cﬁ)* (C(j)to - C(jﬁ) | k=1

+ + |2 + + |2
|Coo_co1‘ - ‘010_011}

(

| —
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We now need to calculate all the different terms:

x o O 0 . 6 .0
(cdo +¢1) (cfy + ¢fy) = (o — ifsin 5) 50085 =« 60055 +z]6[281n§cos 2
x L0 0 . 6 . .0 0
(cfo — i) (cfy — ¢f1) = (a +iBsin 5) 6cos§ =a 60085 — 1]6]281n§cos 2
. 6 .0 0 .0 0
(coo + cor) (crp + ¢i7) = a* cos §(ﬁ — darsin 5) = a*fcos 5 i|or|? sin 50085,
e, e .6 ., 6 8
(coo — o) (€19 —€1y) = @ cos 5(5 + iasin 5) =« ﬁcos§ + i sin 5 cos 7,
and
+ + 12 + + i 2 o2 !
|coo—i-cm‘ — ‘clo—i-cn| a—zﬁsm— — |B|* cos 5
6 0 6
= |a|® + |B]*(sin” 5—0025) i(a* B—aﬁ)sm—
0 0
Cgo — C(J)rl‘2 — et —ch| = a+iﬁsin§ — |8 cos? 5
7 0 0
= |af? + |B[*(sin® 5~ os? 0s” ) +i(e’f — af)sin 7,
_ 12 _ — 12 2 2 . . 0 2
oo+ | — |ero + | = af?cos . ﬁ—zasm§
0 0 0
= |a*(cos® = — sin® =) — |B]> +i(B*a — Ba*) sin -,
2 2 2
0 0
oo = can|” = lein = ei| = laf? cos 5 — | B + iausin 5
0 6 0
= |a|*(cos® = —sin® =) — |B]> —i(B*a — Ba*)sin .
2 2 2
Then

(C(J)ro + C(Jﬁ)* (C;ro + Cﬁ) + (C;ro + Ci‘—l)* (C(To + C(Jﬁ)
— (a*Beos S £ il sin 2 cos 2) + (af" cos L 7 il sin & cos )
=(a 0052 7 s1r12cos2 o COSQZFZ s1n20032
= (« B—l—ozﬁ)cosg
(Cao + C(i) (010 + 011) + (Cm + 011)* (Cao + 051)
0

7
= a*f cos 5T i|a|2sin§ cos + (af” cos 2 + i|a|28in§ Cos 5)

= (a"6+ ap* )COSQ
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and
(Coo + 001) (CTO + CE) (010 + C11) (Coo + 001)

= (" cos 2 + i|5|281n§ Cos 5) — (" cos 5 F i|B|QSin§ oS 5)

= (a*f — aff* )cos€i2z|ﬂ| smgcosg

2 2’
(Cao + 661)* (Clo + 011) - (CIO + 011) (Cao + 661)
0 0
= a*f cos 5T i|ar|? sin 5085 = (o™ cos 5 + i|a|? sin 5 cos 5)
0 0 0
= (a"f — af”) cos§ F 2i]a|28in§cos 3
Hence, using that sinf = 2 sm cos 5 9 and cosf = cos? Q — sin g

[ (Coo + 001) (Cl+0 + Cfl) (Clo + 011) (Coo + 001) ]

. _ Nk _ _ N _ o % 0 .
—i[ (oo £ co1) (cro £ cy) = (co £ ) (coo £ or) | = —i(a*B — af*) cos 5 F |ar|? sin 6.

—i(a* 8 — af*) cos g + | 3] sin 0,

The non-normalized Bloch vector is therefore
( (a*B+ af*)cosé
i(aB* — a*B)cos & + |B[*sin b , k=0and Hipy,
al? = |B]? cos § — i(a* B — af3*) sin §
(a* B + af*) cos 5
i(aB* — a*B) cos & —|B*sinb , k=1and Hiy,
1 la|? = |B]* cos O + i(a* — aﬁ)sm—
2 (a* + af* ) cos 2
i(aB* — a*B) cos & ]a|281n9 , k=0and Hyy_
laf? cost — |32 — i(a"5 — af*)sin?
(o + ap* )cos g
i(aB* — a*B)cos & + |af*sin 6 ., k=1and Hi_
L \la]?cos @ — |B]” + i(a*f — af*) sin §
As a sanity check, we check that the norm of the Bloch vector is the same as the norm of
the state after measurement. For the interaction H;+,

(HgH) = mxwmérw+Wm¥aﬂkmmmm>m>ﬁm%uﬂ

|

0 0 0
|04|2 F isin §[a*ﬁ — af*] + | B sin? 3t |B|? cos® 5]

(D.11)

Q@ :Fzﬁsm

N~ N~ N~ MI
T 1

‘Bcos—

1 Fisin g[a*ﬁ - aﬁ*]} .
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The norm of the Bloch vector for interaction H;+ is
~ 112 9 . * * 0 2 ?
274 )° =(a*B + a8*)? cos? 7T i(af* —a*p) cosizl: |5 sin 6
o\ 2
+ <\04\2 — B2 cos @ Fi(a*B — aB*)sin 2>
5 0
=(a*B + af*)? cos? 3
— (af* — a*B)? cos? g F 2i(afB* — a* ) cos g]ﬂ]Q sin @ + |B]* sin® 0

2
+ ||t + 2| [—]5\20030:F2'(a*6 af*) sin 0] [[ﬁ\QCOSHii(a*B —aﬂ*)sing ,

and as [|5]2c059ii(a*ﬁ—aﬁ ) sin } |8]* cos? 0 + 2i(a*B — aB*) sin §|B|* cos 6 —
(a8 — af*)? sin?

20 =(0"8 + 0B cos? S — (0B — a*B)cos’ & — (a8 — ) sin? &
+ |a|* +18|* cos? 9+\B|4sin 0+ 2|af? [—|5|2c039$i(a*ﬂ—aﬂ*)sinz

T 2i(aB* — o*B)|B? coszsine—singcosﬁ]
0 . . 5 0
:4]04]2|6]20082 3 ((« ﬁ)Q — 2\a|2\5\2 + (ap )2) sin® 3 2\04 ]ﬁ\QCOSH

0 0
+ et + 18* F 2i|a)* (B — af* )sm F2i(af* — a* )\B|2sin§

—2/a2|B[2 + 2Ja?lB cos? & — ((a*B)? + (@")?)sin & —2la rm?( Z—sm?;))

+[af* + |84 F 2i(a” — aﬁ*)sing
=2+ 82+ 225 s S — (o B)? + (a57)2) s 3
F2i(a"f — af” )sm 4

20

1% 2i(a"6 — af") smﬁ ~ (@)~ 20aP|BP + (ap")?) si® &

29 )
= <1 Fi(a"pf — af)sin 2> .
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They are therefore equal, just as we wanted. For H;,,  we have

<@/)k|¢k> = -oz* cosg (0| + (B Fiasin g)* (1|} {oz cosg (0| + (8 Fiasin 0) <1|]

92+ e
2

acos§ 'B:ansm—

o0 7
|ﬁ|2$zsm [aﬁ a*fp) + |a|281n2§+ |ar|? cos? 5}

N~ NI~ NI~ N~

1$zsm [Ozﬂ -« ﬂ]]
and
~ 2 0 . * * 0 2 .: ?
12724 )|° =(a*B + aB*)? cos? 3 + [z(aﬁ -« ﬂ)cos§ F | sm9]
2
+ <|04|2 cos — |82 Fi(a*B — aB*)sin g)

5 0
=(a*B + af*)? cos?
2
— (af* — a*ﬁ)2 cos? g F 2i(af* — &) cos g\a|2 sin§ + |a|4 sin® 6
2

+18]* = 2|8/ [la\Z cosf Fi(a*f — af)sin g] + [|oz|2 cosf Fi(a*f — af”) sing

s [Ja*cosf Fi(a* B — af*)sin g ] = |al* cos? 0 F 2i(a* B — af*) sin &|a|? cos 6§ — (o B —

98



af*)?sin® £,
~ 12 * 0 9 9
1274 ||* =(a* B + aB*)? cos® = — (aB* — a*3)? cos® 3 ("B — af*)? sin’ 3
+ |BI* + |o|* cos? 9+|a|4sin 6 — 2|3 [|a|2cosﬁ$i(a*ﬁ—aﬁ )sm(9
F 2i(af* — a*P)|a| cosism&—sm§cos€

— |8 cos” § — (0" B)? —2la[8P + (@8")?) sin® & — 2laf?|3 cos

2
Flaft + (81" £ 28(a*8 — a8 sin & F 2i(08" ~ a*B)lo sin o

=203+ 2Bl cos’ § ~ (a5 + (@B s § — 2a5f? (0§ —sin?

+ ]a\4 + \B|4 +2i(a”f — af” )sm 0

((0"8)? + (ap)?) sin?

0
=(la* +|8[*)? + 2laf*|B|*sin® S — 5

2
+2i(a"B — af”) sing

—1£2i(0"B — af)sin | — ((a*B) ~ 2JaPB + (aB")?)sin® ¥

o\ 2
:<1:l:i(a*5 aff*) sin = ) ,

which is what we expected. We have thus found

1 —isin g[a*ﬁ —af], k=0and Hiy,
72| = 1J1 —|—zsmg[a*ﬁ —af], k=1and Hiy,
b 2 1—|—ismg[a*ﬁ—aﬁ], k=0and Hy,
1— ismg[a*ﬁ —af], k=1and Hiy_
Moreover,
( ~(1/2)(eB + aF)sin
—(1/2)i(aB* — a*B) sin g + B> cosf |, k=0 and Hi,
18*sin 6 — (1/2)i(a* B — af*) cos &
AT s
—(1/2)i(aB* — a*B) sin g — |B]*cosb |, k=1 and Hipy,
dny, 1 |8|*sin 6 + (1/2)i(a* B — %) cos &
do 2 —(1/2)(a*B + ap* )sm—
—(1/2)i(ap* — a*B)sin g — |a|?cosf |, k=0 and Hiy_
—|a|?sind — (1/2)i(a*8 — af*) cos §
~(1/2)(a S )sm
—(1/2)i(aB* — a*B) sin g + |al*cosf |, k=1 and Hin_
—|a|?sin 6 + (1/2)i(a*B — af*) cos &

\
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and

and

Putting 8 = 0 we find

ne =—

Thus

dr
do

a? — |87
(B + aB”)
i(af* —a*p

> — |57
(B + aB”)
i(af* —a*p

af? = |8]?
("B + af*)
i(af* —a*p
af? — |8]?

- 1
I724ll = ¢
0
12
~(1/2)i(a"8
0
—|BI?

0

—|af?

0
|af?

(1/2)i(a*B

([ (0B + aB")
i(ap* —a*p) |,

and

A
(B +aB”)

I —a*B | 3i[a*B — apl,
— 187

(1/2)i(a* B — aff¥)

I

—icos 4B — apB], k=0and Hy,
1COS 5 [ B —apl, k=1 and Hiy,
1COS 5 [ B —apl, k=0 and Hiy_
—icos 2 [ *b—apf], k=1and Hpy_
. _ 5 (7| — 7
do 72, ”
0
13|12 ) , k=0 and Hiy,
—(1/2)i(a*B — af)
0
_|5’2 ) , k=1 and Hiy,
die 1) \(1/2)i(@* 8- as")
do 0
_laf? ) . k=0and Hine_
—(1/2)i(a”B — af)
0
lr|? ) ) k=1 and Hiy_
(1/2)i(eB — afB*)
—ila*B —af], k=0 and Hiy,
|72 | _ ila*f—af], k=1and Hiy,
d9 2 )i[a*B—af), k=0and Hy_
—ifa*f —ap], k=1and Hy_
("B +ap)

i(ap*

100

_ a*5)> Slila*f — af], k=0 and Hiy,

Z(aﬁ* k=1 and Ii[imJr
|af?
(a*B + af*)
— |iap* —a*B | 3ile*B—aB], k=0and Hi_
—(1/2)i(a*B — ap*) la]? — |8
(@B +aB¥)
(aB* —a*B | FHila*B — af], k=1 and Hiy_
a* — |87

)



As |a)? + |B|> = 1 we know from equation (D.1) and (D.2) that

0 Ny —NgNy /2
(1—n2)/2 | — | ny %ny, (1—nz—n73)/2 , k=0 and Hiy,
(1/2)ny Nz ny (1 —n)/2
0 Ng NNy /2
—(1—n)/2| — | ny _21ny, —(1—nz—n§)/2 k=1 and Hiy,
dny —(1/2)n, Nz _ —ny(1—mn.)/2
do 0 Ng NNy /2
—(1+n)/2 | = | ny | Sy, —(1+n;—n2)/2 k=0 and Hiy_
(1/2)n, N, ny(1+n,)/2
0 Ny —NgpNy /2
(I+mn2)/2 | — | ny %ny, (1+n,— ng)/Q , k=1and Hiy
—(1/2)ny, N, —ny(l+n,)/2

which, as it should be, is exactly the same as we got in equation (D.10).

D.3 Mapping state flow from the sphere onto the plane

We want to map the vector flow from the Bloch sphere to the plane. Since the vectors
describing the flow are tangent to the surface of the sphere (cf. end of section D.1), they
live in the tangent space of the sphere. We will take a brief detour through the theory
of manifolds so that we easily can see how we transform vector flow from one surface to
another. The notation and ideas will be based on the book by Tu [25].

Let N and M be two manifolds, and let F': N — M be a C*°-map. Given a tangent
vector X, at the point p € IV, we wish to describe X, on M. This we do through the
push-forward F p, : T,N — Tp@) M, given by [25, section 8.2]

Fop(Xp)(g) = Xp(go F) for all g € C=(F(p)).

Given a basis {72, }ies for T,N and a basis {%|F(p)}j6] for Tp(,) M, the push-forward
can be described using the Jacobian,

_ow

p

Hence, the new tangent vector Yz, := F,,(X}) is given by

OF! ‘ OF! ’
Smp
YF(I’) = ozl lp  Oz? ‘p XP‘

With these ideas, we are now ready to transform the vector flow
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D.3.1 Stereographic projection

Let N be the Bloch sphere, i.e. N = S? C R3. We want to map the sphere onto a subset
of the plane M C R2. We begin by exploring the stereographic projection. A stereographic
projection maps the sphere onto R? by drawing a line through the north pole. The point
on the sphere intersecting the line is mapped to the point in R? which also intersects the
line. Hence, the points below the equator is mapped to the unit disk in R?, while the
upper half of the sphere is mapped to the rest of R?2. We think of the north pole as being
mapped to infinity. This projection is common in complex analysis, and an introductory
book such as |7, chapter 1, section 3| will explain it in further detail.

By looking at the different flows in Figure D.2, we choose to divide the sphere in half
along the great circle intersecting |0) and |1,). This way, we can visualize the flow on two
discs, and we will see that the flow never leaves the disc where it starts. The projection
mapping with |1,) as north pole is given by

7. Zj o (y/(l—fﬂ

We represent the push-forward by the Jacobian
£, - axy/l—x , %y/(l—l‘)lp wy/(1—=)|
’ z/l—:p‘p a—yz/(l—a:)‘ —x}p

B TV RS I
N z/(l—x)2|p 0 1/(1—x)‘p ’

Ny
In our specific case, the flow at p =n = | n, | is given by equation (D.10),
n,
( T
(—nynm, —n.+1—n2, n,(l- nz)) , k=0and Hy,
1 (nnw, n,—14+n2, n —1—|—nz> , k=1 and H;,
X, =4\ v ) , " (D.12)
2 <nynx, —n, — 1+ nz, ny (1 + nz)> , k=0 and H;,
T
\ <—nynx, n,+1-— y, ny(—1— nZ)> , k=1and Hyy_
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For H;+ and k = 0, the flow after the stereographic projection is given by

_ /(A =n)* 1/(1—mny) 0 ! _n_”y”i n,
n@—cwu—mf 0 V“—%QQ mﬂfmf

1 ngn? —n.+1-n? 1 N )
_ — <_ (1—77,95)2 + 1—ngy ) — <_nmny + (_nz + 1 - ny>(1 — nx))

2 nanyns 1—n:) 2(1 —n,)2 \ —nangn. +ny(1 —n.)(1 —ny)

T (1—ng)? + it
B 1 (—nxnz +nen, +1—n, —ny —n. + nxnz)

1-—ng
2(1 — ny)? —ngnyn, + ny(1 —n, — ng +ngn,)
1 1 —ny —n, —n2+nn
=0 UV N I D.13
2(1 — ny)? < ny (1 —ng, —n,) ) ( )

If we let |[{,) represent the north pole instead, then the stereographic projection is
given by

with Jacobian

For H;+ and k£ = 0, the flow at p = n after the stereographic projection is given by

2 —ny Ny
Yot = (:Zy?gizgz {1+ 1/(10+n )) N

’ : ‘ ny(l - nz)
nzn’ —n.+1—n2

— 1 ((l-l—nj)z + . y) _ 1 <nwn§ + (—nz +1-— n§)<1 —+ n$)>
perate g mulons) |7 (1 mg )2\ nenyns (1= n2)(1+ 1)

B 1 (nxnz —ngng, +1—n, +n, —n; — nxnz>

©2(1 + ny)? NNy, + ny(1 —n, + ny — ngn,)

_ 1 <1 + 1y —n, —n; — ngcnz) (D.14)

2(1 + ny)? ny(1+ng —nz) ' ‘

Note that equations (D.13) and (D.14) are equal if we change the sign of n,. This means
that the flow on one side of the sphere mirror the flow on the opposite side. Moreover,
we see that the flow for H;+ and k = 1 is just the negative of the flow for H;+ and k = 0.
The direction of the flow is therefore reversed.
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We can go through the exact same calculations for H;+ and £ = 0 and find

Ty My
Yzé(): <”y/(1_na:)2 1/(1 = ny) 0 )1 -n _y1+n2
p (1 —n, 0 1/(1 = n, : v
n/(1-mn,) fa=n)) 2\
B 1 —1+nm—nz+n§+nmnz
T 2(1 —ny,)? ny(1 —ng +n;) '
and
Ty Mo
P —n,/(1+n, 0 1/(14+n,)/) 2 ® y
/(1 +n,) fan) 3\

1 —1—nz—nz+n§—nxn2
2(1 4 n,)? ny(1+n, +n,) '

We again see that the only difference between Y}(p) and Yé(p) is the sign of n,. Moreover,
we see that the flow for H;- and k = 1 is just the negative of the flow for H;- and k = 0.
The direction of the flow is therefore reversed.

The figures depicting the flow after transformation can be found in the figure section
D.4.

D.3.2 Change of coordinates

The other transformation we want to use (the Winkel tripel projection) assumes that
the sphere is described by a polar angle ¢ and an (angle with respect to polar axis) and
azimuthal angle 6 (angle of rotation from the initial meridian plane). We will therefore
find the coordinate transform and Jacobian for spherical coordinates. Letting r denote
the radius of the sphere, cartesian coordinates can be described as

x = rcosfsin g, y = rsinfsin ¢, Z = rCos ¢.

As sin (arccost) = V1 — 2,

z/r = sgn (y) arccos i

The sgn (y) shows up here since arccos : [—1,1] +— [0, 7], and we therefore need to take
into account the sign of y to get [—m, w]. We denote the coordinate transformation by 7" :

(x,y,2) — (¢,0). If we also use that r = /22 + y? + 22 we can write § = arccos \/ijyQ

¢ = arccos == sgn (y) arccos (D.15)
r

We can calculate the different derivatives,

86 0

—~ = — arccos
or Ox

1

z 1 -1
= - — 2
Vat+y? + 22 2 2 @+

T oa24y24 22

Tz

(22 4 92 + 22)\ /22 + 2 + 2% — 22 o2 /2242
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1 1
06 a 1 A A by e L

aI'CCOS

0z /22 + 42 + 22 /1 — m2+zz+z_2 22 + 92 + 22
22
1— o B 2?2 42— 22 22 4 g2

_\/$2+y2+32_22 __(562+y2+22) /22 + 42 T2 /22 + 2

We immediately get g—i = ﬁ The partial derivative of # with respect to x is

/2 2 _pl 1
00 0 sgn (y) Tt +y L3 /22 4y2 2z
. = sgn (y) arccos \/T - 21
o Y \/ 224y2
2

1 2$ 2 x + 2—1‘
x2 4y Y Yy
= — sgn (y) = —sgn Yy) = ——F—>.
2+ y2 — 22 ) (22 + 42) /y2 (%) z2 + 12

The two others are

06 0 sgn (y) x_—l 1

— =sgn (y)— arccos ——— a7 2V
dy \/.”172+y — 2 (22 +y2)%
- W) =5
= sgn(y) =
(22 +y?) /2?2 +y? — a2 2 4y
and % = 0. In total we get
¢ 99 09 yz (z°+y?)
r,=(% % %)= (Ve ew e i)
or oy 0= —mE e 0

Before we continue, we give the following observations. Firstly, we could equivalently
have written 6 = sgn (x)arcsin =, and therefore § = sgn (x) arcsin \/ngyQ The

Jacobian would be the same:

00 sgn (x 1 -

— = sgn ( arcsm

ox & /_xQ_'_y /1_ 4 = x2+y 3/2

x—i—y
> gn (z)
= — SN _=
(@ +y*)Va® +y> =y iv2+y
and
2 2 _ 11
06 0 Y sgn () Ty yQ\/z2+y22y
e = sgn (x )8_ arcsin ——— = - 3
y Y Vrity \/1_362%2 2 +y
2
_ 1_$2yTy2 B :L.2+y2_y2 )_ T

xZ_’_yQ‘

= sgn (r) = —————=sgn (z) =
/22 + yZ — 42 (z) (22 + y2) Va2 (
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The second observation is that we have not used that » = 1. The condition » = 1
means that r has no x-, y-, or z-dependence. We therefore have

s s
= sgn (y) arccos ———,
2 ( ) /iL'Q + y2
Yy Yy

or equivalently § = sgn (x) arcsin = = sen (z) arcsin T instead. If we now proceed
— iy

¢ = arccos z 0 = sgn (y) arccos :
-z

naively, we get

9¢ _
or

% _, 96 -1

ay 0z /1-=22
but for # we have the following problem: We have four different expressions with different
x-, y- and z-dependence. We can for instance find

0

? = sgn (y)3 arccos _r 5gn (¥) ! = 5gn (1)
x

Ox \/1—22:_\/1_ 2 JI-22  J1-2-22

1—22

and at the same time get

20 : B
5, = S8n (x)% aresin —r—— =

To fix this we could try to introduce

2 2

?=1—9y*—2z Vr=1—-2%—2z 22 =1-—a2%—°

We could therefore say that x, y and 2z are dependent of each other. However, we then
get in trouble when taking partial derivatives. For instance

o7 _ o

0 0
o _8x(1 = 2%) 2x 89@’(1 r° —y°) 2¢ + 2z (%(1 =2 =....

It is not obvious how to introduce the dependence r = 1, so we left with our original find
for the Jacobian given in equation (D.16).

D.3.3 Winkel Tripel projection
The Winkel Tripel projection (of the unit sphere) is given by [10]

2 cos ¢ sin 2 1 ]
L]’ y/: |:¢+ Sln¢:|’

1
¥’ = = | Xcos ¢y + - -
2 sinc «v sinc o

where sinc a 1= Sir‘TO‘, Q1= arccos (cos¢cos ’5\), (2',y') are the coordinate in the plane, A
is the longitude relative to the central meridian of the projection?, ¢ is the latitude, ¢ is
the standard parallel for the equirectangular projection®. Figure D.1 show how longitude

2The central meridian is the meridian to which the sphere is rotated before projecting
3a standard parallel is a line of latitude that has true scale, and the equirectangular projection maps
the angles straight down to the plane (i.e. 2’ = X and 3’ = ¢).
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Latitude and longitude

Latitude Longitude
North
9% (+) 90 180
150 150
60 60
120 A 120
30 30
90 90
Equator 0
West East
) (+)
30 30
60 60
60 60
30 30
90 90 0
South Prime meridian

)

Figure D.1: Visual reference for how longitude and latitude are defined. Taken from
https://www.techtarget.com/whatis/definition/latitude-and-longitude (accessed 27.05.23).

and latitude are defined on earth. Our projection will be P : (¢, \) — (2/,y"). We will

therefore need 2 -—— and & -—L—. We have
8¢ sinc a dXsinca”

1 a a _arccos (cos ¢ cos §)

sinca sina /1 — cos?a \/1 — cos? ¢cos? 2
2

and

>

0 < ) 1
arccos | cos ¢ cos —
99 \/1 — co0s? ¢ cos? %

(— sin ¢) cos >

l\D

0 arccos <cos cos A) = ! cos ¢ <— sin A) L
oA 2 \/1 — c0s? ¢ cos? % 2)2
1 1
% \/1 — cos? ¢ cos? = A —2 cos ¢ sin ¢ cos? A
¢ 2 \/ 1 — cos? g cos? § A2 2’
0 A 1 1.1 AA
g2 2 - Zan 2
B\ \/1 cos gbcos 2 cos? ¢ cos 5 sin 5"

\/1 cos? ¢ cos? 5 A2 2
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Hence

sin ¢ cos

1—cos? ¢0052 /1—cos? pcos? 2

ﬁ 1

\/ 1 — cos? ¢ cos? % — arccos (cos ¢ cos 5

A

cos ¢ sin ¢ cos? 5

—cos2 2 A
y/ 1—cos? ¢ cos? §

A
2

)

0¢ sinc a

sin ¢ cos §

cos ¢ sin ¢ cos?

A

sinc «

A

2

— cos? 2 A
1 — cos? ¢ cos? 5

cos ¢ cos %

1——
SInc

1—

cos (15 sm S

\1— COS2¢COSZ /1—cos2 peos? 2 2

0 1

2 2 A
cos? ¢ cos? 3

T 1 cos? ¢ cos?® 3 SID¢COS§7

\/ 1 — cos? ¢ cos? % — arccos (cos ¢ cos ’\)

Agin 2
5 sin §

2\/1 cos? ¢ cos? 5 2

cos? ¢ cos

O\ sinc a

1 A
5 COS @ sin §

2 A
cos” ¢ cos 5

2sinc o

2gin 2

— 2 2 A
1 — cos® ¢ cos? 5

A
5 cos ¢ cos 5

1 - —
SINC &

— 2 2 A
1 — cos® ¢ cos?

Thus

dx’
do

d 1
do 2

sin ¢

A cos ¢g +

sinc o

S A
2 cos ¢ sin 4

5"

1
— cos ¢ sin
21 — cos? ¢ cos? %

_d 1
~ désinca

COS ¢ sin —
¢ 2

A

1—

sinc a

cos ¢ cos 5

sinc «

A
COSs 2

— 2 2 A
1 — cos? pcos® 5

cos ¢

—1 41 — cos? ¢ cos?

: A :
sin ¢ cos 5 cos ¢ | sin 5

A
COSs 2

_ 2 22
1 — cos* g cos® 5

+(1

cos ¢

— cos? ¢ cos? %) sinc a

A
2 sin ¢ sin —
C sinc o 2

1

_ 2 22
_1 cos? ¢ cos® §

=

sin 2¢ sin A

- sin ¢ sin —
cos? ¢ cos? %) sinc « 2

sin ¢ sin %

— 2 22
1 — cos? ¢ cos? 5

da'
dA

d\2

coS ¢

A cos ¢g +

COS b)

© A
2 cos ¢sin §

(1 — cos? ¢ cos? ’5\) sinca’

d

oS¢y

sinc «v

A 1 —

cos ¢ cos 2

COs ¢ sin —
¢ 2

2 ﬁ sinc o

2
sinc a

2

coS ¢

2sinc av

COSs 5

1
2

A 1 —

— cos2 22
1 — cos? ¢ cos? 5

cos ¢ cos 2
sinc «

A LA
coS sm—sm§ cos ¢

2

2 .o A| coso

2

coS ¢

sinc o

cOS ¢ sin

2 A
2

— cos2 22
1 — cos? ¢ cos? 5

—i-(l

cos ¢sin? =

2 2

2 )

cos? ¢ cos? 3) 5

— cos? ¢ sin A

2 1 -

coS ¢

cOS ¢ sin

A

2 2
COs® ¢ cos* §

2)\

COS —

(1 — cos? ¢ cos? %) sinc « 2

A gin? ¢

Ccos § Ccos ¢

2 1 -

2 QA
Cos® ¢ cos* §

+(1

— cos? ¢cos? §)sinca| 2
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Cos ¢ cos 2

dy d1 sin ¢ 1 1] coso ) — A
dp — dop?2 [(b—i_sincoz _2+2 sinca+Sm¢1—0082¢0082%Sm(bCOSZ
1 1 sin? ¢ cos 2 1 — cos? ¢ cos®2) — cos? 2 sin?
= -+ - Q; 22)\ ( ¢2 2)2>\ .2 ¢COS¢
2 2 _1 — cos? ¢ cos? 5 (1 — cos? ¢ cos 5) sinc v
_ 1 N 1 sin? ¢ cos % cos ¢ sin’ %
2 2 11— cos? ¢ cos? % (1 — cos? ¢ cos? %) sinc «

. . cos ¢ cos 2
dy _d1 + sing | _singl 1= —gcq” cos ¢ sin
d\  d\2 sinc o 2 21— cos®¢pcos®3 2
A
sin ¢ cos ¢ sin % 1 COSSZEOQS 2
N 4 1 — cos? ¢ cos? % 1 — cos? ¢ cos? %
sin 2¢ sin % 1 COS ¢ COS %
B 8 1 — cos? ¢ cos? % (1 — cos? ¢ cos? %) sinc «

Putting everything together, we see that we can project the Bloch sphere as

Y

() — (PoHoT)(n),

where H : (¢,0) — (¢ — /2,0 — 7) = (p, A) and T was defined in equation (D.15). As
the push-forward of H is the identity, we have

dz’ dn
a6, | = P T p—
d *H(T(n))Lxn .
(—;"é ) dg

Note that the # we differentiate with respect to here is the time and not the angle in
spherical coordinates. The push-forward of the coordinate transformation was given in
equation (D.16) and the push-forward of the Winkel tripel projection will be

d\ d
Pop=\ iy "]

dxlp dolp

The figures depicting the flow after transformation can be found in the figure section
D.4.

D.4 Full figures of state flow
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Figure D.2: The flow of the state given by equation (5.9) for H;+. Figure D.2a shows the
flow for £ = 0 and Figure D.2b shows the flow for £ = 1. To the right in both subfigures
we have removed the opaque color of the Bloch sphere and changed |0) = z, |1,) = =
and |f,) = y. The flow goes in circles always ending up at the state |0). The state |0)
is a fixed point where there is no flow. We see that the direction of the flow changes
depending on which measurement outcome we get. Figure D.2c and D.2d shows the flow
of the state, given by equation (5.9) for H;-, for k = 0 and k = 1, respectively. We now
see that the fixed point has changed to |1). The flow goes in circles always ending up at
the state |1) this time. We again see that the direction of the flow changes depending on
which measurement outcome we get.
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Figure D.3: A stereographic projection of the flow of the state given by equation (5.9)
for Hy+. This is the same flow as depicted in Figure D.2. Figure D.3a shows the flow for
k = 0 and Figure D.3b shows the flow for £ = 1. In both subfigures D.3a and D.3b we
have used n = (1,0,0) as the north pole and only show the south half of the sphere. We
would get the exact same figure using n = (—1,0,0) as the north pole and depicting only
the south half of the sphere in this case. It is here easier to see the path which a state
flows: It will move in a circle towards the state |0) where it stops completely. The flow is
fast close to |1) and slow close to |0). Equation (D.14) gives an explicit expression for the
flow in Figure D.3a. We see that the direction of the flow changes depending on which
measurement outcome we get. Figure D.3c and D.3d shows the flow of the state, given by
equation (5.9) for H;-, for k = 0 and k = 1, respectively. We now see that the fixed point
has changed to [1). The flow goes in circles always ending up at the state |1) this time.
We again see that the direction of the flow changes depending on which measurement
outcome we get. In both subfigure D.3c and D.3d we have again used n = (1,0, 0) as the
north pole and only show the south half of the sphere. We would get the exact same figure
using n = (—1,0,0) as the north pole and depicting only the south half of the sphere in
this case.
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Figure D.4: Winkel tripel projection of the flow of the state given by equation (5.9) for
Hy+. This is the same flow as depicted in Figure D.2 and we have used cos (¢g) = 2/,
where ¢ is the standard parallel for the equirectangular projection. Figure D.4a shows
the flow for £ = 0 and Figure D.4b shows the flow for £ = 1. We now get the full
flow, contrary to the stereographic projection we showed in Figure D.3. We again see the
circular flow in the middle of the figures. The flow to the left in the figures also follows a
circular motion which continues at the right side. Figure D.4c and D.4d shows the flow
of the state, given by equation (5.9) for H;-, for k = 0 and k = 1, respectively. We now
see that the fixed point has changed to [1). The flow goes in circles always ending up at
the state |1) this time. We again see that the direction of the flow changes depending on
which measurement outcome we get.
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Appendix E

Dimension analysis for the model
proposed by Longva

We want to find all interaction Hamiltonians H; that describe the Linblad equation with
rate [' = 2%—? and Lindblad operator L = o = 1(0,+io,). We assume H; = > i hijoi®a;.

This then gives us p = \/Li (1, 7, O)T and A = 2. Hence,

—1

0
M = Xp) (p| = 0
0

O =

1
0
The system of equation is therefore (either the upper or lower triangle of the matrix in
(5.10))

hi + h%z + h%g =1, hothi1 + haghia + hoshis = 0, hothis — haohyy = —1,
hgihi1 + haahia + haghis = 0, haithiz — hashiy =0,  h3; 4+ h3, + hiy =1,
hsihat + haahas + haghes = 0, hsihog — haghor = 0, h§1 + h?,g + h§3 = 0.

Observation: Equation nine, Zg’zl h%; = 0, means hs; = 0 for i = 1,2,3 (since h;; € R).

This is even more general; If ), h?i = 0 for any j = 1,2, 3, then we must have hj; = 0 for
t =1,2,3. In other word, we only have the following equations following equations:

hiy + hiy + hiy =1, ho1hi1 + haghiz + hashiz = 0, (E.1)

harhiz — haghiy = —1, hg1 + h%? + hgs =1 (E.2)

We will now proceed case by case. Assume first hy; = 0. The first part of equation (E.2)

then gives hoihis = —1, which means we must have his, hoy # 0. The second part of

equation (E.1) then reads hos = —M}f—gm, and inserting into the second part of (E.2) gives
hiy h%, + hi

As the relation hi, + h3; = 1 from equation (E.1) tells us that hi,, h?; < 1, we must have
h1a = %1 for heg to be real. This gives hi3 = 0 and hgz = 0, which again means hgy = 0
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from the last part of equation (E.2). All in all, we are left with his = £1, hyy = F1,
and all others equal to zero. This means H = (0, ® 0, — 0, ® 0,,) will give the same
dynamic.

Next, assume hy; = £1. Then the first part of equation (E.1) gives his = hyz = 0.
The last part of equation (E.1) then reads hey = 0, and the first part of equation (E.2)
reads hos = +1. Inserting into the last part of equation (E.2), we get hos = 0. Hence,
H=%(0,® 0, +0,®0y).

We now assume 0 < h?, < 1. Assume further that hy5 = 0. The last part of equation
(E.1) reads hy = hQ}?hw, and the first part of equation (E.2) reads hgy = L. Putting
this into the last part of equation (E.2) gives

=1
h23h13 1 ATRANER

T +h—%1+h2 =1= hi;(hi; +h}) =h3 —1,

which is impossible as hoz € R and the above equation means hgs = £1/h%, —1 € C\ R
as h?, < 1. In other words, we cannot have hj; = 0. We therefore look at the case
0 < h?; <1, hia # 0 and hy3 = 0. Equation (E.1) and (E.2) then give

h12 = :i:\/ 1- h%l; h21h11 = _h22h127 h21h12 +1= h22h11-

Hence,
=1

horhis + 1 —
hoihiy = —%hu = hoy (hfl + h%g) = —hi2 = ho1 = —hja.
11

This then gives hoy = hyy, which means h3, + h3, = 1. Thus hy3 = 0 and we are left with
the solution

H:hnam@omi\/1—h%10r®ay$\/1—h%lay@)am—l—hnoy@%
=h11(0, ® 0y + 0y, @ 0y) £ /1 = h3 (0, R0y — 0y R 0y)

for 0 < h} <1
To finish of, we look at the final case: 0 < h3; < 1, hys # 0 and hy3 # 0. We know

hiz # £1 by the first part of equation (E.1). We have hgihia = hashyp — 1 from the first
part of equation (E.2), which means the last part of equation (E.2) is m + hoohqa +

hoshiz3 = 0. We rewrite and get

—— 2
has (hiy + hi,) hii hir — hao(1 — hiy)
+ hash = hog = '
Iy 2hiz = 5= 23 T
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We are therefore left with

hoghiy — 12 Byt — hoo(1 — h2)\ 2
:h§1+h§2+h33: (—22 = ) +h§2+( = 22( 13))

h12 h12h13
hi) — 2hi1has(1 — his) + h3,(1 — his)?
his

h?z - (h§2h%1 — 2haohi1 + 1) + h§2h§2 +
1-h2,

2 12 2 2 2 2 2 2 2 2 2 2 \2
h12h13 = h22 (hn + h12) h13 - 2h22h11h13 + h13 + [hn - 2h11h22(1 - h13) + h22(1 - h13) ]
h%zhia - h§2(1 - h%e,)(h%:a +1- }753) - 2h22h11(h%3 +1- hi%) + (h%?, + h%l)

0 = h3y(1 — his) — 2hashyy + (his + b3y — hishis).

We solve this quadratic equation:

2k £ /ARF, — 4(1 = BE) (W, + KT, — hE,h3)

h
. 2(1 — hiy)
o hll :|: \/(h%2h%3 - h%S) + h%i’)(h% + h%l - h%2h%3)
- 1- 12,
_ hiEhagy /(R — 1) + (PR5 + hiy — hi,hiy)
Bl 1 —hi;

=—h11—hi2
 hainE hag | h3,(1 = his) + (his — 1) +hi
B T
_ hi + h13\/h%2(1 — h%3) - h%2 _ hiy % g _hfzh%?,

which gives us a contradiction as this would mean hgy ¢ R. We must either have hyy = 0
or hy3 = 0, which means h;3 = 0 by the above argumentation.

All in all, we have shown that L = @/%204 must come from a Hamiltonian

H=nh(o, ® 0, + 0, ®0,) £V1—h*0, R0, — 0, R0y,),
where h € [—1,1]. This means that the subspace of the Hamiltonians generating this

Lindblad operator is one dimensional, even though we have nine possible parameters to
tweak and only six equation to satisfy.
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