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An outstanding introduction, at the advanced graduate level, to the mathematical description of quantum
measurements, parameter estimation in quantum mechanics, and open quantum systems, with attention to
how the theory applies in a variety of physical settings. Once assembled, these mathematical tools are
used to formulate the theory of quantum feedback control. Highly recommended for the physicist who
wants to understand the application of control theory to quantum systems and for the control theorist who
is curious about how to use control theory in a quantum context.

Carlton Caves, University of New Mexico

A comprehensive and elegant presentation at the interface of quantum optics and quantum measurement
theory. Essential reading for students and practitioners, both, in the growing quantum technologies
revolution.

Howard Carmichael, The University of Auckland

Quantum Measurement and Control provides a comprehensive and pedagogical introduction to critical
new engineering methodology for emerging applications in quantum and nano-scale technology. By
presenting fundamental topics first in a classical setting and then with quantum generalizations, Wiseman
and Milburn manage not only to provide a lucid guide to the contemporary toolbox of quantum
measurement and control but also to clarify important underlying connections between quantum and
classical probability theory. The level of presentation is suitable for a broad audience, including both
physicists and engineers, and recommendations for further reading are provided in each chapter. It would
make a fine textbook for graduate-level coursework.
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the field. The clarity of presentation and the varied selection of examples and exercises guide the reader
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control. The ideal blend of precise mathematical arguments and physical explanations and examples

reflects the authors’ affection for the topic to which they have themselves made pioneering contributions.
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Preface

The twenty-first century is seeing the emergence of the first truly quantum technologies;
that is, technologies that rely on the counter-intuitive properties of individual quantum sys-
tems and can often outperform any conventional technology. Examples include quantum
computing, which promises to be much faster than conventional computing for certain prob-
lems, and quantum metrology, which promises much more sensitive parameter estimation
than that offered by conventional techniques. To realize these promises, it is necessary to
understand the measurement and control of quantum systems. This book serves as an intro-
duction to quantum measurement and control, including some of the latest developments
in both theory and experiment.

Scope and aims

To begin, we should make clear that the title of this book is best taken as short-hand
for ‘Quantum measurements with applications, principally to quantum control’. That is,
the reader should be aware that (i) a considerable part of the book concerns quantum
measurement theory, and applications other than quantum control; and (ii) the sort of
quantum control with which we are concerned is that in which measurement plays an
essential role, namely feedback (or feedforward) control of quantum systems. '

Even with this somewhat restricted scope, our book cannot hope to be comprehensive.
We aim to teach the reader the fundamental theory in quantum measurement and control,
and to delve more deeply into some particular topics, in both theory and experiment.

Much of the material in this book is new, published in the last few years, with some
material in Chapter 6 yet to be published elsewhere. Other material, such as the basic
quantum mechanics, is old, dating back a lifetime or more. However, the way we present
the material, being informed by new fields such as quantum information and quantum
control, is often quite unlike that in older text-books. We have also ensured that our book is
relevant to current developments by discussing in detail numerous experimental examples
of quantum measurement and control.

! In using the term ‘feedback’ or ‘feedforward’ we are assuming that a measurement step intervenes — see Section 5.8.1 for further
discussion.

xi
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We have not attempted to give a full review of research in the field. The following section
of this preface goes some way towards redressing this. The ‘further reading’ section which
concludes each chapter also helps. Our selection of material is naturally biassed towards
our own work, and we ask the forbearance of the many workers in the field, past or present,
whom we have overlooked.

We have also not attempted to write an introduction to quantum mechanics suitable for
those who have no previous knowledge in this area. We do cover all of the fundamentals in
Chapter 1 and Appendix A, but formal knowledge is no substitute for the familiarity which
comes with working through exercises and gradually coming to grips with new concepts
through an introductory course or text-book.

Our book is therefore aimed at two groups wishing to do research in, or make practical
use of, quantum measurement and control theory. The first is physicists, for whom we
provide the necessary introduction to concepts in classical control theory. The second is
control engineers who have already been introduced to quantum mechanics, or who are
introducing themselves to it in parallel with reading our book.

In all but a few cases, the results we present are derived in the text, with small gaps
to be filled in by the reader as exercises. The substantial appendices will help the reader
less familiar with quantum mechanics (especially quantum mechanics in phase space)
and stochastic calculus. However, we keep the level of mathematical sophistication to a
minimum, with an emphasis on building intuition. This is necessarily done at the expense
of rigour; ours is not a book that is likely to appeal to mathematicians.

Historical background

Quantum measurement theory provides the essential link between the quantum formalism
and the familiar classical world of macroscopic apparatuses. Given that, it is surprising how
much of quantum mechanics was developed in the absence of formal quantum measurement
theory — the structure of atoms and molecules, scattering theory, quantized fields, spon-
taneous emission etc. Heisenberg [Hei30] introduced the ‘reduction of the wavepacket’,
but it was Dirac [Dir30] who first set out quantum measurement theory in a reasonably
rigorous and general fashion. Shortly afterwards von Neumann [vIN32] added a mathemati-
cian’s rigour to Dirac’s idea. A minor correction of von Neumann’s projection postulate by
Luders [Liid51] gave the theory of projective measurements that is still used today.

After its formalization by von Neumann, quantum measurement theory ceased to be of
interest to most quantum physicists, except perhaps in debates about the interpretation of
quantum mechanics [Sch49]. In most experiments, measurements were either made on a
large ensemble of quantum particles, or, if they were made on an individual particle, they
effectively destroyed that particle by detecting it. Thus a theory of how the state of an
individual quantum system changed upon measurement was unnecessary. However, some
mathematical physicists concerned themselves with generalizing quantum measurement
theory to describe non-ideal measurements, a programme that was completed in the 1970s
by Davies [Dav76] and Kraus [Kra83]. Davies in particular showed how the new formalism
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could describe a continuously monitored quantum system, specifically for the case of
quantum jumps [SD81].

By this time, experimental techniques had developed to the point where it was possible
to make quantum-limited measurements on an individual quantum system. The prediction
[CK85] and observation [NSD86, BHIW86] of quantum jumps in a single trapped ion was
a watershed in making physicists (in quantum optics at least) realize that there was more
to quantum measurement theory than was contained in von Neumann’s formalization. This
led to a second watershed in the early 1990s when it was realized that quantum jumps could
be described by a stochastic dynamical equation for the quantum state, giving a new numer-
ical simulation method for open quantum systems [DCM92, GPZ92, Car93]. Carmichael
[Car93] coined the term ‘quantum trajectory’ to describe this stochastic evolution of the
quantum state. He emphasized the relation of this work to the theory of photodetection, and
generalized the equations to include quantum diffusion, relating to homodyne detection.

Curiously, quantum diffusion equations had independently, and somewhat earlier, been
derived in other branches of physics [Bel02]. In the mathematical-physics literature,
Belavkin [Bel88, BS92] had made use of quantum stochastic calculus to derive quantum
diffusion equations, and Barchielli [Bar90, Bar93] had generalized this to include quantum-
jump equations. Belavkin had drawn upon the classical control theory of how a probability
distribution could be continuously (in time) conditioned upon noisy measurements, a pro-
cess called filtering. He thus used the term quantum filtering equations for the quantum
analogue. Meanwhile, in the quantum-foundations literature, several workers also derived
these sorts of equations as attempts to solve the quantum-measurement problem by incor-
porating an objective collapse of the wavefunction [Gis89, Di688, Pea89, GP92a, GP92b].

In this book we are not concerned with the quantum measurement problem. By contrast,
Belavkin’s idea of making an analogy with classical control theory is very important for
this book. In particular, Belavkin showed how quantum filtering equations can be applied
to the problem of feedback control of quantum systems [Bel83, Bel88, Bel99]. A simpler
version of this basic idea was developed independently by the present authors [WM93c,
Wis94]. Quantum feedback experiments (in quantum optics) actually date back to the mid
1980s [WJ85a, MY 86]. However, only in recent years have sophisticated experiments been
performed in which the quantum trajectory (quantum filtering equation) has been essential
to the design of the quantum control algorithm [AAS*02, SROT02].

At this point we should clarify exactly what we mean by ‘quantum control’. Control is,
very roughly, making a device work well under adverse conditions such as (i) uncertainties in
parameters and/or initial conditions; (ii) complicated dynamics; (iii) noise in the dynamics;
(iv) incomplete measurements; and (v) resource constraints. Quantum control is control
for which the design requires knowledge of quantum mechanics. That is, it does not mean
that the whole control process must be treated quantum mechanically. Typically only a
small part (the ‘system’) is treated quantum mechanically, while the measurement device,
amplifiers, collators, computers, signal generators and modulators are all treated classically.

As stated above, we are primarily concerned in this book with quantum feedback control.
However, there are other sorts of quantum control in which measurement theory does not
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play a central role. Here we briefly discuss a few of these; see Ref. [MKO5] for a fuller review
of types of quantum control and Ref. [MMWO05] for a recent sample of the field. First, open-
loop control means applying control theory to manipulate the dynamics of systems in the
absence of measurement [HTC83, D’ A07]. The first models of quantum computing were all
based upon open-loop control [Pre98]. It has been applied to good effect in finite quantum
systems in which the Hamiltonian is known to great precision and real-time measurement
is impossible, such as in nuclear magnetic resonance [KGB02, KLRGO03]. Second, there
is learning control, which applies to systems in which the Hamiltonian is not known well
and real-time measurement is again impossible, such as chemical reactions [PDR88]. Here
the idea is to try some control strategy with many free parameters, see what results, adjust
these parameters, and try again. Over time, an automated learning procedure can lead to
significant improvements in the performance of the control strategy [RAVRMKOO]. Finally,
general mathematical techniques developed by control theorists, such as semi-definite
programming and model reduction, have found application in quantum information theory.
Examples include distinguishing separable and entangled states [DPS02] and determining
the performance of quantum codes [RDMO?2], respectively.

The structure of this book

The structure of this book is shown in Fig. 1. It is not a linear structure; for example,
the reader interested in Chapter 7 could skip most of the material in Chapters 2, 3 and
6. Note that the reliance relation (indicated by a solid arrow) is meant to be transitive.
That is, if Chapter C is indicated to rely upon Chapter B, and likewise Chapter B upon
Chapter A, then Chapter C may also rely directly upon Chapter A. (This convention avoids
a proliferation of arrows.) Not shown in the diagram are the two Appendices. Material in
the first, an introduction to quantum mechanics and phase space, is used from Chapter 1
onwards. Material in the second, on stochastic differential equations, is used from Chapter 3
onwards.

For the benefit of readers who wish to skip chapters, we will explain the meaning of
each of the dashed arrows. The dashed arrow from Chapter 2 to Chapter 7 is for Sec-
tion 2.5 on adaptive measurements, which is used in Section 7.9. That from Chapter 3
to Chapter 4 is for Section 3.6, on the Lindblad form of the master equation, and Sec-
tion 3.11, on the Heisenberg picture dynamics. That from Chapter 3 to Chapter 6 is for
Section 3.8 on preferred ensembles. That from Chapter 5 to Chapter 6 is for Section 5.5
on homodyne-based Markovian feedback. Finally, that from Chapter 6 to Chapter 7 is for
the concept of an optimal quantum filter, which is introduced in Section 6.5. Of course,
there are other links between various sections of different chapters, but these are the most
important.

Our book is probably too long to be covered in a single graduate course. However,
selected chapters (or selected topics within chapters) could be used as the basis of such a
course, and the above diagram should aid a course organizer in the selection of material.
Here are some examples. Chapters 1, 3 and 4 could be the text for a course on open quantum
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Fig. 1 The structure of this book. A solid arrow from one chapter to another indicates that the latter
relies on the former. A dashed arrow indicates a partial reliance.

systems. Chapters 1, 4 and 6 (plus selected other sections) could be the text for a course on
state-based quantum control. Chapters 1 and 2 could be the text for a course on quantum
measurement theory.
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1

Quantum measurement theory

1.1 Classical measurement theory
1.1.1 Basic concepts

Although this chapter, and indeed this book, is concerned with quantum measurements, we
begin with a discussion of some elementary notions of measurement for classical systems.
These are systems that operate at a level where quantum effects are not apparent. The
purpose of this discussion is to introduce some ideas, which carry over to quantum theory,
concerning states, conditional and non-conditional distributions, and stochastic processes.
It will also make the distinct features of quantum measurements plainer.

A classical system can be described by a set of system variables, which we will call
the system configuration. For example, for a system of N interacting particles these could
be the N position and momentum vectors of the particles. The possible values of these
variables form the configuration space S for the system. In the above dynamical example,
the configuration space would be R where R is the real line.! Alternatively, to take the
simplest possible example, there may be a single system variable X that takes just two
values, X = 0 or X = 1, so that the configuration space would be {0, 1}. Physically, this
binary variable could represent a coin on a table, with X = 0 and X = 1 corresponding to
heads and tails, respectively.

We define the state of a classical system to be a probability distribution on configuration
space. Say (as in the example of the coin) that there is a single system variable X € S
that is discrete. Then we write the probability that X has the value x as Pr[X = x]. Here,
in general, Pr[E] is the probability of an event E. When no confusion is likely to arise,
we write Pr[ X = x] simply as g(x). Here we are following the convention of representing
variables by upper-case letters and the corresponding arguments in probability distributions
by the corresponding lower-case letters. If X is a continuous variable, then we define a
probability density g(x) by g(x)dx = Pr[X € (x, x 4+ dx)]. In either case, the state of the
system is represented by the function gp(x) for all values of x. When we choose to be
more careful, we write this as{g(x): x € S}, or as{g(x): x}. We will use these conventions

! This space is often called ‘phase space’, with ‘configuration space’ referring only to the space of positions. We will not use
‘configuration space’ with this meaning.



2 Quantum measurement theory

conscientiously for the first two chapters, but in subsequent chapters we will become more
relaxed about such issues in order to avoid undue notational complexity.

The system state, as we have defined it, represents an observer’s knowledge about the
system variables. Unless the probability distribution is non-zero only for a single con-
figuration, we say that it represents a state of uncertainty or incomplete knowledge. That is,
in this book we adopt the position that probabilities are subjective: they represent degrees of
certainty rather than objective properties of the world. This point of view may be unfamiliar
and lead to uncomfortable ideas. For example, different observers, with different knowledge
about a system, would in general assign different states to the same system. This is not a
problem for these observers, as long as the different states are consistent. This is the case
as long as their supports on configuration space are not disjoint (that is, as long as they all
assign a non-zero probability to at least one set of values for the system variables). This
guarantees that there is at least one state of complete knowledge (that is, one configuration)
that all observers agree is a possible state.

We now consider measurement of a classical system. With a perfect measurement of X,
the observer would simply find out its value, say x’. The system state would then be a state
of complete knowledge about this variable. For discrete variables this is represented by the
Kronecker §-function gp(x) = 6, -, whereas for a continuous variable it is represented by
the Dirac §-function p(x) = §(x — x’). For comparison with the quantum case (in following
sections), it is more enlightening to consider imperfect measurements. Suppose that one only
has access to the values of the system variables indirectly, through an apparatus variable
Y. The state of the apparatus is also specified by a probability distribution g(y). By some
physical process, the apparatus variable becomes statistically dependent on the system
variable. That is, the configuration of the apparatus is correlated (perhaps imperfectly) with
the configuration of the system. If the apparatus variable is observed, {@(y): y} is simply
the probability distribution of measurement outcomes.

One way of thinking about the system—apparatus correlation is illustrated in Fig. 1.1.
The correlation is defined by a functional relationship among the readout variable, Y, the
system variable, X, before the measurement, and a random variable, E, which represents
extra noise in the measurement outcome. We can specify this by a function

Y = G(X, B), (1.1)

together with a probability distribution (&) for the noise. Here, the noise is assumed to
be independent of the system, and is assumed not to affect the system. That is, we restrict
our consideration for the moment to non-disturbing measurements, for which X after the
measurement is the same as X before the measurement.

1.1.2 Example: binary variables

To illustrate the above theory, consider the case of binary variables. As we will see,
this is relevant in the quantum setting also. For this case, the state of the system gp(x) is
completely specified by the probability g (x := 0), since pp(x := 1) = 1 — p(x := 0). Here
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MEASURING

SYSTEM APPARATUS
X ) Y-G(X.Z)

Fig. 1.1 System—apparatus correlation in a typical classical measurement.

we have introduced another abuse of notation, namely that g (x := a) means gp(x) evaluated
at x = a, where a is any number or variable. In other words, it is another way of writing
Pr[X = a] (for the case of discrete variables). The convenience of this notation will become
evident.

We assume that the apparatus and noise are also described by binary variables with values
0 and 1. We take the output variable Y to be the binary addition (that is, addition modulo
2) of the system variable X and the noise variable Z. In the language of binary logic, this
is called the ‘exclusive or’ (XOR) of these two variables, and is written as

Y=XoE. (1.2)

We specify the noise by gp(§ := 0) = u.

Equation 1.2 implies that the readout variable ¥ will reproduce the system variable X
if 2 = 0. If E = 1, the readout variable is (in the language of logic) the negation of the
system variable. That is to say, the readout has undergone a bit-flip error, so that Y = 1 when
X = 0 and vice versa. We can thus interpret p as the probability that the readout variable
is ‘correct’. If no noise is added by the measurement apparatus, so that p(§ :=0) = 1, we
call the measurement ideal.

It should be intuitively clear that the apparatus state (i.e. the readout distribution) g(y)
is determined by the function G together with the noise probability g(£) and the system
state before the measurement, g(x). This last state is called the a-priori state, or prior state.
In the example above we find that

PO =1 =ppk :=1)+0 - wepkx = 0), (1.3)
P(y:=0) = ppl =0+ 1 - wel = 1. (1.4)
This may be written more succinctly by inverting Eq. (1.2) to obtain E = X @ Y and

writing

1
PO =) pE =x @ y)p(x). (1.5)

x=0
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In the case of a binary variable X with distribution g(x), it is easy to verify that the mean
is given by E[X] = g(x := 1). Here we are using E to represent ‘expectation of”. That is,
in the general case,

E[X]=) xPriX =x]=) xp(x). (1.6)
More generally,
ELfOO] =) fOPIX =x] =) f()px). (1.7)
Using this notation, we define the variance of a variable as
Var[X] = E[X?] — (E[X])*. (1.8)
Exercise 1.1 Show that
E[Y] = (1 — u)+ 2u — DE[X], (1.9)
Var[Y] = (1 — p) + 2u — 1)*Var[X]. (1.10)

Equation (1.9) shows that the average measurement result is the system variable mean,
scaled by a factor of 2;4 — 1, plus a constant off-set of 1 — . The scaling factor also appears
in the variance equation (1.10), together with a constant (the first term) due to the noise
added by the measurement process. When the measurement is ideal (i« = 1), the mean and
variance of the readout variable directly reflect the statistics of the measured system state.

1.1.3 Bayesian inference

We stated above that we are considering, at present, non-disturbing measurements, in which
the system variable X is unaffected by the measurement. However, this does not mean that
the system state is unaffected by the measurement. Recall that the state represents the
observer’s incomplete knowledge of the system, and the point of making a measurement is
(usually) to obtain more knowledge. Thus we should expect the state to change given that
a certain readout is obtained.

The concept we are introducing here is the conditional state of the system, also known
as the state conditioned on the readout. This state is sometimes called the a-posteriori state,
or posterior state. The key to finding the conditioned state is to use Bayesian inference.
Here, inference means that one infers information about the system from the readout, and
Bayesian inference means doing this using Bayes’ theorem. This theorem is an elementary
consequence of basic probability theory, via the double application of the conditional-
probability definition

Pr(A|B) = Pr(A N B)/Pr(B), (1.11)

where A and B are events, A N B is their intersection and A|B is to be read as ‘A given B’.
In an obvious generalization of this notation from events to the values of system variables,
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Bayes’ theorem says that the conditional system state may be written in terms of the a-priori
(or prior) system state gp(x) as
P |x)p(x)

! = 1.12
o (x]y) 00 (1.12)

Here the prime emphasizes that this is an a-posteriori state, and (sticking to the discrete
case as usual)

PO =Y e(np), (1.13)

as required for the conditional state to be normalized.

The crucial part of Bayesian inference is the known conditional probability gp(y|x),
also known as the ‘forward probability’. This is related to the measurement noise and the
function G as follows:

PO =D pGlx. HPE) =Y 8,c0o0E). (1.14)
& §

Here p(y|x, §) means the state of y given the values of x and . If the output function
Y = G(X, B)isinvertible in the sense that there is a function G~! suchthat 2 = G~'(X, Y),
then we can further simplify this as

PO =" 86169 E) = pE == G (x, y). (1.15)
&

Thus we obtain finally for the conditional system state
p(E = G'(x, »))px)
£

Exercise 1.2 If you are unfamiliar with probability theory, derive the first equality in
Eq. (1.14).

(1.16)

9 (xly) =

As well as defining the conditional post-measurement system state, we can define an
unconditional posterior state by averaging over the possible measurement results:

PO =) P ENee =) pE =G""x y)p). (1.17)
y y
The terms conditional and unconditional are sometimes replaced by the terms selective and
non-selective, respectively. In this case of a non-disturbing measurement, it is clear that

9'(x) = p(x). (1.18)

That is, the unconditional posterior state is always the same as the prior state. This is the
counterpart of the statement that the system variable X is unaffected by the measurement.

Exercise 1.3 Determine the posterior conditional states ©'(x|y) in the above binary exam-
ple for the two cases y =0 and y = 1. Show that, in the limit @ — 1, ©'(x]y) = by,
(assuming that p(x := y) # 0), whereas, in the case u = 1/2, '(x|y) = gp(x). Interpret
these results.



6 Quantum measurement theory

1.1.4 Example: continuous variables

We now turn to the case of continuous state variables. Suppose one is interested in deter-
mining the position of a particle on the real line. Let the a-priori state of this system be
the probability density g(x). As explained earlier, this means that, if an ideal measurement
of the position X is made, then the probability that a value between x and x + dx will be
obtained is gp(x)dx.

As in the binary case, we introduce an apparatus with configuration Y and a noise variable
Z, both real numbers. To define the measurement we specify the output function, G(X, B),
for example

Y =X+E, (1.19)

so that E = G™!(X,Y) =Y — X. We must also specify the probability density for the
noise variable £, and a common choice is a zero-mean Gaussian with a variance A%:

P(§) = (2m A% E/0AD, (1.20)
The post-measurement apparatus state is given by the continuous analogue of Eq. (1.13),
o0
p0)= [ pOlpd. (121)

Exercise1.4 Show that the mean and variance of the state ©(y) are E[ X ] and Var[X] + A?,
respectively. This clearly shows the effect of the noise.

Finding the conditional states in this case is difficult in general. However, it is greatly
simplified if the a-priori system state is Gaussian:

_=\2
px) = 2ro?) '/ em(—%) (1.22)

because then the conditional states are still Gaussian.

Exercise 1.5 Verify this, and show that the conditional mean and variance given a result
y are, respectively,
o’y + A’x " a?A?
T AL o2 @) ="5"—
A +o A*+o
Hence show that, in the limit A — 0, the conditional state ©'(x|y) converges to 5(x — y),
and an ideal measurement is recovered.

=/

(1.23)

1.1.5 Most general formulation of classical measurements

As stated above, so far we have considered only non-disturbing classical measurements;
that is, measurements with no back-action on the system. However, it is easy to consider
classical measurements that do have a back-action on the system. For example, one could
measure whether or not a can has petrol fumes in it by dropping a lit match inside. The
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result (nothing, or flames) will certainly reveal whether or not there was petrol inside the
can, but the final state of the system after the measurement will have no petrol fumes inside
in either case.

We can generalize Bayes’ theorem to deal with this case by allowing a state-changing
operation to act upon the state after applying Bayes’ theorem. Say the system state is gp(x).
For simplicity we will take X to be a discrete random variable, with the configuration
space being {0, 1, ...,n — 1}. Say Y is the result of the measurement as usual. Then this
state-changing operation is described by an n x n matrix B, whose element B, (x |x") is the
probability that the measurement will cause the system to make a transition, from the state
in which X = x’ to the state in which X = x, given that the result Y = y was obtained.
Thus, for all x” and all y,

Byxlx) =0, Y Byxlx)=1. (1.24)

The posterior system state is then given by
> Byx1x)p(ylx)p(x")
()

where the expression for g(y) is unchanged from before.
We can unify the Bayesian part and the back-action part of the above expression by
defining a new n x n matrix O, with elements

o (xly) = ; (1.25)

Oy (x1x") = By(x[x)p(ylx"), (1.26)

which maps a normalized probability distribution g(x) onto an unnormalized probability
distribution:

§'(xly) =D Oy(xx)p(x). (1.27)

Here we are introducing the convention of using a tilde to indicate an unnormalized state,
with a norm of less than unity. This norm is equal to

PO =D > Oyxx)p(x), (1.28)

the probability of obtaining the result Y = y. Maps that take states to (possibly unnormal-
ized) states are known as positive maps. The normalized conditional system state is

P'(xly) =) 0, x e /(). (1.29)

From the properties of Oy, it follows that it is possible to find an n-vector E, with positive
elements E,(x), such that the probability formula simplifies:

YD Oy pG) =) Eyx)p(x). (1.30)
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Specifically, in terms of Eq. (1.26),
Ey(x) = p(ylx). (1.31)

This satisfies the completeness condition

Vx, Y Ey(x)=1. (1.32)
y

This is the only mathematical restriction on {Oy: y} (apart from requiring that it be a
positive map).

Exercise 1.6 Formulate the match-in-the-tin measurement technique described above. Let
the states X = 1 and X = 0 correspond to petrol fumes and no petrol fumes, respectively.
LettheresultsY = 1 andY = 0 correspond to flames and no flames, respectively. Determine
the two matrices Oy.—o and Oy.—; (each of which is a 2 x 2 matrix).

The unconditional system state after the measurement is

PO =) > Oyxl)px) =) Oklx)p(). (133)

y

Here the unconditional evolution map O is

0=) 0, (1.34)
y

Exercise 1.7 Show that O is the identity if and only if there is no back-action.

1.2 Quantum measurement theory
1.2.1 Probability and quantum mechanics

As we have discussed, with a classical system an ideal measurement can determine with
certainty the values of all of the system variables. In this situation of complete knowledge,
all subsequent ideal measurement results are determined with certainty. In consequence,
measurement and probability do not play a significant role in the foundation of classical
mechanics (although they do play a very significant role in practical applications of classical
mechanics, where noise is inevitable [Whi96]).

The situation is very different in quantum mechanics. Here, for any sort of measurement,
there are systems about which one has maximal knowledge, but for which the result
of the measurement is not determined. The best one can do is to give the probability
distributions for measurement outcomes. From this it might be inferred that a state of
maximal knowledge about a quantum system is not a state of complete knowledge. That
is, that there are ‘hidden’ variables about which one has incomplete knowledge, even
when one has maximal knowledge, and these hidden variables determine the measurement
outcomes.
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Although itis possible to build a perfectly consistent interpretation of quantum mechanics
based on this idea (see for example Ref. [BH93]), most physicists reject the idea. Probably
the chief reason for this rejection is that in 1964 John Bell showed that any such deterministic
hidden-variables theory must be nonlocal (that is, it must violate local causality) [Bel64].
That is, in such a theory, an agent with control over some local macroscopic parameters
(such as the orientation of a magnet) can, under particular circumstances, instantaneously
affect the hidden variables at an arbitrarily distant point in space. It can be shown that
this effect cannot allow faster-than-light signalling, and hence does not lead to causal
paradoxes within Einstein’s theory of relativity. Nevertheless, it is clearly against the spirit
of relativity theory. It should be noted, however, that this result is not restricted to hidden-
variable interpretations; any interpretation of quantum mechanics that allows the concept
of local causality to be formulated will be found to violate it — see Refs. [Bel87] (p. 172)
and [Wis06].

Another, perhaps better, justification for ignoring hidden-variables theories is that
there are infinitely many of them (see Ref. [GW04] and references therein). While some
are more natural than others [Wis07], there is, at this stage, no compelling reason to choose
one over all of the others. Thus one would be forced to make a somewhat arbitrary choice
as to which hidden-variables interpretation to adopt, and each interpretation would have its
own unique explanation as to the nature of quantum-mechanical uncertainty.

Rather than grappling with these difficulties, in this book we take an operational
approach. That is, we treat quantum mechanics as simply an algorithm for calculating
what one expects to happen when one performs a measurement. We treat uncertainty about
future measurement outcomes as a primitive in the theory, rather than ascribing it to lack
of knowledge about existing hidden variables.

We will still talk of a quantum state as representing our knowledge about a system, even
though strictly it is our knowledge about the outcomes of our future measurements on
that system. Also it is still useful, in many cases, to think of a quantum state of maximal
knowledge as being like a classical state of incomplete knowledge about a system. Very
crudely, this is the idea of ‘quantum noise’. The reader who is not familiar with basic
quantum mechanics (pure states, mixed states, time-evolution, entanglement etc.) should
consult Appendix A for a summary of this material. However, before moving to quantum
measurements, we note an important point of terminology. The matrix representation p
of a mixed quantum state is usually called (for historical reasons) the density operator, or
density matrix. We will call it the state matrix, because it generalizes the state vector for
pure states.

Finally, just as in the classical case, observers with different knowledge may assign
different states simultaneously to a single system. The most natural way to extend the
concept of consistency to the quantum case is to replace the common state of maximal
knowledge with a common pure state. That is, the condition for the consistency of a
collection of states {p;} from different observers is that there exists a positive € and a ket
[) such that, forall j, p; — €|) (| is a positive operator. In other words, each observer’s
state p; can be written as a mixture of the pure state |/) (| and some other states.
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Exercise 1.8 Show, from this definition, that two different pure states # and #t, cannot be
consistent states for any system.

Hint: Consider the operator 6; = 7t; — €|Y)(¥|. Assuming #t; # |¥) (Y|, show that
Tr[crjz] > (Tr[crj] )2 and hence deduce the result.

1.2.2 Projective measurements

The traditional description of measurement in quantum mechanics is in terms of projective
measurements, as follows. Consider a measurement of the physical quantity A. First we
note that the associated operator A (often called an observable) can be diagonalized as

A =me, (1.35)
A

where {A} are the eigenvalues of A which are real and which we have assumed for con-
venience are discrete. IT, is called the projection operator, or projector, onto the subspace
of eigenstates of A with eigenvalue A. If the spectrum (set of eigenvalues {1}) is non-
degenerate, then the projector would simply be the rank-1 projector 7; = |A)(A|. We will
call this special case von Neumann measurements.

In the more general case, where the eigenvalues of A are N,-fold degenerate, I, is a
rank- N, projector, and can be written as Z;V;l [X, j){(X, j|. For example, in the simplest
model of the hydrogen atom, if A is the energy then A would be the principal quantum
number n and j would code for the angular-momentum and spin quantum numbers [, m
and s of states with the same energy. The projectors are orthonormal, obeying

1,00, = 8, 11, (1.36)

The existence of this orthonormal basis is a consequence of the spectral theorem (see
Box 1.1).

When one measures A, the result one obtains is one of the eigenvalues A. Say the
measurement begins at time ¢ and takes a time 7. Assuming that the system does not evolve
significantly from other causes during the measurement, the probability for obtaining that
particular eigenvalue is

Pr{A(t) = A = o, = Tr[p()IL;]. (1.37)

After the measurement, the conditional (a-posteriori) state of the system given the result
Als
IL p(D)1I;

o+ T)= m

(1.38)
That is to say, the final state has been projected by IT, into the corresponding subspace of
the total Hilbert space. This is known as the projection postulate, or sometimes as state
collapse, or state reduction. The last term is best avoided, since it invites confusion with the
reduced state of a bipartite system as discussed in Section A.2.2 of Appendix A. This process
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Box 1.1 Spectral theorem

The spectral theorem states that any normal operator N has a complete set of eigenstates
that are orthonormal. A normal operator is an operator such that [N, NT] = 0. That
is, for every such N there is a basis {|v, j): v, j} for the Hilbert space such that, with
v eC,

Niv, j) = v, j).

Here the extra index j is necessary because the eigenvalues v may be degenerate. The
general diagonal form of N is
A=Y v,
v

where the IT, = > j Iv, J){v, j| form a set of orthogonal projectors obeying

1,11, =8, ,I1,.

Hermitian operators (for which N = NT) are a special class of normal operators. It
can be shown that a normal operator that is not Hermitian can be written in the form N =
R +iH, where R and A are commuting Hermitian operators. For any two operators
that commute, there is some complete basis comprising states that are eigenstates
of both operators, which in this case will be a basis |v, j) diagonalizing N. As will
be discussed in Section 1.2.2, operators that share eigenstates are simultaneously
measurable.

Thus it is apparent that a non-Hermitian normal operator is really just a compact
way to represent two simultaneously observable quantities by having eigenvalues
v in the complex plane rather than the real line. By considering vectors or other
multi-component objects, any number of commuting operators can be combined to
represent the corresponding simultaneously observable quantities. This demonstrates
that, for projective quantum measurement theory, the important thing is not an operator
representing the observables, but rather the projector I1, corresponding to a result r.

should be compared to the classical Bayesian update rule, Eq. (1.12). A consequence
this postulate is that, if the measurement is immediately repeated, then

Pr{A(t + T) = M |A®t) = A] = Trlp(t + TI1] = 8.5 (1.3

That is to say, the same result is guaranteed. Moreover, the system state will not be changed

by the second measurement. For a deeper understanding of the above theory, see Box 1.

For pure states, p(t) = |¥(¢)) (¥ ()|, the formulae (1.37) and (1.38) can be more simply

expressed as

Pr{A(t) = A = o5 = (YOI (1)) (1.40)

of

9)

2.
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Box 1.2 Gleason’stheorem

It is interesting to ask how much of quantum measurement theory one can derive from
assuming that quantum measurements are described by a complete set of projectors, one
for each result r. Obviously there must be some rule for obtaining a probability g, from
a projector I1,, such that >, #r = 1. Gleason [Gle57] proved that, if one considers
measurements with at least three outcomes (requiring a Hilbert-space dimension of at
least three), then it follows that there exists a non-negative operator p of unit trace such
that

g, = Tr[I1, p].

That is, the probability rule (1.37) can be derived, not assumed.

It must be noted, however, that Gleason required an additional assumption: non-
contextuality. This means that g, depends only upon I1,, being independent of the
other projectors which complete the set. That is, if two measurements each have one
outcome represented by the same projector I1,, the probabilities for those outcomes are
necessarily the same, even if the measurements cannot be performed simultaneously.

Gleason’s theorem shows that the state matrix p is a consequence of the structure
of Hilbert space, if we require probabilities to be assigned to projection operators. It
suggests that, rather than introducing pure states and then generalizing to mixed states,
the state matrix p can be taken as fundamental.

and

¥t + 1)) = Ty () / /67 (1.41)

However, if one wishes to describe the unconditional state of the system (that is, the state
if one makes the measurement, but ignores the result) then one must use the state matrix:

ot +T)= ZPr[A(t) =AMt +T) = Z I, p()IT;. (1.42)
A A

Thus, if the state were pure at time ¢, and we make a measurement, but ignore the result,
then in general the state at time # + 7 will be mixed. That is, projective measurement,
unlike unitary evolution,? is generally an entropy-increasing process unless one keeps track
of the measurement results. This is in contrast to non-disturbing measurements in classical
mechanics, where (as we have seen) the unconditional a-posteriori state is identical to the
a-priori state (1.17).

Exercise 1.9 Show that a projective measurement of A decreases the purity Tr[,oz] of the
unconditional state unless the a-priori state p(t) can be diagonalized in the same basis as
can A.

2 Of course unitary evolution can change the entropy of a subsystem, as we will discuss in Chapter 3.
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Hint: Let p;» = Tr[lil,\,o(t)li[;\rp(t)] and show that VYA,)', pyy > 0. Then express
Tr[,o(t)z] and Tr[,o(t + T)2] in terms of these p;,;..

From the above measurement theory, it is simple to show that the mean value for the
result A is

(A) = ZPr[A = Ar
A

=) _TilpTL]a
A

= Tr|:,0 (Z )Lfl)\)i| = Tr[pA]. (1.43)
A

Here we are using angle brackets as an alternative notation for expectation value when
dealing with quantum observables.

Exercise 1.10 Using the same technique, show that

(A%) =) 22Pr{A = 1] = Tr[pA?]. (1.44)
A

Thus the mean value (A.6) and variance (A.8) can be derived rather than postulated,
provided that they are interpreted in terms of the moments of the results of a projective
measurement of A.

Continuous spectra. The above results can easily be generalized to treat physical quantities
with a continuous spectrum, such as the position X of a particle on a line. Considering this
non-degenerate case for simplicity, the spectral theorem becomes

X = /Oo x[(x)dx = /oox|x)(x|dx. (1.45)

Note that IT(x) is not strictly a projector, but a projector density, since the orthogonality
conditions are

1O = 8(x — xHI(x), (1.46)
or, in terms of the unnormalizable improper states |x),
(x]x")y = 8(x — x"). (1.47)

These states are discussed in more detail in Appendix A.

The measurement outcomes are likewise described by probability densities. For example,
if the system is in a pure state |1(¢)), the probability that an ideal measurement of position
gives a result between x and x + dx is

p)dx = Tr[ |y (0)) (¥ (O)IT1(x)]dx = [¢(x, 1)]* dx. (1.48)

Here we have defined the wavefunction ¥ (x, ) = (x|¥(¢)). Unfortunately it is not possible
to assign a proper a-posteriori state to the system, since |x) is unnormalizable. This problem



14 Quantum measurement theory

can be avoided by considering an approximate measurement of position with finite accuracy
A, as will always be the case in practice. This can still be described as a projective
measurement, for example by using the (now discrete) set of projectors

. X1,
I; =/ IT(x)dx, (1.49)
xj
where, forall j, x;11 = x; + A.

Exercise 1.11 Show that the T1 ;j defined here form an orthonormal set.

Simultaneous measurements. Heisenberg’s uncertainty relation (see Exercise A.3) shows
that it is impossible for both the position and the momentum of a particle to be known exactly
(have zero variance). This is often used as an argument for saying that it is impossible
simultaneously to measure position and momentum. We will see in the following sections
that this is not strictly true. Nevertheless, it is the case that it is impossible to carry out a
simultaneous projective measurement of position and momentum, and this is the case of
interest here.

For two quantities A and B to be measurable simultaneously, it is sufficient (and neces-
sary) for them to be measurable consecutively, such that the joint probability of the results
a and b does not depend on the order of the measurement. Considering a system in a pure
state for simplicity, we thus require for all @ and b and all |y) that

1,11, |y) = 11,11, |¥), (1.50)

for some 6. By considering the norm of these two vectors (which must be equal) it can be
seen that e’ must equal unity.

Exercise 1.12 Prove this, and hence that

A

Va, b, [[1,, [1,] = 0. (1.51)

This is equivalent to the condition that [A, 3] = 0, and means that there is a basis, say
{|¢x)}, in which both A and B are diagonal. That is,

A=Y alpdiol.  B=Y bilgu) (@i, (152)
k k

where the eigenvalues a; may be degenerate (that is, there may exist k and &’ such that
ar = ay) and similarly for by. Thus, one way of making a simultaneous measurement of
A and B is to make a measurement of K = > klow) (@], and from the result k determine
the appropriate values a; and by for A and B.

1.2.3 Systems and meters

The standard (projective) presentation of quantum measurements is inadequate for a num-
ber of reasons. A prosaic, but very practical, reason is that very few measurements can be
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made in such a way that the apparatus adds no classical noise to the measurement result.
A more interesting reason is that there are many measurements in which the a-posteriori
conditional system state is clearly not left in the eigenstate of the measured quantity corre-
sponding to the measurement result. For example, in photon counting by a photodetector,
at the end of the measurements all photons have been absorbed, so that the system (e.g.
the cavity that originally contained the photons) is left in the vacuum state, not a state con-
taining the number n of photons counted. Another interesting reason is that non-projective
measurements allow far greater flexibility than do projective measurements. For example,
the simultaneous measurement of position and momentum is a perfectly acceptable idea,
so long as the respective accuracies do not violate the Heisenberg uncertainty principle, as
we will discuss below.

The fundamental reason why projective measurements are inadequate for describing real
measurements is that experimenters never directly measure the system of interest. Rather,
the system of interest (such as an atom) interacts with its environment (the continuum of
electromagnetic field modes), and the experimenter observes the effect of the system on
the environment (the radiated field). Of course, one could argue that the experimenter does
not observe the radiated field, but rather that the field interacts with a photodetector, which
triggers a current in a circuit, which is coupled to a display panel, which radiates more
photons, which interact with the experimenter’s retina, and so on. Such a chain of systems is
known as a von Neumann chain [vVN32]. The point is that, at some stage before reaching the
mind of the observer, one has to cut the chain by applying the projection postulate. This cut,
known as Heisenberg’s cut [Hei30], is the point at which one considers the measurement
as having been made.

If one were to apply a projection postulate directly to the atom, one would obtain wrong
predictions. However, assuming a projective measurement of the field will yield results
negligibly different from those obtained assuming a projective measurement at any later
stage. This is because of the rapid decoherence of macroscopic material objects such as
photodetectors (see Chapter 3). For this reason, it is sufficient to consider the field to be
measured projectively. Because the field has interacted with the system, their quantum
states are correlated (indeed, they are entangled, provided that their initial states are pure
enough). The projective measurement of the field is then effectively a measurement of the
atom. The latter measurement, however, is not projective, and we need a more general
formalism to describe it.

Let the initial system state vector be [/(¢)), and say that there is a second quantum
system, which we will call the meter, or apparatus, with the initial state |0(¢)). Thus the
initial (unentangled) combined state is

[W() = 10(0) (1)) (1.53)

Let these two systems be coupled together for a time 7} by a unitary evolution operator
U (t + Ty, t), which we will write as 0 (Ty). Thus the combined system—meter state after
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this coupling is
Wt + T0)) = U Y(1). (1.54)

This cannot in general be written in the factorized form of Eq. (1.53).

Now let the meter be measured projectively over a time interval T, and say T = T + T>.
We assume that the evolution of the system and meter over the time 75 is negligible (this
could be either because T, < T}, or because the coupling Hamiltonian is time-dependent).
Let the projection operators for the meter be rank-1 operators, so that I, = #, ® 1. The
order of the tensor product is meter then system, as in Eq. (1.53), and 7, = |r)(r|. Here r
denotes the value of the observed quantity R. The set {|r)} forms an orthonormal basis for
the meter Hilbert space. Then the final combined state is

.t T)) = |r><r|U(T1)|9(t)>|¢(t))’ (1.55)

Vor

where the probability of obtaining the value r for the result R is
PR =r] = p, = (YOUOOITT TP (r| @ TITTHIOW) 1Y (1)) (1.56)

The measurement on the meter disentangles the system and the meter, so that the final
state (1.55) can be written as

W, + T)) = |y 2O (157)

Jor

where M, is an operator that acts only in the system Hilbert space, defined by
M, = (r|U(T)IO@)). (1.58)

We call it a measurement operator. The probability distribution (1.56) for R can similarly
be written as

o = (WOIM] M, 1y (1)). (1.59)

1.2.4 Example: binary measurement

To understand the ideas just introduced, it is helpful to consider a specific example. We
choose one analogous to the classical discrete binary measurement discussed in Sec-
tion 1.1.2. The quantum analogue of a system with a single binary system variable is
a quantum system in a two-dimensional Hilbert space. Let{|x): x = 0, 1} be an orthonor-
mal basis for this Hilbert space. An obvious physical realization is a spin-half particle. The
spin in any direction is restricted to one of two possible values, £//2. These correspond to
the spin being up (4) or down (—) with respect to the given direction. Choosing a particular
direction (z is conventional), we label these states as |0) and |1), respectively. Other physi-
cal realizations include an atom with only two relevant levels, or a single electromagnetic
cavity mode containing no photon or one photon. The latter two examples will be discussed
in detail in Section 1.5.
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Now consider a measured system S and a measurement apparatus A, both described by
two-dimensional Hilbert spaces. We will use x for the system states and y for the apparatus
states. Following the above formalism, we assume that initially both systems are in pure
states, so that the joint state of the system at time # is

W) =10y @) = stasly =&)|x). (1.60)
x.§
Note that we have used an analogous notation to the classical case, so that |y := &) is
the apparatus state |y) with y taking the value &. To make a measurement, the system
and apparatus states must become correlated. We will discuss how this may take place
physically in Section 1.5. For now we simply postulate that, as a result of the unitary
interaction between the system and the apparatus, we have

W@+ 1)) = Glw(@) = Zagsxly = G(x, §))|x), (1.61)
x,€

where G is a unitary operator defined by
Gly :=&)Ix) =y := G(x, &) Ix). (1.62)

Note that the interaction between the system and the apparatus has been specified by
reference to a particular basis for the system and apparatus, {|y)|x)}. We will refer to this
(for the system, or apparatus, or both together) as the measurement basis.

Exercise 1.13 Show that G as defined is unitary if there exists an inverse function G~ in
the sense that, for all y, y = G(x, G™'(x, y)).

Hint: Show that G1G =1 = GG using the matrix representation in the measurement
basis.

The invertibility condition is the same as we used in Section 1.1.3 for the classical binary
measurement model.

As an example, consider G(x, &) = x @ £, as in the classical case, where again this
indicates binary addition. In this case G = G~'. The system state is unknown and is thus
arbitrary. However, the apparatus is assumed to be under our control and can be prepared
in a fiducial state. This means a standard state for the purpose of measurement. Often the
fiducial state is a particular state in the measurement basis, and we will assume that it is
|y := 0), so that ag = J¢ . In this case the state after the interaction is

[W(r + 1) =st|y = x)|x) (1.63)
X

and there is a perfect correlation between the system and the apparatus. Let us say a
projective measurement (of duration 75) of the apparatus state in the measurement basis is
made. This will give the result y with probability |s,|?, that is, with exactly the probability
that a projective measurement directly on the system in the measurement basis would have
given. Moreover, the conditioned system state at time ¢ + 7 (where T = T} + T, as above),
given the result y, is

Yyt + 1)) = |x = y). (1.64)
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Again, this is as would have occurred with the appropriate projective measurement of
duration T on the system, as in Eq. (1.41).

This example is a special case of a model introduced by von Neumann. It would appear
to be simply a more complicated version of the description of standard projective mea-
surements. However, as we now show, it enables us to describe a more general class of
measurements in which extra noise appears in the result due to the measurement apparatus.

Suppose that for some reason it is not possible to prepare the apparatus in one of the
measurement basis states. In that case we must use the general result given in Eq. (1.61).
Using Eq. (1.58), we find

M|y () = (y|W(t + T7))

=D 8y.Gupdeslx)
x.§
= Z AG-1(x,y)Sx|X)
=D a1y sxlx). (1.65)
x’ x
Thus we have the measurement operator
My =" ag-iqplx)(xl. (1.66)
For the particular case G~!(x, y) = x @ y, this simplifies to
My=) aclx =y ®E)(x:=ydE|. (1.67)
&

Returning to the more general form of Eq. (1.65), we find that the probability for the
result y is

PO) = WOIMIM @) =D Iscl’lag1.p (1.68)

If we define
P(€) = lag|*, (1.69)
P(x) = |sc|* = Tr[p(®)]x)(x]], (1.70)

where p(t) = |¥(¢)) (¥ (¢)] is the system state matrix, then the probability distribution for
measurement results may then be written as

PO =Y pE =G (x, y)p(x). (1.71)

This is the same form as for the classical binary measurement scheme; see Eq. (1.13)
and Eq. (1.15). Here the noise distribution arises from quantum noise associated with the
fiducial (purposefully prepared) apparatus state. It is quantum noise because the initial
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apparatus state is still a pure state. The noise arises from the fact that it is not prepared in
one of the measurement basis states. Of course, the apparatus may be prepared in a mixed
state, in which case the noise added to the measurement result may have a classical origin.
This is discussed below in Section 1.4.

The system state conditioned on the result y is

Uyt + ) = My @) V() = Y a6-166,8: 1) /9. (1.72)

If, from this, we calculate the probability |{x |y, (t + T)) |2 for the system to have X = x
after the measurement giving the result y, we find this probability to be given by

P (yx)e(x)

1.73
[218Y) (179

©'(xly) =
Again, this is the same as the classical result derived using Bayes’ theorem. The interesting
point is that the projection postulate does that work for us in the quantum case. Moreover,
it gives us the full a-posteriori conditional state, from which the expectation value of any
observable (not just X) can be calculated. The quantum measurement here is thus more
than simply a reproduction of the classical measurement, since the conditional state (1.72)
cannot be derived from Bayes’ theorem.

Exercise 1.14 Consider two infinite-dimensional Hilbert spaces describing a system and
a meter. Show that the operator G, defined in the joint position basis |y)|x) by

Gly :=€)Ix) = |y := £ + x)|x), (1.74)

is unitary. Let the fiducial apparatus state be

*© _ 12
) = / dg[@r A~ exp(—&2/@a%)] 1y = ). (1.75)
—0o0
Following the example of this subsection, show that, insofar as the statistics of X are
concerned, this measurement is equivalent to the classical measurement analysed in
Section 1.1.4.

1.2.5 Measurement operators and effects

As discussed in Section 1.2.3, the system and apparatus are no longer entangled at the
end of the measurement. Thus it is not necessary to continue to include the meter in our
description of the measurement. Rather we can specify the measurement completely in
terms of the measurement operators M,. The conditional state of the system, given that the
result R has the value r, after a measurement of duration 7', is

M, ¥ (1))

(1.76)
Ver

Wt +T)) =
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As seen above, the probabilities are given by the expectation of another operator, defined
in terms of the measurement operators by

E, = MiM,. (1.77)

These operators are known as probability operators, or effects. The fact that ) g, must
equal unity for all initial states gives a completeness condition on the measurement opera-
tors:

S £ =1s. (1.78)

This restriction, that {E,: r} be a resolution of the identity for the system Hilbert space, is
the only restriction on the set of measurement operators (apart from the fact that they must
be positive, of course).

The set of all effects { £,: r} constitutes an effect-valued measure more commonly known
as a probability-operator-valued measure (POM?) on the space of results 7. This simply
means that, rather than a probability distribution (or probability-valued measure) over
the space of results, we have a probability-operator-valued measure. Note that we have
left behind the notion of ‘observables’ in this formulation of measurement. The possible
measurement results r are not the eigenvalues of an Hermitian operator representing an
observable; they are simply labels representing possible results. Depending on the circum-
stances, it might be convenient to represent the result R by an integer, a real number, a
complex number, or an even more exotic quantity.

If one were making only a single measurement, then the conditioned state |,.) would be
irrelevant. However, one often wishes to consider a sequence of measurements, in which
case the conditioned system state is vital. In terms of the state matrix p, which allows the
possibility of mixed initial states, the conditioned state is

M, ot
ot +T)= M (1.79)
where g, = Tr[,o(t)E",] and, for arbitrary operators A and B,
JIA1B = ABAT. (1.80)
The superoperator
O, = JIM,] (1.81)

is known as the operation for r. It is called a superoperator because it takes an operator
(here p) to another operator. Operations can be identified with the class of superoperators
that take physical states to physical states. (See Box 1.3.) This very important class is also
known as completely positive maps.

3 The abbreviation POVM is used also, and, in both cases, PO is sometimes understood to denote ‘positive operator’ rather than
‘probability operator’.
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Box 1.3 Superoperatorsand operations

A superoperator S is an operator on the space of Hilbert-space operators:
A— A =SA. (1.82)

A superoperator S must satisfy three conditions in order to correspond to a physical
processes (such as measurement or dynamics).

1. S is trace-preserving or decreasing. That is, 0 < Tr[Sp] < 1 for any state p. Moreover,
Tr[Sp] is the probability that the process occurs.

2. Sisaconvex linear map on operators. That s, for probabilities p;, we have that S } ., p;0; =
2 9iSp)

3. Sis completely positive. That is, not only does S map positive operators to positive operators
for the system of interest S, but so does (Z ® S). Here 7 is the identity superoperator for an
arbitrary second system R.

The final property deserves some comment. [t might have been thought that positivity
of a superoperator would be sufficient to represent a physical process. However, it is
always possible that a system S is entangled with another system R before the physical
process represented by S acts on system S. It must still be the case that the total state of
both systems remains a physical state with a positive state matrix. This gives condition
3.

If a superoperator satisfies these three properties then it is called an operation, and
has the Kraus representation [Kra83], or operator sum representation,

S(p)=Y_K;pK] (1.83)
J

for some set of operators K ; satisfying

i1->"kIk; >0 (1.84)
J

There is another important representation theorem for operations, which follows
from the Gelfand—Naimark—Segal theorem [Con90]. Consider, as above, an apparatus
or ancilla system A in addition to the quantum system of interest S. Then there is a pure
state |0) o of A and some unitary evolution, Us,, describing the coupling of system S
to system A, such that

Sps = Tra [(1s ® fLA)Usaos @ 10)a(6DUL, ). (1.85)

where IT, is some projector for the ancilla system A. This is essentially the converse
of the construction of operations for measurements from a system—apparatus coupling
in Section 1.2.3.
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If the measurement were performed but the result R ignored, the final state of the system
would be

p+T) = oot +T) =) TIM1pt) = Op(0). (1.86)

Here O is also an operation, and is trace-preserving.

For non-projective measurements, there is no guarantee that repeating the measurement
will yield the same result. In fact, the final state of the system may be completely unrelated
to either the initial state of the system or the result obtained. This is best illustrated by an
example.

Example 1. Consider the set of measurement operators {M,} defined by M, = 10)(r|,
where r € {0, 1,2, ...} and {|r)} is a complete basis for the system Hilbert space. Then
the effects for the measurements are projectors £, = I1, = |r)(r|, which obviously obey
the completeness condition (1.78). The probability of obtaining R = r is just (r|p(t)|r).
However, the final state of the system, regardless of the result r, is p,(t + T) = |0)(0|. Lest
it be thought that this is an artificial example, it in fact arises very naturally from counting
photons. There R is the number of photons, and, because photons are typically absorbed
in order to be counted, the number of photons left after the measurement has finished is
zero.

In the above example, the effects are still projection operators. However, there are other
measurements in which this is not the case.

Example 2. Consider a two-dimensional Hilbert space with the basis |0), |1). Consider a
continuous measurement result ¢ that can take values between 0 and 27r. We define the
measurement operators M¢ = |p){(¢|/+/7, Where |@) is defined by

) = [10) + exp(ip)|1)1/+/2. (1.87)

In this case the effects are

. 1
Ey = ;Id))(qbl, (1.88)

and the completeness condition, which is easy to verify, is
2w R .
/ d¢ Ey = |0)(0] + [1)(1]| = 1. (1.89)
0

Although E » 18 proportional to a projection operator it is not equal to one. It does not square
to itself: (E"¢ d¢)? = E"¢ do(de/m). Neither are different effects orthogonal in general:
E"¢ qu # O unless ¢’ = ¢ + 7. Thus, even if the system is initially in the state |¢), there is
a finite probability for any result to be obtained except ¢ + 7.

The effects E, need not even be proportional to projectors, as the next example shows.
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Example 3. Consider again an infinite-dimensional Hilbert space, but now use the contin-
uous basis |x) (see Section 1.2.2 and Appendix A), for which {x|x") = §(x — x”). Define
an effect

[o.¢]

E, = / dr(@r A?) 712 expl—(y — )2/ @A) |x) (x]. (1.90)
—00

This describes an imprecise measurement of position. It is easy to verify that the effects are

not proportional to projectors by showing that E% is not proportional to Ey. Nevertheless,

they are positive operators and obey the completeness relation

o0 A A
/ dyE, = 1. (1.91)
—00 i
Exercise 1.15 Verify Eq. (1.91). Also show that these effects can be derived from the
measurement model introduced in Exercise 1.14.

The previous examples indicate some of the flexibility that arises from not requiring the
effects to be projectors. As mentioned above, another example of the power offered by
generalized measurements is the simultaneous measurement of position X and momentum
P. This is possible provided that the two measurement results have a certain amount of
error. A simple model for this was first described by Arthurs and Kelly [AK65]. A more
abstract description directly in terms of the resulting projection valued measure was given
by Holevo [Hol82]. The description given below is based on the discussion in [SMO1].

Example4. The model of Arthurs and Kelly consists of two meters that are allowed to inter-
act instantaneously with the system. The interaction couples one of the meters to position
and the other to momentum, encoding the results of the measurement in the final states of
the meters. Projective measurements are then made on each of the meter states separately.
These measurements can be carried out simultaneously since operators for distinct meters
commute. For appropriate meter states, this measurement forces the conditional state of
the system into a Gaussian state (defined below). We assume some appropriate length
scale such that the positions and momenta for the system are dimensionless, and satisfy
(X, P]=i.
The appropriate unitary interaction is

U =exp[—i(X P, + PP))]. (1.92)

Here the subscripts refer to the two detectors, which are initially in minimum-uncertainty
states (see Appendix A) |d;) and |d»), respectively. Specifically, we choose the wavefunc-
tions in the position representation to be

(xjld;) = (/2) Ve (1.93)

After the interaction, the detectors are measured in the position basis. The measure-
ment result is thus the pair of numbers (X, X»). Following the theory given above, the
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measurement operator for this result is
M(x1, x2) = (x1|(x2| Ulda)|dh ). (1.94)

With a little effort it is possible to show that M(x;, x,) is proportional to a projection
operator:

M(xy, x7) =

1
1Cer, x2)) ((x1, X2)1. (1.95)
2 :
Here the state |(xj, x2)) is a minimum-uncertainty state for the system, with a position
probability amplitude distribution

—1/4 . 1 2
(xlCrr, x2)) = ()" exp| ixxy — S(x —x1)7 . (1.96)
From Appendix A, this is a state with mean position and momentum given by x; and x,
respectively, and with the variances in position and momentum equal to 1/2.
Exercise 1.16 Verify Eq. (1.95).

The corresponding probability density for the observed values, (x1, x»), is found from
the effect density

A 1
E(xy, x2)dxy dx, = §|(X1,X2)) ((x1, x2)|dx dxy. (1.97)
Exercise 1.17 Show that
o0 o0 “ R
/ dx; / dxs E(x1, x0) = 1. (1.98)
—00 —00
From this POM we can show that
N N 1
E[X,]=(X), EXil= X%+ > (1.99)
. A 1
E[X,] = (P), E[X;]1=(P*)+ > (1.100)

where (A) = Tr[Ap] is the quantum expectation, while E is a classical average computed
by evaluating an integral over the probability density g(x;, x;). Thus the readout variables
X and X, give, respectively, the position and momentum of the system with additional
noise.

It is more conventional to denote the state |(x, x2)) by |«), where the single complex
parameter « is given by & = (x; + ix2)/+/2. In this form the states are known as coherent
states (see Section A.4). The corresponding effect density is F(a) = |o)(«|/7 and the
resulting probability density p(a)d’a = Tr[F'(er)p] d’c. This is known as the Q-function
in quantum optics — see Section A.5. For a general choice of initial pure states for the
detectors, the probability density for observed results is known as the Husimi function
[Hus40].
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1.2.6 Non-selective evolution and choice of basis

Recall that in the analysis above, using system and meter states, the combined state prior
to the measurement of the meter was

\W(t + T1)) = UT)IO@) [y (1)) (1.101)

As explained there, it is not possible to assign a state vector to the system at time ¢ + 77,
because it is entangled with the meter. However, it is possible to assign a state matrix to the
system. This state matrix is found by taking the partial trace over the meter:

p(t +T1) = Tral|W(t + TP + Th)I]
= > Al 1+ TONW( + T)Id))a. (1.102)

J

where {|¢;)a: j} is an arbitrary set of basis states for the meter. But this basis can of course
be the basis {|r): r} appropriate for a measurement of R on the meter. Thus the reduced
system state p(t + 7)) is the same as the average system state p(t + 7') (for T > T})
of Eq. (1.86), which is obtained by averaging over the measurement results. That is, the
non-selective system state after the measurement does not depend on the basis in which the
meter is measured.

Different measurement bases for the meter can be related by a unitary transformation
thus:

Iry=Y_Uls), (1.103)

where U is a c-number matrix satisfying ), U, ;U r* = J5,4- In terms of the measurement
operators Mj, this amounts to a unitary rearrangement to M, defined by

M, = Z U, M. (1.104)

Exercise 1.18 Verify that the unconditional final state under the new measurement opera-
tors {M,} is the same as that under the old measurement operators {M,}.

The binary example. Although the unconditional system state is the same regardless of
how the meter is measured, the conditional system states are quite different. This can be
illustrated using the binary measurement example of Section 1.2.4. Consider the simple
case in which the fiducial apparatus state is the measurement basis state [0)s = |y := 0).
The measurement basis states are eigenstates of the apparatus operator

1
F=2% ynol (1.105)

y=0

Then, if the apparatus is measured in the measurement basis, the measurement operators are

M, = A(y|Gl0)a = |x := y)(x :=y|. (1.106)
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As stated before, these simply project or ‘collapse’ the system into its measurement basis,
the eigenstates of

1
X = xlx)(x]. (1.107)
x=0

Now consider an alternative orthonormal basis for the apparatus, namely the eigenstates
of the complementary operator

1
Pa=)" plpalpl. (1.108)
p=0

Here the eigenstates for the apparatus are
Pha=27"2(ly = 0) + eIy == 1)), (1.109)

and X and P are complementary in the sense that X is maximally uncertain for a system in a
P-eigenstate, and vice versa. In this case the measurement operators are, in the measurement
(x) basis,

M, =27"2(|0)(0] + e[ 1)(1]). (1.110)

Exercise 1.19 Verify that the non-selective evolution is the same under these two dif-
ferent measurements, and that it always turns the system into a mixture diagonal in the
measurement basis.

Clearly, measurement of the apparatus in the complementary basis does not collapse the
system into a pure state in the measurement basis. In fact, it does not change the occupation
probabilities for the measurement basis states at all. This is because the measurement yields
no information about the system, since the probabilities for the two results are independent
of the system:

P[Py = pl = (WO MM, |¥(1)) = 1/2. (1.111)

This ‘measurement’ merely changes the relative phase of these states by  if and only if
p=1

Ml’ Zx SXlx) _ —impx
—m_zx:sxe |x). (1.112)

That is to say, with probability 1/2, the relative phase of the system states is flipped. In
this guise, the interaction between the system and the apparatus is seen not to collapse the
system into a measurement eigenstate, but to introduce noise into a complementary system
property: the relative phase.

This dual interpretation of an interaction between a system and another system (the meter)
is very common. The non-selective evolution reduces the system to a mixture diagonal in
some basis. One interpretation (realized by measuring the meter in an appropriate way)
is that the system is collapsed into a particular state in that basis, but an equally valid
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interpretation (realized by measuring the meter in a complementary way) is that the meter
is merely adding noise into the relative phases of the system components in this basis. In the
following section, we will see how both of these interpretations can be seen simultaneously
in the Heisenberg picture.

Exercise 1.20 Consider the quantum position-measurement model introduced in Exer-
cise 1.14. Show that, if the apparatus is measured in the momentum basis (see Appendix A),
then the measurement operators are

2A2\/*

A _ 2 2 . >

M, _<—> exp(—p~Aexp(—ipX). (1.113)
T

Show also that the non-selective evolution is the same as in Exercise 1.14, and that the
selective evolution in this exercise can be described in terms of random momentum kicks
on the system.

1.3 Representing outcomes as oper ator s
1.3.1 ‘Correlations without correlata’

We have already met the idea that an operator can represent an outcome in Sections A.1
and 1.2.2, where it was shown that

(f(N) =Tr[ f(A)p]. (1.114)

That is, if an operator A represents an observable A, then any function of the result of a
measurement of A is represented by that function of the operator A. Here p is the state of
the system at the time of the measurements. Clearly, if p evolves after the measurement
has finished, then the formula (1.114) using this new p might no longer give the correct
expectation values for the results that had been obtained.

This problem can be circumvented by using the system—meter model of measurement
we have presented. Let us assume an entangled system—meter state of the form

W(t+ 1)) = ) [aTLIY@)s, (1.115)
A

where {|L)a: A} is an orthonormal set of apparatus states and { I1,: A} is the set of eigen-
projectors of the system observable Ag. This is the ideal correlation for the apparatus to
‘measure’ Ag. The apparatus observable represented by

A = Zm)Am (1.116)
A

has identical moments to the system observable Ag for the original system state | (¢)), or
indeed for the (mixed) system state at time ¢ + 7 derived from Eq. (1.115).

Exercise 1.21 Show this.
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What has been gained by introducing the meter is that A, will continue to represent
the result A of the measurement made at time ¢, for all times in the future, regardless of
the system evolution. We require only that the statistics of A do not change after the
measurement; that is, that A, be a so-called QND (quantum non-demolition) observable.
Since meter operators by definition commute with system operators, the meter operator is a
classical quantity insofar as the system is concerned — a c-number rather than a q-number.
For instance, one could consider a Hamiltonian, acting some time after the measurement,
of the form

H = A, ® Fs, (1.117)

where Fs is an Hermitian system operator, and not have to worry about the operator
ordering. In fact, insofar as the system is concerned, this Hamiltonian is equivalent to the
Hamiltonian

H = AF, (1.118)

where here A is the measurement result (a random variable) obtained in the projective
measurement of the system at time 7.

Exercise 1.22 Convince yourself of this.

The action of Hamiltonians such as these (a form of feedback) will be considered in greater
detail in later chapters.

This idea of representing measurement results by meter operators is not limited to
projective measurements of the system. Say one has the entangled state between system
and meter

(W@ + 1)) = O(T)IO)aly(1))s, (1.119)

and one measures the meter in the (assumed non-degenerate) eigenbasis {|r)a} of the
operator

Ra =Y _rir)alrl. (1.120)
r
Then the operator R, represents the outcome of the measurement that, for the system, is
described using the measurement operators M, = (r|U(T})|0). Recall that the results r are
just labels, which need not be real numbers, so R is not necessarily an Hermitian operator.
If the result R is a complex number, then I?A is a normal operator (see Box 1.1). If Ris a
real vector, then I?A is a vector of commuting Hermitian operators.

It is important to note that R, represents the measurement outcome whether or not
the projective measurement of the apparatus is made. That is, it is possible to represent
a measurement outcome simply by modelling the apparatus, without including the extra
step of apparatus state collapse. In this sense, the von Neumann chain can be avoided, not
by placing the Heisenberg cut between apparatus and higher links (towards the observer’s
consciousness), but by ignoring these higher links altogether. The price to be paid for this
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parsimony is a high one: the loss of any notion of actual outcomes. The measurement
result R remains a random variable (represented by the operator R,) that never takes any
particular one of its ‘possible’ values . Within this philosophical viewpoint one denies the
existence of events, but nevertheless calculates their statistics; in other words, ‘correlations
without correlata’ [Mer98].

1.3.2 Measurement in the Heisenberg picture

The ‘measurement without collapse’ formulation outlined above is obviously the ideal one
for working in the Heisenberg picture. Recall from Section A.1.3 that, in the Heisenberg
picture, the state vector or state matrix is constant, while operators evolve in time. However,
this was formulated only for unitary evolution; if one wishes to describe a measurement
for which some particular result is obtained, this can be done only by invoking state
collapse. That is, one must still allow the state to change, even though one is working in the
Heisenberg picture. But if one is content to describe a measurement simply as the coupling
of the system to the meter, with the result being represented by a meter operator, then
state collapse never occurs. Consequently, it is possible to describe all evolution, including
measurement, in terms of changing operators. Of course, to do this, one needs to consider
system and apparatus operators, not just system operators.

The necessity of using apparatus operators might not be obvious to the reader. After all,
when considering unitary evolution of the system alone, we can use essentially the same
transformation in the Schrodinger and Heisenberg pictures: p — UpUtand 0 — UTOU,
respectively. This suggests that for measurement the analogue of p — p, = M, erT would
be O — 0; = M,T OM,. However, this construction does not work when one considers
operator products. The correct post-measurement expectation for AB, weighted by the
probability for outcome r, is

A~

Tr[ABp)] = Te[MABM, p] . (1.121)
In general, this is quite different from
TBM,p], (1.122)

because, in general, M, is not unitary.

The correct Heisenberg formulation of measurement is as follows. The total state (of
system plus apparatus) remains equal to the initial state, which is usually taken to factorize
as

ptolal(t) = pPs ® PA- (1123)

The measurement outcome is described, as above, by the apparatus operator

Ra() = rlralr. (1.124)

r
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which here is for time ¢, before the measurement interaction between system and apparatus.
This interaction, of duration 7}, changes IQA to

Ra(t +T) = UN(T)[Ra)) ® 1] U(T1) (1.125)

=Y _rUNT)(r)afrl ® 19)0(T). (1.126)

Here T is any time greater than or equal to 77, since we are assuming that the measurement
interaction ceases at time ¢ + 7 and that I?A is a QND observable for all subsequent
evolution of the meter.

It follows trivially from the analysis of Section A.1.3 that the Heisenberg-picture operator
IéA(t + T') with respect to py1(?) has the same statistics as does the Schrodinger-picture
operator with respect to pyi(t + T'), evolved according to the measurement interaction.
Hence, if the initial apparatus state is pure,

pa = 10)a(0], (1.127)

as we assumed, then these statistics are identical to those of the random variable R,, the
result of a measurement on the system with measurement operators {M, }.

Being an apparatus operator, R (s) commutes with system operators at all times s. For
s <t (that is, before the system and apparatus interact), it is also uncorrelated with all
system operators. That is, for s < ¢, expectation values factorize:

(Os(@) f(RA(1)) =(Os())( f (Ra(0))). (1.128)

Here Os is an arbitrary system operator and f is an arbitrary function. For s > ¢, this is no
longer true. In particular, for s =t + T the correlation with the system is the same as one
would calculate using state collapse, namely

(Ost + TV f(RaG +TV) = o, FITe[ Os o1 + T)] (1.129)

where p,(t + T') is the a-posteriori conditioned system state.
Exercise 1.23 Convince yourself of this.

It should be noted that these two descriptions of measurement, in terms of changing
operators or changing states, have classical equivalents. They are descriptions in terms of
changing system variables or changing probability distributions for these variables. We
have already used these two descriptions in Section 1.1. Specifically, we began with the
‘Heisenberg’ description, with correlations arising between system and apparatus variables,
and then moved to the complementary ‘Schrodinger’ description with system state collapse
derived using Bayes’ theorem.

In the Heisenberg picture, an important difference between quantum and classical mea-
surement stands out. The back-action of the measurement on the system is seen in changes
in the system operators, rather than changes in the system state. Classically, a non-disturbing
measurement does not introduce any noise into the system. Hence classically there may be
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no change in the system variables, but in the quantum case any measurement will neces-
sarily cause changes to the system operators. This quantum back-action is best illustrated
by example, as we will do in the next subsection. The same distinction between quantum
and classical mechanics is also present in the Schrodinger picture, but only in the weaker
form given in Exercise 1.9.

1.3.3 The binary example

To illustrate the description of measurement in the Heisenberg picture, we use again the
example of a binary measurement. Rather than using X for the system and ¥ for the
apparatus, we use X and X . Similarly, we use Pg and Py for the complementary operators.
These are defined by the relation between the eigenstates |x) and | p) defined in Section 1.2.6.
The operators X and P each act as a displacement in the complementary basis, by which
we mean that, for binary variables k and n,

exp(itkX)|p) = |p ® k), (1.130)
exp(iznP)|x) = |x @ n). (1.131)

It is now easy to see that the measurement interaction between the system and the apparatus
may be realized by

G =exp(inXs ® Py). (1.132)
Exercise 1.24 Show that this does produce Eq. (1.63).

In the Heisenberg picture, this unitary operator transforms the operators according to
O(I + Ty) = Gt O(t)é, where O is an arbitrary operator. Thus we find

K5t + 1) = Xs(0), (1.133)
Ps(t + 1) = Ps(t) ® Pa(), (1.134)
Xalt +T1) = Xs(t) ® Xa0), (1.135)
PA(t +Th) = PA). (1.136)
The binary addition @ is defined for operators by, for example,
Xs @ Xa ZZ(XGBy)Ms(xI ® [y)ayl. (1.137)
Xy

If we make the identifications
X = Xs, Y = Xa(t + Ty), E = Xa(?), (1.138)

then Eq. (1.135) is identical in form and content to the classical Eq. (1.2). The noise
term is seen to arise from the initial apparatus state. Note that X is unchanged by the
interaction. This quantity is a QND variable and the measurement interaction realizes a
QND measurement of Xs. However, unlike in the classical case, the system is affected by
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the measurement. This quantum back-action is seen in the change in the complementary
system quantity, Ps, in Eq. (1.134). The ‘quantum noise’ added to the system here is Py,
which is another QND variable. Clearly, if one were to measure 15A, one would gain no
information about the system. (Indeed, one gains most information about the system by
measuring the apparatus in the X 5 basis, which is a basis complementary to the P, basis).
However, by measuring P, one directly finds out the noise that has affected the system, as
discussed in Section 1.2.6. We see now that, in the Heisenberg picture, both interpretations
of the interaction, namely in terms of gaining information about the system and in terms of
adding noise to the system, can be seen simultaneously.

Exercise 1.25 Analyse the case of a generalized position measurement from Exercise 1.14
in the same manner as the binary example of this subsection.

Hint: First show that P generates displacements of position X and vice versa. That is,
ela? |x) = |x + ¢q) and e_ik}?|p) = |p + k) (see Section A.3). Note that, unlike in the binary
example, there is no w in the exponential.

1.4 Most general formulation of quantum measurements
1.4.1 Operations and effects

The theory of measurements we have presented thus far is not quite the most general, but
can easily be generalized to make it so. This generalization is necessary to deal with some
cases in which the initial meter state is not pure, or the measurement on the meter is not
a von Neumann measurement. In such cases the conditioned system state may be impure,
even if the initial system state was pure. We call these inefficient measurements.

To give the most general formulation* we must dispense with the measurement operators
M, and use only operations and effects. The operation O, for the result  is a completely
positive superoperator (see Box 1.3), not restricted to the form of Eq. (1.81). It can never-
theless be shown that an operation can always be written as

O, =) T, (1.139)
i

for some set of operators {2,. it

For a given operation O,, the set {fl,, j: J} is not unique. For this reason it would be
wrong to think of the operators 2. ;j as measurement operators. Rather, the operation is
the basic element in this theory, which takes the a-priori system state to the conditioned
a-posteriori state:

bt +T)=0,p(t). (1.140)

4 It is possible to be even more general by allowing the apparatus to be initially correlated with the system. We do not consider
this situation because it removes an essential distinction between apparatus and system, namely that the former is in a fiducial
state known to the experimenter, while the latter can be in an arbitrary state (perhaps known to a different experimenter). If the
two are initially correlated they should be considered jointly as the system.
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The state in Eq. (1.140) is unnormalized. Its norm is the probability g, for obtaining the
result R =r,

g, = Tr[O, p(1)], (1.141)
so that the normalized state is
pr@+T) = O,p(t)/ 6. (1.142)

As for efficient measurements in Section 1.2.5, it is possible to define a probability operator,
or effect, E,, such that, for all p,

Tr[O,p] = Tr[pE.]. (1.143)
It is easy to verify that

E, =)0 Q. (1.144)
J

which is obviously Hermitian and positive. The completeness condition

ZE, =1 (1.145)

is the only mathematical restriction on the set of operations O,.
The unconditional system state after the measurement is

pt +T) =Y O,p(t) = Op(t). (1.146)

Here the non-selective operation can be written

0= T (1.147)
rJ

In terms of the unitary operator U (7}) coupling system to apparatus, this operation can also
be defined by

Op = Tea[U(T1)(p ® p1)U (1Y), (1.148)
where p4 is the initial apparatus state matrix.

Exercise 1.26 By decomposing pa into an ensemble of pure states, and considering an
apparatus basis {|r)}, derive an expression for Q. j- Also show the non-uniqueness of the
set {2, ;1 j}.

This completes our formal description of quantum measurement theory. Note that the
above formulae, from Eq. (1.139) to Eq. (1.147), are exact analogues of the classical formu-
lae from Eq. (1.26) to Eq. (1.34). The most general formulation of classical measurement
was achieved simply by adding back-action to Bayes’ theorem. The most general formu-
lation of quantum measurement should thus be regarded as the quantum generalization of
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Table 1.1. Quantum measurement theory as generalized Bayesian analysis

Concept Quantum formula Bayesian formula
Initial state p(2), a positive operator (1), a positive vector
such that Trlp@)] =1 Yo =1
Measurement result R, arandom variable R, arandom variable
For each r define an operation O, a matrix O,
such that Pt +T)=0,p@)=>0. ©.t+T)=0O,p0@) >0
Pr[R =r] o(r) =Trlp,(t + )] )=, H it +T)
can be written as ©r) =Tr[p(t)E,] pr) = px;)E (x)
where Y E =1 Vi, Y E(x) =1
Conditioned state ot +T)=p,t+T)/p(r) Ot +T)=0,+T)/pr)
Interpretation a matter of debate! Bayes’ rule: E,(x) = o(r|x)

Bayes’ theorem, in which back-action is an inseparable part of the measurement. This dif-
ference arises simply from the fact that a quantum state is represented by a positive matrix,
whereas a classical state is represented by a positive vector (i.e. a vector of probabilities).
This analogy is summarized in Table 1.1.

We now give a final example to show how generalized measurements such as these
arise in practice, and why the terminology inefficient is appropriate for those measurements
for which measurement operators cannot be employed. It is based on Example 1 in Sec-
tion 1.2.5, which is a description of efficient photon counting if |n) is interpreted as the
state with n photons.

Say one has an inefficient photon detector, which has only a probability n of detecting
each photon. If the perfect detector would detect n photons, then, from the binomial
expansion, the imperfect detector would detect r photons with probability

prn)=n"(1—n"" (':) (1.149)

Thus, if » photons are counted at the end of the measurement, the probability that n photons
‘would have been’ counted by the perfect detector is, by Bayes’ theorem,

prin)(n|p)|n)

= . 1.150
P = S o rimymlo@m) (1150)
Hence, the conditioned system state is the mixture
J10)(nl]p(t)
N T 1.151
prt+T) = Zso( T (1.151)
prin)J[0){nl1p(?)
1.152
= 25 ot mymipoim) (1152
Orp(t) (1.153)

T Trlp(0 £’
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Table 1.2. Eight useful or interesting classes of quantum measurements

Symbol Name Definition

E Efficient vr,IM,, O, = JIM,]

C Complete Vo,Vr, O.p x (’),i

S Sharp Vr, rank(E,) = 1

o Of an observable X vr, E, = E/(X)

BAE Back-action-evading O with Vp,Vx € AMX), Tr[I1, p] = Tr[I1,Op]
MD Minimally disturbing E with Vr, M, = M

P Projective MD and O

VN von Neumann Pand S

where the operations and effects are, respectively,

O, = Z n(L—=n)"" (j)J[IO) (n]], (1.154)

E.=) (- ('r’)|n><n|. (1.155)

1.4.2 Classification of measurements

The formalism of operations and effects encompasses an enormous, even bewildering,
variety of measurements. By placing restrictions on the operations, different classes of
measurements may be defined. In this section, we review some of these classes and their
relation to one another. We restrict our consideration to eight classes, identified and defined
in Table 1.2. Their complicated inter-relations are defined graphically by the Venn diagram
in Fig. 1.2.

Some classes of measurement are characterized by the disturbance imposed on the
system by the measurement (‘efficient’, ‘complete’, and ‘minimally disturbing’). Others
are characterized by the sort of information the measurement yields (‘sharp’ and ‘of an
observable X’), and so can be defined using the effects only. The remainder are characterized
by both the sort of information obtained and the disturbance of the system (‘back-action-
evading’, ‘projective’, and ‘von Neumann’).

Some of these classes are well known (such as back-action-evading measurements) while
others are not (such as complete measurements). Below, we briefly discuss each of the eight.
This also allows us to discuss various concepts relevant to quantum measurement theory.

[E]: Efficient measurements. As already discussed, efficient measurements are ones for
which each operation is defined in terms of a measurement operator: O, = J [M,]. These
measurements take pure states to pure states. Any noise in efficient measurements can be
interpreted as quantum noise. The complementary set is that of inefficient measurements,
which introduce classical noise or uncertainty into the measurement.
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] S MD
: woo|

BAE

Fig. 1.2 A Venn diagram for the eight classes of quantum measurements described in Table 1.2.

It is only for the class of efficient measurements that one can derive the following
powerful theorem [NieO1, FJO1]:

Hlp0O] = ) o, Hlp,(t + T)1. (1.156)

Here, H[p] is any measure of the mixedness of p that is invariant under unitary transfor-
mations of p and satisfies

Hlwip1 +wz02] > wiH[p1] + waH[p3] (1.157)

for arbitrary state matrices p; and positive weights w; summing to unity. Examples of
such measures are the entropy —Tr[plogp] and the ‘linear entropy’ 1 — Tr[p?].% The
interpretation of this theorem is that, as long as no classical noise is introduced in the
measurement, the a-posteriori conditional state is on average less mixed than (or just as
mixed as) the a-priori state. That is, the measurement refines one’s knowledge of the system,
as one would hope. Note that it is not true that the conditional a-posteriori state is always
less mixed than the a-priori state.

5 An even stronger version of this theorem, using majorization to classify the relative mixedness of two states, has also been
proven [NieO1, FIO1].



1.4 Most general formulation of quantum measurements 37

Exercise 1.27 Prove the foregoing statement, by finding an example for a binary system.
Hint: This is a classical phenomenon, so the measurement operators and state matrix in
the example can all be diagonal in the same basis.

[C]: Complete measurements. The definition of complete measurements in Table 1.2 implies
that, for all results r, the conditioned a-posteriori state

pr(t +T) = O, p(t)/Trl E, p(1)] (1.158)

is independent of p(#). In other words, at the end of the measurement, no information
remains in the system about its initial state. This is the sense in which the measurement
is complete: no further measurements could yield any more information about the initial
system state.

The definition of complete measurements implies that the operations must be of the form

O, = T[16w) (1] (1.159)
ok
where 6 and ¢ denote (possibly unnormalized) system states. From this, it is easy to see
that the conditioned state, independently of p(z), is

oot +T) = 2006l (1.160)

Zk(erk|9rk) .
The concept of complete measurements (or, more particularly, ‘incomplete measure-
ments’) will be seen to be very useful when discussing adaptive measurements in Sec-
tion 2.5.

[S]: Sharp measurements. The definition of sharp measurements in Table 1.2 implies that the
effects are rank-1 positive operators. That is to say, each effect is of the form E, = |¢,) (¢, |,
for some (possibly unnormalized) state |¢, ). This implies that the operations must be of the
form

Oy =) T0) (@11 (1.161)
k

From this it is apparent that sharp measurements are a subclass of complete measure-
ments. Also, it is apparent that, for efficient measurements, sharpness and completeness are
identical properties.

The significance of sharpness is that a sharp measurement cannot be an unsharp version of
a different measurement [MdM90a, MdM90b]. That is, the results of a sharp measurement
cannot be generated by making a different measurement and then rendering it ‘unsharp’
by classically processing the results. Mathematically, a sharp measurement {E,} is one for
which there is no other measurement { £ ': s} such that

E, = wE], (1.162)
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where w, |, is the probability that r is reported as the measurement result when the second
measurement result is s. The object {wm} is sometimes called a stochastic map from {s}
to {r}. We also require that this stochastic map {wm} be nontrivial. A trivial stochastic
map is a deterministic one for which wf‘s = w,|, for all r and s, which simply relabels
measurement results.

Another fact about sharp measurements is that it is always possible to prepare the system
in a state such that a given result » cannot be obtained. Note, however, that there is no
requirement that the effects be orthogonal, so it is not necessarily possible to prepare the
system such that a given result r is guaranteed.

[O]: Measurements of an observable. If an effect E, is a function of an Hermitian operator
X, then the probability of obtaining the result r is given by

or = TI[E(Dp0] = Y ET([fL00)]., (1.163)

where {x} are the (assumed discrete for simplicity) eigenvalues of X and I1, the corre-
sponding projectors. If all of the effects are functions of the same operator X, then it is
evident that the measurement is equivalent to a (possibly unsharp) measurement of the
observable X. That is, the result R could be obtained by making a projective measurement
of X and then processing the result. Note that this definition places no restriction on the
state of the system after the measurement.

The class labelled O in Fig. 1.2 should be understood to be the class of measurements
that are measurements of some observable X. Note that, by virtue of the definition here, a
measurement in this class may be a measurement of more than one observable. For example,
it is obvious from the above definition that any measurement of X? is also a measurement of
X. However, if X has eigenvalues of equal magnitude but opposite sign, then the converse
is not true. This is because, for example, it is not possible to write the effects for a projective
measurement of X, which are

A

Ey = |x){x| =83, (1.164)

as a function of § = X2. This is the case even though the projectors for the latter are
functions of X:

By =) 8 lx)(x| =685 . (1.165)

By binning results (corresponding to values of X with the same magnitude), one can
convert the measurement of X into a measurement of X2. However, it is not permissible
to allow such binning in the above definition, because then every measurement would be
a measurement of any observable; simply binning all the results together gives a single
E =1, which can be written as a (trivial) function of any observable.

[BAE]: Back-action-evading measurements. Consider a measurement of an observable X
according to the above definition. A hypothetical projective measurement of X before
this measurement will not affect the results of this measurement, because the effects are
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a function of X. However, the converse is not necessarily true. Because the definition of
‘measurement of an observable X’ is formulated in terms of the effects alone, it takes no
account of the disturbance or back-action of the measurement on the system. A back-action-
evading (BAE) measurement of X is one for which a projective measurement of X after
the measurement will have the same statistics as one before. If the total (i.e. non-selective)
operation for the measurement in question is O = ) O,, then the requirement is that, for
all p and all eigenvalues x of X,

Tr[I1, p] = Tr[I1,Op]. (1.166)

This is the condition in Table 1.2, where we use )L()A( ) to denote the set of eigenvalues of X.

A concept closely related to BAE measurement is QND measurement. Recall from
Section 1.3 that X is a QND (quantum non-demolition) observable if the operator X is a
constant of motion (in the Heisenberg picture). Thus, we can talk of a QND measurement
of X if the effects are functions of X and

X =01 1m)HX0), (1.167)

where U(T) is the unitary operator describing the coupling of the system to the meter, as
in Section 1.3.2, so that X is to be understood as )A(S ® TA.

The condition for a back-action-evading measurement (1.166) is implied by (and hence
is weaker than) that for a quantum non-demolition measurement. To see this, first note that
a unitary transformation preserves eigenvalues, so that Eq. (1.167) implies that, for all x,

1, ® 1a = OT(T)(IL, ® 1A)U(TY). (1.168)

Now post-multiply both sides of Eq. (1.168) by p ® pa, where pa is the initial apparatus
state. This gives

(T1:0) ® pa = UN(T)IL, @ 1T (T(0 ® pa). (1.169)
Now pre- and post-multiply by U(7}) and UT(T}), respectively. This gives
U(T)[(M.0) ® pa]UT(T1) = (11, ® 1)U (T (p ® pa)UT(TY). (1.170)

Taking the total trace of both sides then yields Eq. (1.166), from the result in Eq. (1.148).

Often the terms back-action-evading (BAE) measurement and quantum non-demolition
(QND) measurement are used interchangeably, and indeed the authors are not aware of
any proposal for a BAE measurement that is not also a QND measurement. The advantage
of the BAE definition given above is that it is formulated in terms of the operations and
effects, as we required.

It is important not to confuse the non-selective and selective a-posteriori states. The
motivating definition (1.166) is formulated in terms of the non-selective total operation
. The definition would be silly if we were to replace this by the selective operation O,
(even if an appropriate normalizing factor were included). That is because, if the system
were prepared in a state with a non-zero variance in X, then the measurement would in
general collapse the state of the system into a new state with a smaller variance for X.
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That is, the statistics of X would not remain the same. The actual definition ensures that on
average (that is, ignoring the measurement results) the statistics for X are the same after
the measurement as before.

[MD]: Minimally disturbing measurements. Minimally disturbing measurements are a
subclass of efficient measurements. The polar decomposition theorem says that an arbitrary
operator, such as the measurement operator M,, can be decomposed as

M, =0,V,, (1.171)

where U, is unitary and V, = \/ETV is Hermitian and positive. We can interpret these two
operators as follows. The Hermitian V, is responsible for generating the necessary back-
action (the ‘state collapse’) associated with the information gained in obtaining the result r
(since the statistics of the results are determined solely by E,, and hence solely by V,). The
unitary U, represents surplus back-action: an extra unitary transformation independent of
the state.

A minimally disturbing measurement is one for which U, is (up to an irrelevant phase

factor) the identity. That is,
M, =/ E,, (1.172)

so that the only disturbance of the system is the necessary back-action determined by
the probability operators E,. The name ‘minimally disturbing’ can be justified rigorously
as follows. The fidelity between an a-priori state of maximal knowledge [¢) and the
a-posteriori state g, = O, |y) (|, averaged over r and v, is

Fayerage = /dMHaar(W)Z(WIﬁrIW- (1.173)

Here dupaar(¥) is the Haar measure over pure states, the unique measure which is invariant
under unitary transformations. For a given POM {E,}, this is maximized for efficient
measurements with measurement operators given by Eq. (1.172) [BanO1].

Exercise 1.28 Show that, for a given POM and a particular initial state vr, a minimally
disturbing measurement (as defined here) is in general not the one which maximizes the
fidelity between a-priori and a-posteriori states.

Hint: Consider a QND measurement of 6, on a state |) = oo, := —1) + 8
Compare this with the non-QND measurement of G, with measurement operators
V) (o: := —1| and |} (o, := 1|.

For minimally disturbing measurements, it is possible to complement the relation (1.156)
by the following equally powerful theorem:

o, :=1).

Hlp(t +T)] = H[p(1)], (1.174)

where p(t + T) = ", o, p-(t + T). That is, the unconditional a-posteriori state is at least
as mixed as the a-priori state — if one does not take note of the measurement result,
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one’s information about the system can only decrease. This does not hold for measure-
ments in general; for the measurement in Example 1, the a-posteriori state is the pure
state |0) regardless of the a-priori state. However, it does hold for a slightly broader
class than minimally disturbing measurements, namely measurements in which the surplus
back-action U, in Eq. (1.171) is the same for all r. These can be thought of as minimally
disturbing measurements followed by a period of unitary evolution.

A minimally disturbing measurement of an observable X is a BAE measurement of
that observable, but, of course, minimally disturbing measurements are not restricted to
measurements of observables. Finally, it is an interesting fact that the class of minimally
disturbing measurements does not have the property of closure. Closure of a class means
that, if an arbitrary measurement in a class is followed by another measurement from the
same class, the ‘total’ measurement (with a two-fold result) is guaranteed to be still a
member of that class.

Exercise 1.29 Find an example that illustrates the lack of closure for the MD class.

[P]: Projective measurements. These are the measurements with which we began our
discussion of quantum measurements in Section 1.2.2. They are sometimes referred to as
orthodox measurements, and as Type I measurements (all other measurements being Type
IT) [Pau80]. From the definition that they are minimally disturbing and a measurement of
an observable, it follows that the measurement operators M, and effects E, are identical
and equal to projectors IT,.

[VN]: Von Neumann measurements. Sometimes the term ‘von Neumann measurement’
is used synonymously with the term ‘projective measurements’. We reserve the term for
sharp projective measurements (that is, those with rank-1 projectors). This is because von
Neumann actually got the projection postulate wrong for projectors of rank greater than 1,
as was pointed out (and corrected) by Luders [Lud51]. Von Neumann measurements are
the only measurements which are members of all of the above classes.

1.4.3 Classification exercise

Appreciating the relations among the above classes of measurements requires a careful
study of Fig. 1.2. To assist the reader in this study, we here provide a prolonged exercise.
The Venn diagram in Fig. 1.2 has 17 disjoint regions. If there were no relations among the
eight classes, there would be 28 that is 256, regions. Thus the fact that there are only 17
testifies to the many inter-relationships among classes.

Below, we have listed 17 different measurements, defined by their set of operations{Q, }.
Each measurement belongs in a distinct region of ‘measurement space’ in Fig. 1.2. The
object of the exercise is to number the 17 regions in this figure with the number (from 1 to
17) corresponding to the appropriate measurement in the list below.

All of the measurements are on an infinite-dimensional system, with basis states
{ln): n =0,1,2,...}, called number states. Any ket containing n or m indicates a number
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state. Any ket containing a complex number £«, B or y indicates a coherent state, defined as

@) = e P2y A 1.175
|ot) ;mu (1.175)

See also Appendix A. It is also useful to define sets E and O, the even and odd counting
numbers, respectively. If the result » is denoted n, then the resolution of the identity is
>, E,. Ifitis denoted « then it is [ d?a E,. If denoted E, O then it is £ + Eo.

We also use the following operators in the list below. The operator Dﬁ denotes a dis-
placement operator defined by how it affects a coherent state:

Dglar) = |a + B), (1.176)
for some non-zero complex number 8. The number operator N has the number states as its
eigenstates. The two operators [1g and I1q are defined by

fgo = Z In)(n|. (1.177)
nek,0

Finally, ,(n|m) is as defined in Eq. (1.149) for some 0 < n < 1.
Here is the list.

1. Oy =7 'Tla) ]

2. Oy = [dBr e T8 AN

3. O, = 7' J1I0)(al]

4. O, = [dy a2 Tlly)all

5. Ou=[dyale "’ [dBr—2e e T(|y)(B]
6. Oy = J[EV?]. Ey = Qr) ()| + |—a) (—a])
7. Ou = J[DsE?], E, = Qu) ()| + |—a)(—al)
8. O, = Jlln)(nl]

9. O, =X oynlm)T[|Im)(m]]

10. O, =Y 0 9,(nlm)T [Dglm)(m|]

11. O, = J[[0)(n]]

12. O, =2, 274D T{|m) (n]]

13. Ogo = j[ﬁ]E@]

14. Ogo = J[explin N)I1g o]

15. Op = ¥, JN0V (], Op =Y,.0J01)nl]

16. Oz = J[Dpllg 0]

17. Ozo =Y ,z0 J0)(n]]

1.5 Measuring a single photon

In this section we give an experimental example of the quantum measurement of a binary
variable, as introduced in Section 1.2.4. This experiment was realized as a ‘cavity QED’
system, a term used to denote the interaction between a discrete-level atomic system
and a small number of electromagnetic field modes, which are also treated as quantum
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systems. In the experiment performed by the Haroche group in Paris in 1999 [NRO199],
the measured system was the state of an electromagnetic field in a microwave cavity. Apart
from small imperfections, the preparation procedure produced a pure state containing
no more than a single photon. Thus the state of the cavity field may be written as [) =
¢0|0) 4 ¢1|1). The measured variable is the photon number with result O or 1. The apparatus
was an atom with three levels: ground state |g), excited state |e), and an auxiliary state
|i). The final readout on the apparatus determines whether the atom is in state |g) by
a selective ionization process, which we will describe below. This final readout is not
ideal and thus we will need to add an extra classical noise to the description of the
measurement.

We begin with a brief description of the interaction between the cavity field and a single
two-level atom in order to specify how the correlation between the system and the apparatus
is established. If, through frequency or polarization mismatching, the cavity mode does not
couple to the auxiliary level |i), then we can define the atomic lowering operator by
6 = |g)(e|. The field annihilation operator is a (see Section A.4). The relevant parts of the
total Hamiltonian are

H=ow.d'a + wglg)(gl + wele)el + wili)i| + (/26" + )@ — ab), (1.178)

where €2 is known as the single-photon Rabi frequency and is proportional to the dipole
moment of the atom and inversely proportional to the square root of the volume of the cavity
mode. We work in the interaction frame (see Section A.1.3) with the free Hamiltonian

Hy = 0.47a + w,12)(g] + (0g + @c)le){e] + (0 + 0)li) (il (1.179)

where oy is the frequency of a ‘driving field’, a classical microwave field (to be discussed
later). The ‘interaction Hamiltonian’ V = H — H, becomes the time-dependent Hamilto-
nian Vig(¢) in the interaction frame. However, the evolution it generates is well approximated
by the time-independent Hamiltonian

Vie = QG6Ta —i6a’)/2 + A6T6 + 81i) (i, (1.180)

where A is the detuning w, — w; — w of the |e) <> |g) transition from the cavity resonance,
and § = w; — wg — wy is thatof the |i) < |g) transition from the classical driving field. The
necessary approximation (called the rotating-wave approximation) is to drop terms rotating
(in the complex plane) at high frequencies ~w, > A, §, Q. This is justified because they
average to zero over the time-scale on which evolution occurs in the interaction frame.

Exercise 1.30 Derive Eq. (1.180) and convince yourself of the validity of the rotating-wave
approximation.

Hint: Finding Vig(t) is the same as solving for this operator in the Heisenberg picture with
the Hamiltonian Hy. Since Hy splits into a part acting on the atom and a part acting on
the field, the Heisenberg equations of motion for the atom and field operators in Vig can be
solved separately.
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Let us now assume that the atom is resonant with the cavity (A = 0), in which case
the Hamiltonian (1.180) (apart from the final term) is known as the Jaynes-Cummings
Hamiltonian. If this Hamiltonian acts for a time 7 on an initial state |1, g), the final
state is

exp(—iVirD)|1, g) = cos(7/2)|1, g) + sin(Q7/2)[0, e), (1.181)

where |n, g) = |n)|g) and |n, e) = |n)|e).

Exercise 1.31 Show this and the analogous result for the initial state |0, e).
Hint: Derive the equations of motion for the coefficients of the state vector in the above
basis.

If the total interaction time T = 27/ €2, then the probability that the atom is in the ground
state again is unity, but the quantum state has acquired an overall phase. That is to say, for
this interaction time, the state changes as |1, g) — —|1, g). However, if the field is initially
in the vacuum state, there is no change: |0, g) — 10, g).

Exercise 1.32 Show this by verifying that |0, g) is an eigenstate of Vi with eigenvalue
zero.

This sign difference in the evolution of states |0) and |1) provides the essential correlation
between the system and the apparatus that is used to build a measurement. If the field is
in a superposition of vacuum and one photon, the interaction with the atom produces the
‘conditional’ transformation

(col0) +¢111) @ [8) > (col0) — c1[1) ® |g). (1.182)

It is called conditional because the sign of the state is flipped if and only if there is one
photon present. Note that we are not using the term here in the context of a measurement
occurring.

As it stands this is not of the form of a binary quantum measurement discussed in
Section 1.2.4 since the meter state (the atom) does not change at all. In order to configure
this interaction as a measurement, we need to find a way to measure the relative phase
shift introduced by the interaction between the field and the atom. This is done using the
‘auxiliary’ electronic level, |i), which does not interact with the cavity mode and cannot
undergo a conditional phase shift. We begin by using a classical microwave pulse R; of
frequency wy, to prepare the atom in a superposition of the auxiliary state and the ground
state: |g) — (|g) + Ii))/\/f. For the moment, we assume that this is resonant, so that § = 0
in Eq. (1.180). After the conditional interaction, C, between the atom and the cavity field,
another microwave pulse R; of frequency w,; again mixes the states |g) and |i). It reverses
the action of R, taking |g) — (|g) — |i))/~/2 and |i) — (|g) + |i))/~/2.

Exercise 1.33 Show that this transformation is unitary and reverses R.
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Fig. 1.3 A schematic diagram of the Haroche single-photon measurement [NRO*99]. A single
atom traverses three microwave fields R;, C and R,, the middle one being described by a single-
mode cavity field. It then encounters two ionization detectors, D, and D,, which detect whether
the atom is in the excited state or ground state, respectively. The driving fields R; and R, are
produced by the same microwave source, which locks their relative phase. Adapted by permission
from Macmillan Publishers Ltd: G. Nogues et al., Nature 400, 239-242 (1999), (Fig. 1), copyright
Macmillan Magazines Ltd 1999.

Finally, a projective readout of the ground state |g) is made, as shown in Fig. 1.3. The full
measurement protocol can now be described:

: 1Py
(col0) + er[1))]g) =% (col0) +c|I1>)ﬁ(|l> +18)

5 %(colo)(li) +1g) + il (i) — 1g))

5 ol0)lg) + c1]1)i). (1.183)

An ideal measurement of the ground state of the atom gives a yes (no) result with probability
lcol? (Je1]?), and a measurement of the photon number has been made without absorbing
the photon.

To compare this with the binary measurement discussed in Section 1.2.4, we use the
apparatus state encoding |g) <> |0)a, |i) <> |1)a. The overall interaction (R, o C o R;)
between the system and the apparatus is then defined by Eq. (1.62). We can then specify
the apparatus operators X 5 and P, used in Section 1.2.6,

Xa = li)l, (1.184)
N 1
Pa = S(18) = liN(gl = (D). (1.185)

Likewise the equivalent operators for the system can be defined in the photon-number basis,
Xs = |1)(1], Ps=(|0) — [1))({0] — (1])/2. Provided that the atom is initially restricted to
the subspace spanned by {|g), |i)}, the action of R; o C o R; can be represented in terms



46 Quantum measurement theory

of these operators by the unitary operator
Ur,ocor, = explim XsPa]. (1.186)

Certain aspects of the Paris experiment highlight the kinds of considerations that dis-
tinguish an actual measurement from simple theoretical models. To begin, it is necessary
to prepare the states of the apparatus (the atoms) appropriately. Rubidium atoms from a
thermal beam are first prepared by laser-induced optical pumping into the circular Rydberg
states with principal quantum numbers 50 (for level g) or 51 (for level e). The e — g
transition is resonant with a cavity field at 51.1 GHz. The auxiliary level, i, corresponds to
a principal quantum number of 49 and the i — g transition is resonant at 54.3 GHz.

Next it is necessary to control the duration of the interaction between the system and the
apparatus in order to establish the appropriate correlation. To do this, the atoms transiting the
cavity field must have a velocity carefully matched to the cavity length. The optical-pumping
lasers controlling the circular states are pulsed, generating at a preset time an atomic
sample with on average 0.3—0.6 atoms. Together with velocity selection, this determines
the atomic position at any time within =1 mm. The single-photon Rabi frequency at the
cavity centre is Q/(27) = 47 kHz. The selected atomic velocity is 503 ms~! and the beam
waist inside the cavity is 6 mm, giving an effective interaction time t such that Qt = 2x.
Finally, a small external electric field Stark-shifts the atomic frequency out of resonance
with the cavity. This gives rise to an adjustable detuning A in Eq. (1.180), which allows
fine control of the effective interaction.

The experiment is designed to detect the presence or absence of a single photon. Thus it
is necessary to prepare the cavity field in such a way as to ensure that such a state is typical.
The cavity is cooled to below 1.2 K, at which temperature the average thermal excitation of
photon number 7 in the cavity mode is 0.15. The thermal state of a cavity field is a mixed
state of the form

pe =1+ e |n)n], (1.187)
n=0

where B = hw,/(kgT). At these temperatures, 8 < 1 and we can assume that the cavity
field is essentially in the vacuum state |0). The small components of higher photon number
lead to experimental errors.

In order to generate an average photon number large enough for one to see a single-
photon signal, it is necessary to excite a small field coherently. This is done by injecting
a ‘preparatory’ atom in the excited state, |e), and arranging the interaction time so that
the atom-plus-cavity state is |0, e) + |1, g). The state of this atom is then measured after
the interaction. If it is found to be |g), then a single photon has been injected into the
cavity field mode. If it is found to be |e), the cavity field mode is still the vacuum.
Thus each run consists of randomly preparing either a zero- or a one-photon state and
measuring it. Over many runs the results are accumulated, and binned according to what
initial field state was prepared. The statistics over many runs are then used to generate the
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Fig. 1.4 The experimental results of the Paris single-photon experiment, showing the probability
of measuring the atom in the ground state versus detuning of the cavity field. The dashed line
corresponds to an initial field with a single photon, whereas the solid line is for an initial vacuum
field state. Reprinted by permission from Macmillan Publishers Ltd: G. Nogues et al., Nature 400,
239-242 (1999), (Fig. 2), copyright Macmillan Magazines Ltd 1999.

conditional probability of finding the atom in the state |g) when there is one photon in the
cavity.

Another refinement of the experiment is to use the detuning § of the fields R; and R,
to vary the quality of the measurement. This is a standard technique in atomic physics
known as Ramsey fringe interferometry, or just Ramsey interferometry. This is explained
in Box 1.4, where |e) plays the role of |i) in the present discussion. The extra Hamiltonian
81i)(i| causes free evolution of the atomic dipole. Its net effect is to introduce an extra
phase factor 87, proportional to the time 7 between applications of each of these fields.
The probability of finding the atom in state |g) at the end of measurement is then given by

g = pop + P11 — p), (1.188)

where g and g; are the probabilities that the cavity contains no or one photon, respectively,
and p = cos?(87). If g0 = 1 or O at the start of the measurement, then g, is an oscillatory
function of the detuning §, and the phase of the oscillation distinguishes the two cases.

In Fig. 1.4 we show the experimental results from the Paris experiment. Two cases are
shown: in one case (dashed line) the initial state of the field was prepared in a one-photon
state (the preparatory atom exited in the ground state), whereas in the second case (solid
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Box 1.4 Ramsey fringe interferometry

Ramsey interferometry was developed to measure accurately the frequency w,, of an
atomic transition. It works by producing a signal that depends on the difference §
between the unknown frequency and a known frequency w,. It is a standard technique
for atomic frequency standards with application to time standards [Maj98]. We here
give a simplified treatment of the essential physics behind the technique.

Consider a two-level atom, with ground and excited states |g) and |e), described in
the interaction frame with respect to

Hy = w,lg) (gl + (w5 + wa)le) el. (1.189)

The atom is prepared in the ground state and injected through a classical field R; with
frequency wy that differs from the atomic resonance frequency w,, by a small detuning
8. The atomic velocity is chosen so that the atom interacts with the field for a precise
time t. The interaction induces a superposition between the ground and excited states
of the form

lg) — alg) + Ble), (1.190)

where the coefficients depend on 7 and é and the Rabi frequency for the transition. (The
Rabi frequency is roughly the dot product of the classical electric field with the electric
dipole moment of the atomic transition, divided by &. It also equals the single-photon
Rabi frequency times the square root of the mean number of photons in the field. For a
classical field in a mode with a large mode volume (as here), the former is very small
and the latter very large, giving a finite product.) If the detuning § is small enough, one
can arrange to obtain o = 8 = 1/+/2.

The atom then evolves freely for a time 7 during which the Hamiltonian in the
interaction frame is Vir = 8|e)(e|. This changes B to Be 7. After this it interacts with
another classical field, R, of the same frequency, which undoes the transformation R;.
This means that we have to adjust 7" and/or the phase of R; so that, if § = 0, all atoms
emerge in the ground state. Then the state of the atom after the second field is

cos(6T/2)|g) —isin(6T/2)|e). (1.191)
The probability that an atom will emerge in the excited state when § # 0 is thus
©.(8) = sin* (8T /2). (1.192)

By varying the frequency wy of the driving fields R; and R,, and sampling this
probability by repeated measurement, we produce interference fringes with a spacing
proportional to 7. A complicating effect is that, for large detuning, the coefficients
o and B are not exactly 1/ V2, but also depend on the detuning § in both amplitude
and phase, and this causes the interference-fringe visibility to decrease.




1.6 Further reading 49

line) the field was prepared in a zero-photon state (the preparatory atom exited in the excited
state). In both cases the probability of finding the apparatus atom in the ground state, |g),
is plotted as a function of the detuning of the R; and R, fields. Note that the two cases are
7 out of phase, as expected.

It is quite apparent from the data that the measurement is far from perfect. The
probabilities do not vary from zero to unity, so the contrast or visibility, defined as
(max — &min)/(®max + £min), 1S NOt unity. A primary source of error is the efficiency
of the ionization detectors, which is as low as 30%. Also, the interaction that correlates
the field and the apparatus is not perfect, and there is a 20% residual probability for the
apparatus atom to absorb the photon, rather than induce a 7 conditional phase shift. Other
sources of error are imperfections of the 7 /2 Ramsey pulses, samples containing two atoms
in the cavity, the residual thermal field in the cavity and the possibility that the injected
photon will escape from the cavity before the detection atom enters.

Exercise1.34 What is the effect of imperfect ionization detection on the readout? Calculate
the mean and variance of the readout variable Y in terms of the system (X) mean and
variance for the binary asymmetric measurement defined by the conditioned probabilities
©(y|x) below:

D) =n=1-pO[1),
#(110) = € = 1 — p(0]0).

Here 1 is the detection efficiency, while € is related to the rate of so-called dark-counts.

1.6 Further reading

Bayesian inference is named after its discoverer, the Reverend Thomas Bayes, who pub-
lished the idea in 1764. For a modern treatment, see Bayesian Theory by Bernardo and
Smith [BS94]. It is also covered in Introduction to Control Theory by Jacobs [Jac93], and
Optimal Control Theory by Whittle [Whi96], which are useful references for later chapters
as well.

For good introductions to quantum mechanics, see the textbooks by Peres [Per95] and
Jauch [Jau68]. Both are notable for discussion of the interpretation of Gleason’s theorem.
An on-line (in 2009) text that contains a good introduction to the quantum formalism using
the Dirac notation is that of Preskill [Pre97].

The theory of generalized measurement has a long history. Early work by Davies and
Kraus is summarized in Quantum Theory of Open Systems [Dav76], and States, Effects,
Operations: Fundamental Notions of Quantum Theory [Kra83], respectively. However,
both these sources are rather mathematical in style. A more readable book (for physicists)
is Quantum Measurement by Braginsky and Khalili [BK92]. This is particularly good
at helping to build intuition based on simple ideas such as the Heisenberg uncertainty
principle. It also contains a detailed discussion of quantum non-demolition measurements.
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A different approach to obtaining a formal analogy between classical measurement
theory and quantum measurement theory has been developed by Hardy in Ref. [Har02].
In this he derives, for systems with a finite number of distinguishable states, both quantum
theory and classical theory from a small number of plausible axioms. The extra axiom
that leads to quantum theory rather than classical theory is that there is a continuous
reversible transformation between any two pure states (pure states having been operationally
defined). As suggested by our presentation, the essential difference that follows is one of
dimensionality. In the classical case, K, the number of probabilities needed to specify the
state, is equal to N, the maximum number of states that can be reliably distinguished in
a single shot. In the quantum case, K is equal to N2, reflecting the fact that quantum
states are represented most naturally as matrices. Note, however, that, in the quantum case,
Hardy’s map from the K probabilities defining the state to the probabilities of a particular
measurement outcome is not a positive map — another difference from the classical case.

The consistency of states, both classical and quantum, is much more involved than the
treatment we have given (which is equivalent to that in Ref. [BFMO02]). The definitions we
have given can be viewed as simply one definition in a hierarchy of operational definitions.
Interestingly, the hierarchy has a different structure in the quantum and classical cases.
This is discussed in detail by Caves, Fuchs and Schack in Ref. [CFS02a]. In this and other
papers [CFS02b], these authors strongly argue for interpreting quantum theory using the
analogy with classical Bayesian inference. A related question is that of how two or more
observers can pool their states of knowledge. For a review of work in this area, and some
special results in the quantum case, see Ref. [SWO07].

Finally, we note that the work on QND photon detection has advanced far beyond that of
Ref. [NRO199] described above. See for example Refs. [GKG*07, GBD*07], also from
the laboratory of Haroche, in which back-action-evading measurements of photon number
are performed. This enabled the experimentalists to distinguish several different photon
numbers with great accuracy, and to observe quantum jumps between them.
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2.1 Quantum limitsto parameter estimation
2.1.1 Introduction

Many experiments can be thought of as comprising two steps: (i) a preparation procedure in
which the system to be measured is isolated and prepared, and the apparatus is initialized;
and (ii) a measurement step in which the system is coupled to an apparatus and the
measurement result recorded. The preparation procedure can be specified by a set of
classical parameters, or settings of a physical device. The measurement results are random
classical variables that will be correlated with the preparation procedure. In this chapter we
are concerned with the case in which the classical parameters specifying the preparation of
the state are imperfectly known. Then, assuming that the physical system is well understood,
these correlations allow the unknown parameters to be estimated from the measurement
results.

As we saw in the last chapter, in quantum mechanics the results of measurements are
generally statistical, even when one has complete knowledge of the preparation procedure.
A single preparation step and measurement step might not be sufficient to estimate a
parameter well. Thus it is common to repeat the two steps of preparation and measurement
on a large number of systems, either all at one time or sequentially. Whether measuring
one quantum system or many, one is faced with a number of questions. How should one
prepare the system state? What sort of measurement should one make on the system? What
is the optimum way to extract the parameter from the measurement results? These questions
generally fall under the heading of quantum parameter estimation, the topic of this chapter.

From the above, it should be clear that the ‘quantum’ in ‘quantum parameter estimation’
is there simply because it is a quantum system that mediates the transfer of information
from the classical parameters of the preparation procedure to the classical measurement
results. If the system were classical then in principle the parameters could be estimated with
perfect accuracy from a single measurement. The role of quantum mechanics is therefore
to set limits on the accuracy of the estimation of these parameters. Since all of Nature is
ultimately quantum mechanical, these are of course fundamental limits. In the following
section, we show how a simple expression for quantum limits to parameter estimation can
be easily derived.

51
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2.1.2 The Helstrom—Holevo lower bound

The classic studies of Holevo [Hol82] and Helstrom [Hel76] laid the foundations for a study
of quantum parameter estimation. They did so in the context of quantum communication
theory. This fits within the above paradigm of parameter estimation as follows. The message
or signal is the set of parameters used by the sender to prepare the state of a quantum system.
This system is the physical medium for the message. The receiver of the system must make
a measurement upon it, to try to recover the message. In this context we need to answer
questions such as the following. What are the physical limitations on encoding the message
(i.e. in preparing a sequence of quantum systems)? Given these, what is the optimal way
to encode the information? What are the physical limitations on decoding the message (i.e.
in measuring a sequence of quantum systems)? Given these, what is the optimal way to
decode the information?

The work of Helstrom and Holevo established an ultimate quantum limit for the error
in parameter estimation. We refer to this as the Helstrom—Holevo lower bound. A special
case can be derived simply as follows. We assume that the sender has access to a quantum
system in a fiducial state py. The only further preparation the sender can do is to transform
the state:

po = px = e X0 peiXG, (2.1)

Here G is an Hermitian operator known as the generator, and X is a real parameter. The aim
of the receiver is to estimate X. The receiver does this by measuring a quantity X, which
is the receiver’s best estimate for X. We assume that X is represented by an Hermitian
operator Xcst.

The simplest way to characterize the quality of the estimate is the mean-square deviation

(Xesw = X)) x = (AXes)®)x + [6COT 2.2)
Here this is decomposed into the variance of the estimator (in the transformed state),
(AXes))x = Tr[(Xese — (Xest) ) Px]. (2.3)
plus the square of the bias of the estimator Xeg,
b(X) = (Xest)x — X, 2.4

that is, how different the mean of the estimator (X.g)x = Tr[f( est px] is from the true value
of X.

We now derive an inequality for the mean-square deviation of the estimate. First we note
that, from Eq. (2.1),

d<Xest>X
dx
Using the general Heisenberg uncertainty principle (A.9),

= —i Tr[[Kes, Glox]- (2.5)

(AXe)?)x ((AGY)x > —!Tr[[xw, Glox]|* (2.6)
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we find that
1| d(Xest)x [
(AXe))x((AGP)x = 4 ‘ T @.7)
This inequality then sets a lower bound for the mean-square deviation,
[1+5'(X)P
(Xest = X))x = S + b*(X). (2.8)

X =
4(AG)H)x

If there is no systematic error in the estimator, then (X.y)x = X and the bias is zero,

b(X) = 0. In this case, the lower bound to the mean-square deviation of the estimate is

(AXe)D)x = ——
4

—_— 2.9
((AG))o 29

Here we have set X = 0 on the right-hand side using the fact that G commutes with the
unitary parameter transformation, so that moments of the generator do not depend on the
shift parameter.

Consider the case in which )?est and G are conjugate operators, by which we mean

(G, Xew] = —i. (2.10)
Assume also that Tr[f(est,oo] =0, so that(X.)y = X.

Exercise 2.1 Show this, by considering the Taylor-series expansion for e'X GXeste’iX ¢ and
using Eq. (2.10).

In this case the parameter-estimation uncertainty principle, given in Eq. (2.9), follows
directly from the general Heisenberg uncertainty relation (2.6) on using the commutation
relations (2.10).

The obvious example of canonically conjugate operators is position and momentum. Let
the unitary parameter transformation be exp(—iX P), where P is the momentum operator.
Let O be the canonically conjugate position operator, defined by the inner product (¢|p) =
exp(ipq)/~/2m. Then [Q, P] = i (see Appendix A). Choosing Xe = O — Tr[Qpo] gives

1

Xest X = A D
« ")z 4(AP))o

2.11)

In general, X need not be canonically conjugate to the generator G. Indeed, in general
X need not be an operator in the Hilbert space of the system at all. This means that the
Holevo—Helstrom lower bound on the mean-square deviation in the estimate applies not
only to projective measurements on the system. It also applies to generalized measurements
described by effects. This is because, as we have seen in Section 1.3.2, a generalized
measurement on the system is equivalent to a projective measurement of a joint observable
on system and meter, namely the unitarily evolved meter readout observable ﬁA(t + 7).
In fact, it turns out that in many cases the optimal measurement is just such a generalized
measurement. This is one of the most important results to come out of the work by Helstrom
and Holevo.
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In the above we have talked of optimal measurement without defining what we mean by
optimal. Typically we assume that the receiver knows the fiducial state py and the generator
G, but has no information about the parameter X . The aim of the receiver is then to minimize
some cost function associated with the error in X.s. The Helstrom—Holevo lower bound
relates to a particular cost function, the mean-square error ((X est — X )2). An alternative cost
function is —8(X.y — X), which when minimized yields the maximum-Ilikelihood estimate.
However, the singular nature of this function makes working with it difficult. We will
consider other alternatives later in this chapter, and in the next section we treat in detail
optimality defined in terms of Fisher information.

2.2 Optimality using Fisher information

In some contexts, it makes sense to define optimality in terms other than minimizing the
mean-square error <(X est — X )2). In particular, for measurements repeated an asymptotically
large number of times, what matters asymptotically is not the mean-square error, but the
distinguishability. That is, how well two slightly different values of X can be distinguished
on the basis of a set of M measurement results derived from an ensemble of M systems,
each prepared in state px. This notion of distinguishability is quantified by the Fisher
information [KJ93], defined as

o (2.12)

Here £ is the result of a measurement of X on a single copy of the system.

As we will show, not only can this quantity be used instead of the mean-square error,
but also it actually provides a stronger lower bound for it than does the Holevo—Helstrom
bound:

dl X)\?
F(X) = f dé @@m(%) .

X = = ! .

MF(X) ~— M4((AG)?)y
Here M is the number of copies of the system used to obtain the estimate X . The deviation
0 X 18 not Xegr — X, but rather

((3Xes0)?)

(2.13)

Xest
Xey=—"-"—"--X
|d<Xest>X /dX|
This is necessary to compensate for any bias in the estimate, and, for an unbiased estimate,
((6X.es)*)x reduces to the mean-square error. Equation (2.13) will be derived later in
this section, but first we show how the Fisher information arises from consideration of
distinguishability.

(2.14)

2.2.1 Distinguishability and Fisher information

As noted in Box 1.4, Ramsey interferometry is a way to measure the passage of time using
measurements on a large ensemble of two-level atoms. The probability for an atom to be
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found in the ground state by the final measurement is p, = cos’6, where § = 8T /2. Here
4 is an adjustable detuning and T is the time interval to be measured.

Clearly a measurement on a single atom would not tell us very much about the parameter
6. If we could actually measure the probability g, then we could easily determine 6.
However, the best we can do is to measure whether the atom is in the ground state on a large
number M of atoms prepared in the same way. For a finite sample we will then obtain an
estimate f, of g, equal to the observed frequency of the ground-state outcome. Owing to
statistical fluctuations, this estimate will not be exactly the same as the actual probability.

In a sample of size M, the probability of obtaining 7, outcomes in the ground state is
given by the binomial distribution

M
M (my) = (m )5@;(9)"”*’(1 — g (O (2.15)
g
The mean and variance for the fraction f, = mg/M are

(fede = 4(0), (2.16)
(Af)P)o = 90X — 4(0))/M. (2.17)

It is then easy to see that the error in estimating 6 by estimating the probability ,(6) in a
finite sample is

dpy |

dé

_ |92

¥e =10

60 = |
M

—1 B 1/2
[—@g(l @g)} . (2.18)

In order to be able to measure a small shift, AG = 6" — 6, in the parameter from some
fiducial setting, 6, the shift must be larger than this error: A6 > 6.

Since 86 is the minimum distance in parameter space between two distinguishable
distributions, we can characterize the statistical distance between two distributions as the
number of distinguishable distributions that can fit between them, along a line joining
them in parameter space. This idea was first applied to quantum measurement by Wootters
[Woo81]. Because 66 varies inversely with the square root of the the sample size M, we
define the statistical distance between two distributions with close parameters 6 and 6’ as

As = lim ——— (2.19)

Strictly, for any finite difference A6 we should use the integral form

As(6,0) = lim b G’d—e. (2.20)
’ M—)oom 0 50

Exercise 2.2 Show that, for this case of Ramsey interferometry, 66 = 1/2+/M, indepen-
dently of 0, so that As(0,0') =2|0" —6)|.

The result in Eq. (2.20) is a special case of a more general result for a probability
distribution for a measurement with K outcomes. Let gy be the probability for the outcome
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k. It can be shown that the infinitesimal statistical distance ds between two distributions,
x and g + dgog, is best defined by [CT06]

K

d 2
@ =y 7 ") =Y gy, 221)
k=1

k=1

If we assume that the distribution depends on a single parameter X, then we have

ds \’ dln (X))
(é) =Z@k<%()> = F(X), (2.22)

k

where this quantity is known as the Fisher information. The generalization for continuous
readout results was already given in Eq. (2.12).

Clearly the Fisher information has the same dimensions as X 2. From the above argu-
ments we see that the reciprocal square root of M F(X) is a measure of the change AX in
the parameter X that can be detected reliably by M trials. It can be proven that (AX)? is a
lower bound to the mean of the square of the ‘debiased’ error (2.14) in the estimate X, of
X from the set of M measurement results. That is,

((6Xes0)?) (2.23)

XZUFX)
This, the first half of Eq. (2.13), is known as the Cramér—Rao lower bound.
Exercise 2.3 Show that, for the Ramsey-interferometry example, F(0) = 4, independently

of 0. If, for M = 1, one estimates 6 as 0 if the atom is found in the ground state and /2 if
it is found in the excited state, show that

((86es)?), = 67 0’0 + (8 — |csc(20)])” sin’6. (2.24)

Verify numerically that the inequality Eq. (2.23) is always satisifed, and is saturated at
discrete points, 6 ~ 0, 1.1656, 1.8366, .. ..

Estimators that saturate the Cramér—Rao lower bound at all parameter values are known
in the statistical literature as efficient. We will not use that term, because we use it with
a very different meaning for quantum measurements. Instead we will call such estimators
Cramér—Rao optimal (CR optimal).

Exercise 2.4 Show that, if ©(€|X) is a Gaussian of mean X, then Xey = & is a Cramér—
Rao-optimal estimate of X.

2.2.2 Quantum statistical distance

The Cramér—Rao lower bound involves properties of the probability distribution g(&|X)
for a single measurement on a system parameterized by X. Quantum measurement theory
so far has only entered in that the system is taken to be a quantum system, so that g (£]|X)
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is generated by some POM:

P(EIX) = Tr[px E¢]. (2.25)

By contrast, the third expression in Eq. (2.13) involves only the properties of p(X) =
exp(—iéX ),o(O)exp(iGX ). Thus, to prove the second inequality in Eq. (2.13), we must
seek an upper bound on the Fisher information over the set of all possible POMs {Eg: é}.
Recall that the Fisher information is related to the squared statistical distance between two
distributions p(£]|X) and p(£|X 4+ dX):

(ds)> = (dX)’F(X). (2.26)

What we want is a measure of the squared distance between two states px and pyqx that
generate the distributions:
(dsg)* = (dX)* max F(X). (2.27)
{£e:¢}
Here we use the notation dsp to denote the infinitesimal quantum statistical distance
between two states. Clearly (dsQ)2 /(dX )2 will be the sought upper bound on F(X).
We now present a heuristic (rather than rigorous) derivation of an explicit expression for

(dsQ)2 /(dX)?. The classical statistical distance in Eq. (2.21) can be rewritten appealingly
as

K
(ds) =4 (dar)’, (2.28)

k=1

where a; = /$k.
Exercise 2.5 Verify this.

That is, the statistical distance between probability distributions is the Euclidean distance
between the probability amplitude distributions. Now consider two quantum states, |)
and |{) +d|y). In terms of distinguishing these states, any change in the global phase
is irrelevant; the only relevant change is the part |dyr, ) = (1 — |¥) (¥ |)d|y¥) which is
orthogonal to the first state. That is, without loss of generality, we can take the second state
tobe |{) + [dyrL).

From the above it is apparent that, regardless of the dimensionality of the system, there
are only two relevant basis states for the problem, |1) = |¢) and |2) = |d¢; )/||dy1 ). That
is, the system effectively reduces to a two-dimensional system. It is intuitively clear that the
relevant eigenstates for the optimal measurement observable will be linear combinations
of |1) and |2). If we choose to measure in the basis |1) and |2), then the result k = 2 will
imply that the state is definitely |v) + d|v), whereas the result 1 leaves us uncertain as
to the state. In this case, we have (da;)*> = 0, and (day)?> = (dy, |dyr, ). Thus, Eq. (2.27)
evaluates to

(ds)gy = Hdyri |dyr1). (2.29)
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Exercise 2.6 Show that this expression holds for any projective measurement in the two-
dimensional Hilbert space spanned by |1) and |2). (This follows from the result of Exer-
cise 2.2.)

For the case of single-parameter estimation with [{x) = exp(—iGX )o), itis clear that
ldy 1) = =i(G —(G)x)I¥x)dX. (2.30)

Thus we get

(C‘S_Q>2 — 4{(AGY) 2.31)
dx o '

proving the second lower bound in Eq. (2.13) for the pure-state case.
The case of mixed states is considerably more difficult. The explicit form for the quantum
statistical distance turns out to be

(ds)p = Tr[dp L[pldp]. (2.32)

Here L[p] is a superoperator taking p as its argument. If p has the diagonal representation
p=2;pjlj)jl then

LlplA=)

‘ kA,-klekl, (2.33)
jk

where the prime on the sum means that it excludes the terms for which p; + p, =0.If p
has all non-zero eigenvalues, then L[p] can be defined more elegantly as
Llp] = R™'[p]. (2.34)
where the action of the superoperator R[p] on an arbibtrary operator A is defined as
RIplA = (pA + Ap)/2. (2.35)

Itis clear that L[ p] is a superoperator version of the reciprocal of p. With this understanding,
Eq. (2.32) also looks like a quantum version of the classical statistical distance (2.21).

Exercise 2.7 Show that, for the pure-state case, Eq. (2.32) reduces to Eq. (2.29), by using
the basis |1), |2) defined above.

Now consider again the case of a unitary transformation as X varies, so that
dp = —i[G, pldX. (2.36)

To find (ds)zQ from Eq. (2.32), we first need to find the operator A =R [pldp. From
Eq. (2.35), this must satisfy

(pA + Ap) = =2i[G, pldX. (2.37)
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If p = # (a pure state satisfying #2 = #), then A = —2i[G, #]dX = 2d# is a solution of
this equation. That gives

2
(if-}?) = 2Tr[[G. #]*] = 4{(AG)), . (2.38)

as found above. If p is not pure then it can be shown that
(ds—Q>2 < 4(AG)?),. (2.39)

dx / — 0
Putting all of the above results together, we have now three inequalities:
MKy = —— = (d—X>2 S 2.40)
F(X) dsg 4((AG)?)o

The first of these is the classical Cramér—Rao inequality. The second we will call the
Braunstein—Caves inequality. It applies even if the transformation of p(X) as X varies
is non-unitary. That is, even if there is no G that generates the transformation. The final
inequality obviously applies only if there is such a generator. In the case of pure states, it
can be replaced by an equality.

Omitting the second term (the classical Fisher information) gives what we will call
the Helstrom—Holevo inequality. Like the Cramér—Rao inequality, this cannot always be
saturated for a given set{py}y. The advantage of the Braunstein—Caves inequality is that it
can always be saturated, as is clear from the definition of the quantum statistical distance
in Eq. (2.27). If there is a unitary transformation generated by G, omitting both the second
and the third term gives the inequality (2.9) for the special case of unbiased estimates with
M = 1. As is apparent, the inequality (2.9) was derived much more easily than those in
Eq. (2.40), but the advantage of generality and saturability offered by Eq. (2.40) should
also now be apparent.

2.2.3 Achieving Braunstein—Caves optimality
For the case of pure states |{x) = exp(—iGX )|¥o), the inequality
F(X) =4((AG)*) (2.41)

can always be saturated, and the POM {E } ¢ that achieves this for all X we will call
Braunstein—Caves optimal (BC optimal). Clearly this optimality is for a given fiducial state
|Y0). We will follow the reasoning of Ref. [BCM96] in seeking this optimality.

Requiring the bound to be achieved for all X suggests considering distributions g(£|X)
that are functions of £ — X only. Since

PEIX) = (Yole'9X EE)e ¥ o), (2.42)
this implies that

eXCE@E)e X6 = B — X). (2.43)
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Such measurements are called covariant by Holevo [Hol82]. In addition we will posit that
the optimal POM is a multiple of a projection operator:

E(&)dE = pl&)(€|ds (2.44)

for p a real constant. It is important to note that we do not require the states {|£)} to be
orthogonal.

Since the POM is independent of a change of phase for the states |£), we can choose
with no loss of generality

e X0E) = |& + X). (2.45)

This means that

(Ele™¥Cly) = (£ — X|y) = eXP(— )(EIV/) (2.46)

98
In other words the generator G is a displacement operator in the |£) representation:

N

.0
= —i E (2.47)

Moreover, the probability distribution p(&|X) is simply expressed in the £ representation
as

PEIX) = [YxE)F = [YoE — X)I* = poE — X), (2.48)

where V(&) = (§|v)/ /1.
For the POM to be optimal, it must maximize the Fisher information at F = 4((AG)?)o.
For a covariant measurement, the Fisher information takes the form

2

where the prime here denotes differentiation with respect to the argument. Note that the
conditioning on the true value X has been dropped, because for a covariant measurement
F is independent of X. Braunstein and Caves have shown [BC94] that F is maximized if
and only if the wavefunction of the fiducial state is, up to an overall phase, given by

Yo(§) = /o) 9E . (2.50)
To see this we can calculate the mean and variance of G in the |€) representation for the
state /g0(§)e'®®,
(G1o = [ ae wa*(é)(—l —§>wo(s> @s1)
= /dé £0(5)0' (%), (2.52)
]
(AG)*)o = /dé W{f(é)( 1—‘E - (G)0> Yo(§) (2.53)
1 /
—fdé M +/d€ £0(E)[O'(€) — (G)ol*. (2.54)
4 £0(§)
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Exercise 2.8 Verify these results.

Clearly, for the Fisher information to attain its maximum value, the phase ®(£) must be
linear in £ with slope (G)y.

We now address the conditions under which a BC-optimal measurement is also a CR-
optimal measurement. That is, when it also saturates the first inequality in Eq. (2.40). The
mean and variance of the measurement result = are

(E)x = / d& go(€ — X)E = X + (. (2.55)

(ABY)x = / d& o€ — X)(& — (E)x)* = ((AE)?)o. (2.56)

Thus there may be a global bias in the mean of E, but the variance of E is independent of
X. Suppose now we make M measurements and form the unbiased estimator

| M
Xest = m jzl(aj — (B)o). (2.57)
The deviation is 8 X = Xer — X and
((0Xes)?) = ((AE)?)o/M. (2.58)

Thus, to be a CR-optimal measurement for any M, the POM must saturate the Cramér—Rao
bound for M = 1. It can be shown that this requires that gy(§) be a Gaussian. (Recall
Exercise 2.4.) It is very important to remember, however, that, for a given generator G,
physical restrictions on the form of the wavefunctions may make Gaussian states impossible.
Thus there may be no states that achieve the Cramér—Rao lower bound for a BC-optimal
measurement. Moreover, if we choose estimators other than the sample mean, the fiducial
wavefunction that achieves the lower bound need not be Gaussian. In particular, for M —
oo, a maximum-likelihood estimate of X will be CR optimal for any wavefunction of the
form (2.50).
The relation

(AB((AG)) = 1/4 (2.59)

looks like the Heisenberg uncertainty relation of the usual form, since G = —i 9/9¢ in the
& representation. However, nothing in our derivation assumed that the states |£) were the
eigenstates of an Hermitian operator. Indeed, as we shall see, there are many examples
for which the BC-optimal measurement is described by a POM with non-orthogonal ele-
ments. This is an important reason for introducing generalized measurements, as we did
in Chapter 1. One further technical point should be made. In order to find the BC-optimal
measurement, we must carefully consider the states for which the generator G is a displace-
ment operator. If G has a degenerate spectrum then it is not possible to find a BC-optimal
measurement in terms of a POM described by a single real number &. Further details may
be found in [BCM96].
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2.3 Examples of BC-optimal parameter estimation

2.3.1 Spatial displacement

A

The generator of spatial displacements is the momentum, P, so we consider families of
states defined by

Wx) = e X |y). (2.60)
The uncertainty relation Eq. (2.59) then becomes
(BXeP)x (APP) > —— 2.61)
est X sl 4M . .

The BC-optimal POM {EA(é)dé}g is of the form |€)(£], with P = —i d/0&. This is satisfied
for

1 o0 . .
6= —= [ _dplpeireio, 2.62)
A/ 271 J-0
where | p) are the canonical delta-function-normalized eigenstates of P (see Appendix A)
and f(p) is an arbitrary real function.
Exercise 2.9 Show that exp(—if’X)|f;‘) = |& + X) regardless of f(p).

This illustrates an important point: the conjugate basis to momentum is not unique. The
fiducial states |&) can be written as

&) = explif (P)lg := &), (2.63)
where |g) is a canonical position state, defined by Eq. (2.62) with £ = ¢ and f(p) =0.
(See Appendix A.)

In this case the states |£) are eigenstates of an Hermitian operator, namely
E=0+f(P), (2.64)

where Q is the canonical position operator with |g) as its eigenstates.
Exercise 2.10 Show this, using the fact that O = i9/9p in the momentum basis.

The condition for BC optimality is that the position wavefunction of the fiducial state
have the form

(E[Y0) = Yo(&) = r(§)e""s, (2.65)
for r(&) real. In the momentum basis, this becomes
(pl¥o) = e/ PF(p —(P)o), (2.66)

where 7, the Fourier transform of r, is a skew-symmetric function (that is, 7 (k) = 7*(—k)).
Thus, if any f(p) is allowed, the condition on |y) for achieving BC optimality is just
that |(p|yo)|*> be symmetric in p about py = (P),. If we allow only canonical position
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measurements, with f(p) = 0, then Eq. (2.66) implies that

Vk, (p:= po+klyo) = (Yolp := po — k). (2.67)

2.3.2 Spatial displacement of a squeezed state

It is instructive to illustrate these ideas by considering a fiducial state that does not satisfy
Eq. (2.67), but that does have a symmetric momentum distribution and does achieve the
Cramér—Rao lower bound. We use the special class of fiducial states, the squeezed vacuum
state [Sch86], defined by

o) = Ir, ¢) = exp[r(e~*?a* — e*¢at?) /2]10). (2.68)

As discussed in Appendix A, this squeezed state is in fact a zero-amplitude coherent state
for rotated and rescaled canonical coordinates, Q' and P’, defined by

O +iP = Q¢ +iPe ™). (2.69)

If we graphically represent a vacuum state as a circle in phase space with the parametric
equation

Q*+ P? = (0I(Q° + P?)[0) = 1, (2.70)

then the squeezed vacuum state can be represented by an ellipse in phase space with the
parametric equation

Q7 + P = (Yol(Q” + PP)lyo) = 1. @.71)

This ellipse, oriented at angle ¢, is shown in Fig. 2.1. These curves can also be thought of
as contours for the Wigner or Q function — see Section A.S.
The momentum wavefunction for this fiducial state can be shown to be

p2
(plo) exp(—g), (2.72)

where y is a complex parameter

coshr + % sinh r
y =

= - . 2.73
coshr — e2¢ sinh r ( )

The condition for BC optimality is Eq. (2.66). In this case, since (P), = 0, it reduces to
(plyo)e™ P = (=plyr) e, (2.74)
From Eq. (2.72), this will be the case if

_ p’Im(y)
20y |?

That is, the CR-optimal measurement is a measurement of

f(p) (2.75)

E=0—-Im@y HP. (2.76)
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Fig. 2.1 Phase-space representation of optimal measurement of displacement of a squeezed vacuum
state. The solid ellipse represents (see the text) the squeezed vacuum state and the dashed-line ellipse
that of the state displaced by X in the Q direction. The principal axes of the ellipse are labelled Q" and
P’, rotated by ¢ relative to Q and P. The BC-optimal measurement for estimating X is to measure the
observable & = (Q cos® + P sin (9) /cos 0. Its eigenstates are displaced along the dashed line labelled
Q cos 6, oriented at an angle 6 (determined by ¢ and the degree of squeezing). This measurement
can be understood as a compromise between the maximal ‘signal’, which would be obtained by
measuring Q, and the minimal ‘noise’, which would be obtained by measuring Q’. Adapted from
Annals of Physics 247, S. L. Braunstein et al., Generalized uncertainty relations: Theory, examples,
and Lorentz invariance, 135, Copyright (1996), with permission from Elsevier.

In other words, if we use the squeezed coherent state as a fiducial state, then the optimal
measurement is a linear combination of () and P. In this case the & representation of the
fiducial state is a Gaussian state as expected, with the probability density

- £
= (7 Rely 1) P exp( ——— ). 2.77
£0(®) = ( Rely™'1)exp( — g @.77)
This has a mean of zero (indicating that E is an unbiased estimator) and a variance of

) = LRe(v-1y = L
Wl(ABF o) = 3 Re(y™) = g

Since the probability density is Gaussian, we do not need to appeal to the large-M limit to
achieve the Cramér—Rao lower bound. The sample mean of E provides an efficient unbiased
estimator of X for all values of M.

The optimal observable & can be written as

_ Qcosb + Psind
B cos 6

(2.78)

arp

) (2.79)

where 6 = artan[—Im(y ~!)]. This operator can be thought of as a modified position operator
arising from the rotation in the phase plane by an angle 6 followed by a rescaling by 1/cos 6.
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A
~
®

The rescaling means that displacement by X produces the same change in & as it does in
the canonical position operator Q. Note that the optimal rotation angle @ is not the same as
¢, the rotation angle that defines the major and minor axes of the squeezed state. Figure 2.1
and its caption give an intuitive explanation for this optimal measurement.

2.3.3 Harmonic oscillator phase

The question of how to give a quantum description for the phase coordinate of a simple
harmonic oscillator goes back to the beginning of quantum mechanics [Dir27] and has
given rise to a very large number of attempted answers. Many of these answers involve
using an appropriate operator to represent the phase (see Ref. [BP86] for what is probably
the most successful approach). Quantum parameter estimation avoids the need to find an
operator to represent the parameter.

In appropriately scaled units, the energy of a simple harmonic oscillator of angular
frequency w is given by

A=200"+P) =@ +1/2) (2.80)
=2 - . .

Here N is the number operator (see Section A.4). In a time 7 the phase of a local oscillator
changes by ® = wt. Thus the unitary operator for a phase shift ® is

exp(—iH 1) = exp(—iN ©). (2.81)

Here we have removed the constant vacuum energy by redefining H as wN.
To find a BC-optimal measurement we seek a POM of the form

E(p)dp = 11|¢)(¢]ds, (2.82)

such that, following Eq. (2.45), |¢) is a state for which N generates displacement:
exp(—iN©®)|¢) = |¢ + ©). (2.83)

This implies that |¢) is of the form

oo

) =D e /My (2.84)

n=0

The canonical choice is f(rn) = 0. This will be appropriate if the fiducial state is of the
form

Vo) = D /5ne ™" n). (2.85)

This is the case for many commonly produced states, such as the coherent states (see
Section A.4).
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Since E(¢) is periodic with period 27, we have to restrict the range of results, for
example to the interval —7 < ¢ < 7. Normalizing the canonical phase POM then gives

. 1
E(¢p)dg = Zlqﬁ)((ﬁldqﬁ (2.86)
with
° .
By =Y e " n). (2.87)
n=0
These are the Susskind—Glogower phase states [SG64], which are not orthogonal:
010) = 786 — ) — 2 cor L= 4 ] 2.88)
=né(p —¢')— =co ~. .
2 2 2

They are overcomplete and are not the eigenstates of any Hermitian operator.

As mooted earlier, this example illustrates the important feature of quantum parameter
estimation, namely that it does not restrict us to measuring system observables, but rather
allows general POMs. The phase states are in fact eigenstates of a non-unitary operator

[o.¢]
=N+ 1) Pa=aN" =Y |n—1)nl, (2.89)

n=1

such that
¢®|p) = |¢). (2.90)

The ¢ and n representations of the state |y) are related by

1 [r .
(nlr) = 2—/ dpe ™" (ply). (291)
T Jn
The condition on the fiducial state for the measurement to be BC optimal is
(n = (N) +ulpo) = (n := (N) — ulpo)". (2.92)

This can be satisfied only for a limited class of states because n is discrete and bounded
below by zero. Specifically, choosing 6y = 0, it is satisfied by states of the form

2u
Wo) = Y V/uln): 90 = 92, (2.93)
n=0

where w (integer or half-integer) is the mean photon number. States for which this is
satisfied achieve BC optimality:

F(©) = 4((N — p)*). (2.94)

However, because ¢, has finite support (that is, it is zero outside a finite range of ns),
©0(d) = |(¢|0)|> cannot be a Gaussian. Thus, even assuming that ® is restricted to
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Fig. 2.2 A heuristic phase-space representation of a coherent state (dashed) with amplitude @ = 6 and
a phase-squeezed state (solid) with amplitude o = 6 and squeezing parameters » = 2 and ¢ = 7 /2.
The contours are defined by parametric equations like Eq. (2.70) and Eq. (2.71).

[—m, ), the CR lower bound cannot be achieved and we have a strict inequality
(0O N[(ANY?) > 1/(4M), (2.95)

where M is the number of ¢ measurements contributing to the estimate ®., as usual.

It is difficult to produce states with an exact upper bound on their photon number.
However, there are many states that can satisfy the BC-optimality condition approximately.
For example a state with large mean N, so that the lower bound at n = 0 is not important,
and a broad spread in the number distribution that is approximately symmetric about the
mean will do. The easiest to produce is a coherent state |«) (see Section A.4). These have
a Poissonian number distribution, for which the mean and variance are both equal to |c|>.
Thus for coherent states (see Fig. 2.2) we have

1 1

2 —— —
((6®est) > > MF(©) > 4Mll«’

(2.96)

where the inequalities can be approximately satisfied for large 1. The ™! scaling is known

as the standard quantum limit. Here ‘standard’ arises simply because coherent states are
the easiest suitable states to produce.

One could beat the standard quantum limit with another fiducial state, such as a phase-
squeezed state of a simple harmonic oscillator. We have already met a class of squeezed
state, defined in Eq. (2.68). The phase-squeezed state is this state displaced in phase space
in the direction orthogonal to the direction of squeezing (see Fig. 2.2).

The ultimate quantum limit arises from choosing a BC-optimal state with the largest
number variance for a fixed mean number p. Clearly this is a state of the form

V21%0) = 10) + 1214), (2.97)

which has a variance of u?. Thus, for a fixed mean photon number, the ultimate limit
is

F(O) = 4u°. (2.98)



68 Quantum parameter estimation

The probability distribution for the measurement result ¢ is

1
£(9|0) = p cos’[14(¢ + ©)]. (2.99)
Although this satisfies Eq. (2.98), for u > 1 it is clear that ¢ is useless for finding an
estimate for ® € [—m, ), because Eq. (2.99) has a periodicity of 7 /u. The explanation
is that the Fisher information quantifies how well small changes in ® can be detected, not
how well an unknown ® can be estimated.

Exercise2.11 Show Eq. (2.99), and verify Eq. (2.98) by calculating the Fisher information
directly from Eq. (2.99).

2.4 Interferometry — other optimality conditions

As the immediately preceding discussion shows, although BC optimality captures the
optimal states and measurements for detecting small shifts in parameters from multiple
measurements, it does not necessarily guarantee states or measurements that are good for
estimating a completely unknown parameter from one measurement. For this we need
some other conditions for optimality. As discussed in Section 2.1.2, Helstrom and Holevo
consider optimality in terms of minimizing a cost function. It turns out that, for many
problems, any reasonable cost function is minimized for a measurement constructed in
the manner described above. That is, for a generator G, the effects are proportional to
rank-1 projectors (Eq. (2.44)), such that G generates displacements in the effect basis
(Eq. (2.45)). However, the states that minimize the cost may be very different from the
states that maximize the Fisher information. (To obtain a finite optimal state in both cases it
may be necessary to apply some constraint, such as a fixed mean energy, as we considered
above.) In this section we investigate this difference in the context of phase-difference
estimation.

2.4.1 The standard quantum limit for interferometry

We have already met interferometry via the Ramsey technique in Section 2.2.1. Interferom-
etry is the basis of many high-precision measurements of time, distance and other physical
quantities. The ultimate limit to the precision is, of course, set by quantum mechanics. It
is easiest to investigate this limit using a device known as a Mach—Zehnder interferometer
(MZI) (see Fig. 2.3). This is built from two optical beam-splitters and two mirrors. The
input of the device consists of two modes of a bosonic field, such as the electromagnetic
field. The beam-splitter mixes them coherently and turns them into a new pair of modes
that form the two arms of the interferometer. In one arm there is an element that introduces
a phase difference ©, which is to be estimated. The second beam-splitter coherently mixes
the modes of the two arms and gives the two output modes. The outputs of this device are
then measured to yield an estimate © of the phase difference © between the two arms of
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Fig. 2.3 The Mach—Zehnder interferometer. The unknown phase to be estimated is ®. Both beam-
splitters (BS) are 50:50. The final measurement is described by a POM E(£) whose outcome &
is used to obtain a phase estimate ©. (The value shown for this was chosen arbitrarily.) Figure 1
adapted with permission from D. W. Berry et al., Phys. Rev. A 63, 053804, (2001). Copyrighted by
the American Physical Society.

the interferometer. We use © rather than ©.y because in this case the estimate ® is made
from a single measurement.

The quantum description of the MZI requires a two-mode Hilbert space, with anni-
hilation operators @ and b obeying [a, atl = [5, ET] = 1, with all other commutators in
a, at, b and b being zero. For convenience we will use nomenclature appropriate for
the electromagnetic field and call the eigenstates of afa and b photon number states,
since they have integer eigenvalues (see Section A.4). It is useful to define the following

operators:

fo = a'h+abh)2, (2.100)
J, = @'h — ab"y/(2i), (2.101)
J. = @'a—b'b))2, (2.102)
I's 72 2 22 VR
P=R++72=jG+0, (2.103)
where
j=@'a+5b)2 (2.104)

has integer and half-integer eigenvalues. This is known as the Schwinger representation
of angular momentum, because the operators obey the usual angular-momentum operator
algebra. A set of operators is said to form an operator algebra if all the commutators are



70 Quantum parameter estimation

members of that set, as in this case:
[, Sy =il (2.105)

with cyclic permutations of x, y, z.
Exercise 2.12 Show this from the commutation relations for the mode operators.

For simplicity we consider states that are eigenstates of j. That is, states with an exact
total number of photons aa + 5h = 2j. The MZI elements preserve photon number, so
we can always work using the angular-momentum algebra appropriate to a particle of spin
Jj. A balanced (50/50) beam-splitter can be described by the unitary operator

B = exp(zin J,/2), (2.106)

where the & represents two choices for a phase convention. For convenience we will take
the first beam-splitter to be described by B, and the second by B_. Thus, in the absence of
a phase shift in one of the arms, the nett effect of the MZI is nothing: B_B, = 1 and the
beams a and b come out in the same state as that in which they entered. The choice of B, is a
convention, rather than a physically determinable fact, because in optics the distances in the
interferometer are not usually measured to wavelength scale except by using interferometry.
Thus an experimenter would set up an interferometer with the unknown phase ® set to
zero, and then adjust the arms until the desired output (no change) is achieved.

The effect of the unknown phase shift in the lower arm of the interferometer is described
by the unitary operator U(®) = exp(i®afa). The operator a (rather than b) appears here
because the input beam a is identified with the transmitted (i.e. straight through) beam.
Because J is a constant with value j, we can add exp(—i®}) to this unitary operator with
no physical effect, and rewrite it as U(©) = exp(i®.J.). If we also include a known phase
shift ® in the other arm of the MZI, as shown in Fig. 2.3 (this will be motivated later), then
we have between the beam-splitters

U(® — @) = exp[i(® — ®)J.]. (2.107)
The total unitary operator for the MZI is thus
[(©— @)= B_U(O — ®)B, = exp[—i(® — ®)J,]. (2.108)

Exercise 2.13 Show this. First show the following theorem for arbitrary operators R and
S:

. . . . 2
eRSe Rk = § + £[R, §1+ %[R, [R,S1+---. (2.109)
Then use the commutation relations for the Js to show that B_J.B, = —fy. Use this to

show that B_ f(J,)B, = f(—fy)for an arbitrary function f.
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The MZI unitary operator [(® — ®) transforms the photon-number difference operator
from the input 2J. to the output

(2J)out = cos(® — ®)2J, + sin(® — ®)2J,. (2.110)

Here the subscript ‘out’ refers to an output operator (that is, a Heisenberg-picture operator
for a time after the pulse has traversed the MZI). An output operator is related to the
corresponding input operator (that is, the Heisenberg-picture operator for a time before the
pulse has met the MZI) by

Oout = [(®© — ®)01(© — )T, (2.111)
Exercise 2.14 Show Eq. (2.110) using similar techniques to those in Exercise 2.13 above.

We can use this expression to derive the standard quantum limit (SQL) to interferometry.
As defined in Section 2.3.3 above, the SQL is smply the limit that can be obtained using an
easily prepared state and a simple measurement scheme. The easily prepared state is a state
with all photons in one input, say the a mode.! That is, the input state is a J, eigenstate with
eigenvalue j. If © is approximately known already, we can choose ® ~ ® + 7 /2. Then
the SQL is achieved simply by measuring the output photon-number difference operator

(2J)ou = SIN(O 4 7/2 — ®)2J, — cos(® + /2 — ®)2J, (2.112)
~ (O +71/2— ®)2J. —2J, (2.113)
= (O +m/2—®)2j —2J,. (2.114)

This operator can be measured simply by counting the numbers of photons in the two output
modes and subtracting one number from the other. We can use this to obtain an estimate
via

O = 2J)ou/(2)) — (/2 — D), (2.115)

where (2., )ou is the result of the measurement. It is easy to verify that for a J, eigenstate
(Jx) = 0, so that the mean of the estimate is approximately ®, as desired. From Eq. (2.114)
the variance is

(&2 —(6)) ~(s2) 1/ 2.116)

For the state J; = j, we have(J?Z) = j2, while by symmetry(J2) =(J?). Since the sum of
these three squared operators is j(j + 1), it follows that(J?) = j/2. Thus we get

(é)2 —((l))2> ~ 1/2)). 2.117)

! Actually it is not easy experimentally to prepare a state with a definite number of photons in one mode. However, it is easy to
prepare a state with an indefinite number of photons in one mode, and then to measure the photon number in each output beam
(as discussed below). Since the total number of photons is preserved by the MZI, the experimental results are exactly the same
as if a photon-number state, containing the measured number of photons, had been prepared.



72 Quantum parameter estimation

That is, provided that the unknown phase is approximately known already, the SQL for the
variance in the estimate is equal to the reciprocal of the photon number.

In fact, this SQL can be obtained without the restriction that ® ~ ® + 7/2, provided
that one uses a more sophisticated technique for estimating the phase from the data. This
can be understood from the fact that, with all 2 j photons entering one port, the action of the
MZI is equivalent to that of the Ramsey interferometer (Section 2.2.1) repeated 2 times.

Exercise 2.15 Convince yourself of this fact. Note that the parameter 0 in the Ramsey-
interferometry example is analogous to © /2 in the MZI example.

As shown in Exercise 2.2, the Fisher information implies that the minimum detectable
phase shift is independent of the true phase. Indeed, with M = 2j repetitions we get
2802 =12 J), which is exactly the same as the SQL found above for the MZI.

Note, however, that using the Fisher information to define the SQL has problems, as
discussed previously. In the current situation, it is apparent from Eq. (2.112) that the same
measurement statistics will result if ® + /2 — @ is replaced by ® + 7/2 — ©.

Exercise 2.16 Convince yourself of this. Remember that J, is pure noise.

That is, the results make it impossible to distinguish ® from 2& — ®. Thus, it is still
necessary to have prior knowledge, restricting ® to half of its range, say [0, ).

More importantly, if one tries to go beyond the SQL by using states entangled across both
input ports (as will be considered in Section 2.4.3) then the equivalence between the MZI
and Ramsey interferometry breaks down. In such cases, the simple measurement scheme
of counting photons in the output ports will notr enable an estimate of ® with accuracy
independent of ®. Rather, one finds that one does need to be able to set ® ~ ® + 7/2 in
order to obtain a good estimate of ®. To get around the restriction (of having to know ©
before one tries to estimate it), it is necessary to consider measurement schemes that go
beyond simply counting photons in the output ports. It is to this topic that we now turn.

2.4.2 Canonical phase-difference measurements

The optimal measurement scheme is of course the BC-optimal measurement, as defined
in Section 2.2.3. It follows from Eq. (2.108) that we seek a continuum of states for
which fy generates displacements. First we introduce the fy eigenstates | j, u)”, satisfying
fv|j, w)y = wulj, u)?, with —j < u < j. Then we define unnormalized phase states

J
&) =D e i), (2.118)

n==j

with £ an angle variable. We could have included an additional exponential term e'/ " for
an arbitrary function f, analogously to Eq. (2.62). By choosing f = 0 we are defining
canonical phase states.
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The canonical POM using these phase states is

E)dg = |j§)(j€ldg/2m). (2.119)

In terms of the fy eigenstates,

R 1 &
E@de = — 3, e ) 1), vldg. (2.120)

Hov=—j

A canonical phase-difference measurement is appropriate for a fiducial state [v) that
satisfies

Y mlo) = V(). 2] — plvo)™ (2.121)

We also want E to be an unbiased estimate of ®. For cyclic variables, the appropriate sense
of unbiasedness is that

arg(e'®) = arg / (ol [(©) E@)1(©)|yo)e* d& = ©. (2.122)
Exercise 2.17 Show that this will be the case, if we make the coefficients > {j, p|¥o) real

and positive.

Since we are going to optimize over the input states, we can impose these restrictions
without loss of generality. Similarly, there is no need to consider the auxiliary phase shift
D,

The fiducial state in the |j, w)” basis is not easily physically interpretable. We would
prefer to have it in the | j, w)® basis, which is equivalent to the photon-number basis for the
two input modes:

lj, ) = lna :=j + p)lnp == j — ). (2.123)
It can be shown [SM95] that the two angular-momentum bases are related by
Hjuljv)t =PI ()2), (2.124)
where [ ,{U(n /2) are the interferometer matrix elements in the | j, ;)* basis given by

G=m' G+
e e B

fory—v>—-1, u+v>-—1, (2.125)

I, (m/2) =27" [

where Pn(“‘ﬂ )(x) are the Jacobi polynomials, and the other matrix elements are obtained
using the symmetry relations

I},(©) = (=D""I,(©) =17, ,(O). (2.126)

—v,—u
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2.4.3 Optimal states for interferometry

We expect that, with a canonical measurement and optimized input states, the interferometer
should perform quadratically better than the standard quantum limit of (A®)% ~ 1/(2J).
This expectation is based on an analogy with measurement of the phase of a single mode,
treated in Section 2.3.3. There the SQL was achieved with a canonical measurement
and coherent states, which gave a Fisher information equal to 4u, where © was half the
maximum photon number. By contrast, the ultimate quantum limit was a Fisher information
scaling as 4u”.

In order to prove rigorously that there is a quadratic improvement, we need to use a better
measure for spread than the variance, because this is strictly infinite for cyclic variables,
and depends upon 6 if the range is restricted to [0y, 8y 4+ 2). We could use the Fisher
information, but, as discussed above, this is not necessarily appropriate if ® is completely
unknown in a range of 2. Instead we choose the natural measure of spread for a cyclic
variable [Hol84], which we will call the Holevo variance:

HV=S572-1, (2.127)

where S € [0, 1] we call the sharpness of the phase distribution, defined as

2 B
S =|e)] = /0 dgp ()@=, (2.128)

where the ‘mean phase’ ¢ is here defined by the requirement that S is real and non-negative.
If the Holevo variance is small then it can be shown that

HV ~ f ! 4sin2(¥)p(¢)d¢. (2.129)

Exercise 2.18 Verify this.

From this it is apparent that, provided that there is no significant contribution to the variance
from g(¢) far from ¢, this definition of the variance is equivalent to the usual definition.
Note that (unlike the usual variance) the Holevo phase variance approaches infinity in the
limit of a phase distribution that is flat on [0y, Gy + 27).

We now assume as above that the ¢, = (|, u)” are positive. Then, from Eq. (2.120),
the sharpness of the distribution (&) for the fiducial state ) is

j—1
S= Y cucus- (2.130)

u==j

We wish to maximize this subject to the constraint ) e |> = 1. From linear algebra the
solution can be shown to be [BWBO01]

Shax = cos( > (2.131)

2j +2
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Fig. 2.4 The coefficients (j, i|¥qp) for the state optimized for minimum phase variance under ideal
measurements. All coefficients for a photon number of 2j = 40 are shown as the continuous line, and
those near u = 0 for a photon number of 2j = 1200 as crosses. Figure 2 adapted with permission
from D. W. Berry et al., Phys. Rev. A 63, 053804, (2001). Copyrighted by the American Physical
Society.

for
I [(u+j+ l)n}
c, = sin . 2.132
= e .
The minimum Holevo variance is thus
2
= tanz( ) = S 0G), (2.133)
2j+2 (2))?

This is known as the Heisenberg limit and is indeed quadratically improved over the
SQL. Note that the coefficients (2.132) are symmetric about the mean, so these states are
also BC optimal. However, they are very different from the states that maximize the Fisher
information, which, following the argument in Section 2.3.3, would have only two non-zero
coefficients, c4; = 1//2.

Using Eq. (2.124), the state in terms of the eigenstates of J, is

1 I w+j+DnT inpn .
Wopt) = ——=—= > sm[.— ST /)l jv),. (2.134)
Q/J—i—llw:_j 2j+2

An example of this state for 40 photons is plotted in Fig. 2.4. This state contains contributions
from all the J. eigenstates, but the only significant contributions are from 9 or 10 states
near ; = 0. The distribution near the centre is fairly independent of photon number. To
demonstrate this, the distribution near the centre for 1200 photons is also shown in Fig. 2.4.
In Ref. [YMKS6] a practical scheme for generating a combination of two states near u = 0
was proposed. Since the optimum states described here have significant contributions
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Fig. 2.5 Variances in the phase estimate versus input photon number N = 2j. The lines are exact
results for canonical measurements on optimized states |) (continuous line) and on states with all
photons incident on one input port |jj), (dashed line). The crosses are the numerical results for the
adaptive phase-measurement scheme on |1/, ). The circles are numerical results for a non-adaptive
phase-measurement scheme on |v,y). Figure 3 adapted with permission from D. W. Berry ef al.,
Phys. Rev. A 63, 053804, (2001). Copyrighted by the American Physical Society.

from a small number of states near ;v = 0, it should be possible to produce a reasonable
approximation of these states using a similar method to that in Ref. [YMKS86].

The Holevo phase variance (2.133) for the optimal state is plotted in Fig. 2.5. The exact
Holevo phase variance of the state for which all the photons are incident on one port, |j ),
is also shown for comparison. This is the state used in Section 2.4.1 to obtain the SQL
((:)2 — (é)z) ~ 1/(2j) under a simple measurement scheme for an approximately known
phase shift. As Fig. 2.5 shows, exactly the same result is achieved here asymptotically for the
Holevo variance (that is, HV ~ 1/(2)). The difference is that the canonical measurement,
as used here, does not require ® to be approximately known before the measurement begins.
Other results are also shown in this figure, which are to be discussed later.

2.5 Interferometry —adaptive parameter estimation
2.5.1 Constrained measurements

The theory of parameter estimation we have presented above is guaranteed to find the BC-
optimal measurement scheme (at least for the simple case of a single parameter with gener-
ator G having a non-degenerate spectrum). In practice, this may be of limited use, because
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Fig. 2.6 The adaptive Mach—Zehnder interferometer, allowing for feedback to control the phase
®. Figure 1 adapted with permission from D. W. Berry et al., Phys. Rev. A, 63, 053804, (2001).
Copyrighted by the American Physical Society.

it might not be possible to perform the optimal measurement with available experimental
techniques. For this reason, it is often necessary to consider measurements constrained by
some practical consideration. It is easiest to understand this idea in a specific context, so in
this section we again consider the case of interferometric phase measurements.

As we explained in Section 2.4.1, the standard way to do quantum-limited interferometry
is simply to count the total number of photons exiting at each output port. For a 2 j-photon
input state, the total number of output photons is fixed also, so all of the information from
the measurement is contained in the operator

(jz)out = (&gulaoul - Biutéoul)/l (2135)
In Fig. 2.6 we use the new notation
é0 = &outv 61 = I;out- (2136)

These output annihilation operators are given by

L (0—d 0—d
4,(0. ®) :bsin(#) +&cos(#). (2.137)
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Exercise 2.19 Show this, again using the technique of Exercise 2.13.

As noted above, for an arbitrary input state, measuring (J.)oy gives a good estimate of ©
only if & >~ ® + 7/2. This of course requires prior knowledge of ®, which is not always
true. However, it is possible to perform a measurement, still constrained to be realized
by photon counting, whose accuracy is close to that of the canonical measurement and
independent of ®. In this respect it is like the canonical measurement, but its accuracy
will typically be worse than that of the canonical measurement. In order to realize the
measurement we are referring to, it is necessary to make the auxiliary phase @ time-
varying. That is, it will be adjusted over the course of a single measurement. For example,
it could be changed after each detection. This requires breaking down the measurement
into individual detections, rather than counting only the total number of detections at one
detector minus the total at the other. The measurement operators which describe individual
detections are in fact just proportional to the output annihilation operators defined above,
as we will now show.

Let us denote the result u from the mth detection as u,, (which is 0 or 1 according to
whether the photon is detected in mode ¢y or ¢, respectively) and the measurement record
up to and including the mth detection as the binary string r,, = u,, ...u,u;. The state of
the two-mode field after m detections will be a function of the measurement record and
we denote it as | (r,,)). Denoting the null string by ry, the state before any detections is
|Y) = | (ro)). Since we are considering demolition detection, the state after the (m — 1)th
detection will be a two-mode state containing exactly 2j + 1 — m photons.

Define measurement operators corresponding to the two outcomes resulting from the
mth photodetection:

(. E— (2.138)

From Eq. (2.137), the effects

B = CnCum (2.139)
! 2j+1—m
satisfy
ata 4 bib
~(m ~(m ata+>b'b
E™ 4+ B = Al m (2.140)

On the two-mode subspace of states having exactly 2j 4+ 1 — m photons, this is an identity
operator. Thus, these effects do satisfy the completeness condition (1.78) for all states on
which they act. Moreover, it is clear that the action of either measurement operator is to
reduce the number of photons in the state by one (see Section A.4), as stated above.

The probability for a complete measurement record ry; is

Pr[Ry; = usjuzjy ... uzuy] = (Y|(MM)T. ..(ng))ng) LMPly). (2141
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Now, if @ is fixed, the M;’”) are independent of m (apart from a constant). Moreover, M r
and M{)”' commute, because dq, and Eout commute for ® fixed. Thus we obtain

1 n NNy 1Ny AN
PriRy = wzjuzji .. tpbi] = (W1@Nou g bondioul ), (2.142)
where
2j
Na=2j—np =Y . (2.143)

m=1

Exercise 2.20 Show this.

That is to say, the probability for the record does not depend at all upon the order of the
results, only upon the total number of detections n, in mode a,y. Thus, for ® fixed we
recover the result that photon counting measures (JAZ out> With result (n, — ny)/2.

If @ is not fixed, but is made to change during the course of the measurement, then more
general measurements can be made. The only relevant values of ® will be those pertaining
to the times at which detections occur, which we will denote ®,,. Obviously, if ®,, depends
upon m, the results u,, = 0, 1 have different significance for different m. Thus the order of
the bits in r,; will be important. In general the measurement operators will not commute,
and it will not be possible to collapse the probability as in Eq. (2.142).

In the next subsection we will consider the case of adaptive measurements, for which
®,, depends upon previous results r,,,_;. However, before considering that, we note that an
adjustable second phase ® is of use even without feedback [HMP196]. By setting

@, = By + = (2.144)

2j

where @ is chosen randomly, we vary the total phase shift ® — & by a half-cycle over the
course of the measurement. (A full cycle is not necessary because an additional phase shift
of = merely swaps the operators M, and M.) This means that an estimate © of © can be
made with an accuracy independent of ®. However, as we will show, this phase estimate
always has a variance scaling as O(j~"), which is much worse than the optimal limit of
o(j ~2) from a canonical measurement.

2.5.2 Adaptive measurements

Before turning to adaptive interferometric measurements, it is worth making a few remarks
about what constitutes an adaptive measurement in general.

In Section 1.4.2 we introduced the idea of a complete measurement as one for which
the conditioned state of the system p| after the measurement depended only on the result
r, not upon the initial state. Clearly no further measurements on this system will yield
any more information about its initial state. The complementary class of measurements,
incomplete measurements, consists of ones for which further measurement of p may yield
more information about the initial state.
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If an incomplete measurement is followed by another measurement, then the results of
the two measurements can be taken together, so as to constitute a greater measurement. Say
the set of operations for the first measurement is{O,: p} and that for the second is {O: ¢ }.
Then the operation for the greater measurement is simply the second operation acting after
the first:

Orp = 0,(0,p), (2.145)

where r = (¢q, p). Depending upon what sort of information one wishes to obtain, it may
be advantageous to choose a different second measurement depending on the result of the
first measurement. That is, the measurement{(’);: q} will depend upon p. This is the idea
of an adaptive measurement.

By making a measurement adaptive, the greater measurement may more closely approach
the ideal measurement one would like to make. As long as the greater measurement remains
incomplete, one may continue to add to it by making more adaptive measurements. Obvi-
ously it only makes sense to consider adaptive measurements in the context of measurements
that are constrained in some way. For unconstrained measurements, one would simply make
the ideal measurement one wishes to make.

It is worth emphasizing again that when we say adaptive measurements we mean mea-
surements on a single system. Another concept of adaptive measurement is to make a
(perhaps complete) measurement on the system, and use the result to determine what sort
of measurement to make on a second identical copy of the system, and so on. This could
be incorporated into our definition of adaptive measurements by considering the system to
consist of the original system plus the set of all copies.

The earliest example of using adaptive measurements to make a better constrained
measurement is due to Dolinar [Dol73] (see also Ref. [Hel76], p. 163). The Dolinar receiver
was proposed in the context of trying to discriminate between two non-orthogonal (coherent)
states by photodetection, and has recently been realized experimentally [CMGO7]. Adaptive
measurements have also been found to be useful in estimating the phase (relative to a phase
reference called a local oscillator) of a single-mode field, with the measurement again
constrained to be realized by photodetection [Wis95]. An experimental demonstration of
this will be discussed in the following section. Meanwhile we will illustrate adaptive
detection by a similar application: estimating the phase difference in an interferometer as
introduced in Ref. [BWO0O0] and studied in more detail in Ref. [BWBO01].

Unconstrained interferometric measurements were considered in Section 2.4.2, and con-
strained interferometric measurements in Section 2.5.1. Here we consider again constrained
measurements, where all one can do is detect photons in the output ports, but we allow the
measurement to be adaptive, by making the auxiliary phase ® depend upon the counts so
far. Using the notation of Section 2.5.1, the phase ®,,, before the detection of the mth pho-
ton, depends upon the record 7,,—; = u,,—; - - - u; of detections (where u; = 0 or 1 denotes
a detection in detector O or 1, respectively). The question is, how should ®,, depend upon

rm—l?
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We will assume that the two-mode 2 j-photon input state |i) is known by the experi-
menter — only the phase ® is unknown. The state after m detections will be a function of
the measurement record 7,, and ®, and we denote it as |1/ (r,,, ©)). It is determined by the
initial condition | (rp, ®)) = |¢) and the recurrence relation

¥ (mrm—1. ©)) = MI™(O, @) [V (11, ©)). (2.146)

These states are unnormalized, and the norm of the state matrix represents the probability
for the record r,,, given ®:

Pn|©) = (T, O (1, ©)). (2.147)

Thus the probability of obtaining the result u,, at the mth measurement, given the previous
results 7,1, 1S

(W WnTm—r1, O WUnTm_1, O)) .

EUn|O, 1) = = = (2.148)
1 W, O (1, ©)
Also, the posterior probability distribution for ® is
9OIrm) = Nua(r) (T (1, O (1, ©)), (2.149)

where N(r,,) is anormalization factor. To obtain this we have used Bayes’ theorem assuming
a flat prior distribution for ® (that is, an initially unknown phase). A Bayesian approach to
interferometry was realized experimentally in Ref. [HMP196], but only with non-adaptive
measurements.

With this background, we can now specify the adaptive algorithm for ®,,. The sharpness
of the distribution after the mth detection is given by

2
S(umrm—1)=/ 9O unrn_1)e’ do|. (2.150)
0

A reasonable (not necessarily optimal) choice for the feedback phase before the mth
detection, ®,,, is the one that will maximize the sharpness after the mth detection. Since we
do not know u,, beforehand, we weight the sharpnesses for the two alternative results by
their probabilities of occurring on the basis of the previous measurement record. Therefore
the expression we wish to maximize is

M(®@plry) =Y ©n|rm-1)SWUnTn-1)- (2.151)
um=0,1

Using Eqs. (2.148), (2.149) and (2.150), and ignoring the constant N,,(#,,), the maximand
can be rewritten as

2

27
/ (G UmTm—1, O U1, 0))e” dO|. (2.152)
uy=0,1170

The controlled phase ®,, appears implicitly in Eq. (2.152) through the recurrence rela-
tion (2.146), since the measurement operator M,S’ff) in Eq. (2.138) is defined in terms
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of ¢,,(0®, ®,) in Eq. (2.137). The maximizing solution ®,, can be found analytically
[BWBO1], but we will not exhibit it here.

The final part of the adaptive scheme is choosing the phase estimate © of © from the
complete data set r;;. For cyclic variables, the analogue to minimizing the mean-square
error is to maximize

(cos(® — ©)). (2.153)

To achieve this, © is chosen to be the appropriate mean of the posterior distribution g (6 |r» i)
which from Eq. (2.149) is

2
0= arg/ (Y (raj, )T (ra;, ©))e db. (2.154)
0

This completes the formal description of the algorithm. Its effectiveness can be deter-
mined numerically, by generating the measurement results randomly with probabilities
determined using ® = 0, and the final estimate © determined as above. From Eq. (2.127),
an ensemble {® u},ﬂflzl of M final estimates allows the Holevo phase variance to be approx-
imated by

-2
M

HY >~ —1+4|M~" ) e (2.155)

pn=1

It is also possible to determine the phase variance exactly by systematically going through
all the possible measurement records and averaging over ®; (the auxiliary phase before the
first detection). However, this method is feasible only for photon numbers up to about 30.

The results of using this adaptive phase-measurement scheme on the optimal input states
determined above are shown in Fig. 2.5. The phase variance is very close to the phase
variance for ideal measurements, with scaling very close to j~2. The phase variances do
differ relatively more from the ideal values for larger photon numbers, however, indicating
a scaling slightly worse than j~2. For comparison, we also show the variance from the
non-adaptive phase measurement defined by Eq. (2.144). As is apparent, this has a variance
scaling as j~'. Evidently, an adaptive measurement has an enormous advantage over a
non-adaptive measurement, at least for the optimal input state.

We can sum up the results of this section as follows. Constrained non-adaptive mea-
surements are often far inferior to constrained adaptive measurements, which are often
almost as good as unconstrained measurements. That is, a measurement constrained by
some requirement of experimental feasibility typically reaches only the standard quantum
limit of parameter estimation. This may be much worse than the Heisenberg limit, which
can be achieved by the optimal unconstrained measurement. However, if the experiment
is made just a little more complex, by allowing adaptive measurements, then most of the
difference can be made up. Note, however, that achieving the Heisenberg limit, whether by
adaptive or unconstrained measurements, typically requires preparation of an optimal (i.e.
non-standard) input state.



2.6 Experimental results for adaptive phase estimation 83

2.6 Experimental resultsfor adaptive phase estimation

The above adaptive interferometric phase-estimation scheme has recently been achieved
experimentally [HBBT07] for the case of |jj), input, although there is a twist in the tale
(see the final paragraph of Section 7.10). However, it was preceded some years earlier by the
closely related single-mode adaptive phase estimation referred to above, in work done by the
group of Mabuchi [AAS'02]. In the single-mode case, an unknown phase shift is imprinted
upon a single mode, and this mode is made to interfere with an optical local oscillator (that
is, an effectively classical mode) before detection. We call this form of measurement dyne
detection, for reasons that will become obvious. It allows one to estimate the phase of
the system relative to that of the local oscillator. The level of mathematics required to
analyse this single-mode case is considerably higher than that for the interferometric case
(although it yields asymptotic analytical solutions more easily). We will therefore not
present the theory, which is contained in Refs. [WK97, WK98]. However, we will present
a particularly simple case [Wis95] in Section 7.9.

In a single-shot adaptive phase measurement, the aim is to make a good estimate of the
phase of a single pulse of light relative to the optical local oscillator. In the experiment
of Armen ef al. [AAST02], each pulse was prepared (approximately) in a coherent state
of mean photon number 7, with a randomly assigned phase. The best possible phase
measurement would be a canonical phase measurement, as described in Section 2.3.3.
From Eq. (2.96) with M = 1 (for a single-shot measurement), the canonical phase variance
is, for 71 large, close to the Helstrom—Holevo lower bound:

((6Ocan)?) = 1/(4). (2.156)

As in the interferometric case, if the phase to be estimated was known approximately
before the measurement, then a simple scheme would allow the phase to be estimated with
an uncertainty close to the canonical limit. This is the technique of homodyne detection,
so called because the local oscillator frequency is the same as that of the signal. But,
in a communication context, the phase would be completely unknown. Since canonical
measurements are not feasible, the usual alternative is heterodyne detection. This involves
a local oscillator, which is detuned (i.e. at slightly different frequency from the system) so
that it cycles over all possible relative phases with the system. That is, it is analogous to
the non-adaptive interferometric phase measurement introduced in Section 2.5.1. Again,
as in the interferometric case, this technique introduces noise scaling as 1/71. Specifically,
the heterodyne limit to phase measurements on a coherent state is twice the canonical limit
[WKI7]:

((5One0)?) =~ 1/(270). (2.157)

The aim of the experiments by Armen et al. was to realize an adaptive measurement
that can beat the standard limit of heterodyne detection. As in the interferometric case, this
involves real-time feedback to control an auxiliary phase ®, here that of the local oscillator.
Since each optical pulse has some temporal extent, the measurement signal generated by
the leading edge of a given pulse can be used to form a preliminary estimate of its phase.
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Fig. 2.7 Apparatus used to perform both adaptive homodyne and heterodyne measurements (see the
text) in the experiment of Armen et al. Solid lines denote optical paths, and dashed lines denote
electrical paths. ‘PZT’ indicates a piezoelectric transducer. Figure 2(a) adapted with permission from
M. A. Armen et al., Phys. Rev. Lett., 89, 133602, (2002). Copyrighted by the American Physical
Society.

This can then be used to adjust the local oscillator phase in a sensible way before the
next part of the pulse is detected, and so on. Detailed theoretical analyses of such adaptive
‘dyne’ schemes [WK97, WK98] show that they are very close to canonical measurements.
Specifically, for coherent state inputs the difference is negligible even for mean photon
numbers of order 10.

Accurately assessing the performance of a single-shot measurement requires many rep-
etitions of the measurement under controlled conditions. Figure 2.7 shows a schematic
diagram of the experimental apparatus [AAS™02]. Light from a single-mode (continuous-
wave) laser enters the Mach—Zehnder interferometer at beam-splitter 1 (BS 1), thereby
creating two beams with well-defined relative phase. The local oscillator (LO) is generated
using an acousto-optic modulator (AOM) driven by a radio-frequency (RF) synthesizer
(RF 1 in Fig. 2.7). The signal whose phase is to be measured is a weak sideband to the
carrier (local oscillator). That is, it is created from the local oscillator by an electro-optic
modulator (EOM) driven by a RF synthesizer (RF 2) that is phase-locked to RF 1. A pair
of photodetectors is used to collect the light emerging from the two output ports of the final
50: 50 beam-splitter (BS 2). Balanced detection is used: the difference of their photocur-
rents provides the basic signal used for either heterodyne or adaptive phase estimation. The
measurements were performed on optical pulses of duration 50 ps.

In this experimental configuration, the adaptive measurement was performed by feedback
control of the phase of RF 2, which sets the relative phase between the signal and the LO.
The real-time electronic signal processing required in order to implement the feedback
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algorithm was performed by a field-programmable gate array (FPGA) that can execute
complex computations with high bandwidth and short delays. The feedback and phase-
estimation procedure corresponded to the ‘Mark II’ scheme of Ref. [WK97], in which
the photocurrent is integrated with time-dependent gain to determine the instantaneous
feedback signal. When performing heterodyne measurements, RF 2 was simply detuned
from RF 1 by 1.8 MHz. For both types of measurement, both the photocurrent, /(¢), and
the feedback signal, ®(¢), were stored on a computer for post-processing. This is required
because the final phase estimate in the ‘Mark II’ scheme of Ref. [WK97] is not simply
the estimate used in the feedback loop, but rather depends upon the full history of the
photocurrent and feedback signal. (This estimate is also the optimal one for heterodyne
detection.)

The data plotted in Fig. 2.8(a) demonstrate the superiority of an adaptive homodyne
measurement procedure over the standard heterodyne measurement procedure. Also plotted
is the theoretical prediction for the variance of ideal heterodyne measurement (2.157),
both with (thin solid line) and without (dotted line) correction for a small amount of
excess electronic noise in the balanced photocurrent. The excellent agreement between the
heterodyne data and theory indicates that there is no excess phase noise in the coherent
signal states. In the range of 10-300 photons per pulse, most of the adaptive data lie below
the absolute theoretical limit for heterodyne measurement (dotted line), and all of them
lie below the curve that has been corrected for excess electronic noise (which also has a
detrimental effect on the adaptive data).

For signals with large mean photon number, the adaptive estimation scheme used in the
experiment was inferior to heterodyne detection, because of technical noise in the feedback
loop. At the other end of the scale (very low photon numbers), the intrinsic phase uncertainty
of coherent states becomes large and the relative differences among the expected variances
for adaptive, heterodyne and ideal estimation become small. Accordingly, Armen et al.
were unable to beat the heterodyne limit for the mean-square error in the phase estimates
for mean photon numbers less than about 8.

However, Armen et al. were able to show that the estimator distribution for adaptive
homodyne detection remains narrower than that for heterodyne detection even for pulses
with mean photon number down to 77 & 0.8. This is shown in Fig. 2.8(b), which plots the
adaptive and heterodyne phase-estimator distributions for 7 & 2.5. Note that the distribu-
tions are plotted on a logarithmic scale. The adaptive phase distribution has a narrower
peak than the heterodyne distribution, but exhibits rather high tails. These features agree
qualitatively with the numerical and analytical predictions of Ref. [WK98]. It can be partly
explained by the fact that the feedback loop occasionally locks on to a phase that is wrong
by 7.

2.7 Quantum state discrimination

So far in this chapter we have considered the parameter to be estimated as having a contin-
uous spectrum. However, it is quite natural, especially in the context of communication, to
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Fig. 2.8 Experimental results from the adaptive and heterodyne measurements. (a) Adaptive (circles)
and heterodyne (crosses) phase-estimate variance versus mean photon number per pulse. The dash—
dotted line is a second-order curve through the adaptive data, to guide the eye. The thin lines are the
theoretical curves for heterodyne detection with (solid) and without (dotted) corrections for detector
electronic noise. The thick solid line denotes the fundamental quantum uncertainty limit, given the
overall photodetection efficiency. (b) Probability distributions for the error in the phase estimate for
adaptive (circles) and heterodyne (crosses) measurements, for pulses with mean photon number of
about 2.5. Figure 1 adapted with permission from M. A. Armen et al., Phys. Rev. Lett. 89, 133602,
(2002). Copyrighted by the American Physical Society.

consider the case in which the parameter can take values in a finite discrete set. In this case
the best estimate should be one of the values in this set, and the problem is really that of
deciding which one. This is known as a quantum decision or quantum state-discrimination
problem.

2.7.1 Minimizing the error probability

The simplest example is a communication system that transmits binary information (s = 0
or 1) encoded as two states of a physical system (|v1) or |p)). For example, they could be
states of light with different intensities. A sequence of systems is directed to a receiver where
a measurement is made on each element in the sequence to try to determine which state,
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and thus which symbol, was transmitted in each case. This is an interesting problem for the
case of non-orthogonal states, ({1 |¥) = w # 0. We will suppose that the prior probability
distributions for the source are my and 7y for the states |y) and |v;), respectively. The
measurements are described by some POM {E,: a}. If the states were orthogonal, they
could be discriminated without error, but otherwise there is some finite probability that an
error will be made. An error is when the receiver assigns a value 1 when the state transmitted
was in fact 0, or conversely. We want to find the optimal POM, which will minimize the
effect of errors in a suitable sense to be discussed below. Pioneering work on this question
was done by Helstrom [Hel76]. We will follow the presentation of Fuchs [Fuc96].

For a given POM, the above problem also arises in classical decision problems. We need
consider only the two probability distributions gp(als) for s = 0 and s = 1. Classically,
such probability distributions arise from noisy transmission and noisy measurement. In
order to distinguish s = 0 and s = 1, the receiver must try to discriminate between the
two distributions g(a|s) on the basis of a single measurement. If the distributions overlap
then this will result in errors, and one should minimize the probability of making an error.?
Another approach is to relax the requirement that the decision is conclusive; that is, to allow
for the possibility of three decisions, yes, no and inconclusive. It may then be possible to
make a decision without error, at the expense of a finite probability of not being able to
make a decision at all. We will return to this approach in Section 2.7.3.

In each trial of the measurement there are n possible results {a}, but there are only
two possible decision outcomes, 0 and 1. A decision function § must then take one of
the n results of the measurement and give a binary number; é&: {1, ..., n} — {0, 1}. The
probability that this decision is wrong is then

£e(8) = mop(§ == 1|5 :=0) + mp6 :=0|s :=1). (2.158)

The optimal strategy (for minimizing the error probability) is a Bayesian decision function,
defined as follows. The posterior conditional probability distributions for the two states,
given a particular outcome a, are

pals)my
p(a)

where gp(a) = mogp(als := 0) + mgp(als := 1) is the total probability for outcome a in the
measurement. Then the optimal decision function is

g(s|a) , (2.159)

0 if (s ;= 0la) > p(s := 1|a),
épla) =11 if (s := 1|a) > (s := 0|a), (2.160)
either if p(s :=0la) = p(s := 1a).

2 A more sophisticated strategy is to minimize some cost associated with making the wrong decision. The simplest cost function
is one that is the same for any wrong decision. That is, we care as much about wrongly guessing s = 1 as we do about wrongly
guessing s = 0. This leads back simply to minimizing the probability of error. However, there are many situations for which
other cost functions may be more appropriate, such as in weather prediction, where s = 1 indicates a cyclone and s = 0 indicates
none.
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The (minimal) probability of error under this strategy is

P = Z@(a)(l — max{p(s := 0la), p(s := 1la)}) (2.161)
a=1

= Zmin{nop(ms =0), mplals := 1)}. (2.162)
a=1

Exercise2.21 Show this.
Hint: For a given outcome a, the probability of a correct decision is max{gp(s :=
Ola), (s := 1]a)}.

In the quantum case, the probability of measurement outcome a depends both on the
states of the system and on the particular measurement we make on the system: g(als) =
Tr[ pg Ea]. Thus the probability of error is

pe = ) min{mo TrlpoEy], 71 Tripi E,1}. (2.163)
a

In this case we wish to minimize the error over all POMs. Because we sum over all the
results a when making our decision, we really need consider only a binary POM with
outcomes {0, 1} corresponding to the decision § introduced above. Then the probability of
error becomes

9e = 710 Ttlpo E11 + 1 Trl p1 Eo). (2.164)
Exercise 2.22 Show this.

In this case the optimum (i.e. minimum) probability of error is achieved by minimization
over all POMs. Because EO + E; = 1, we can rewrite Eq. (2.164) as
9 = mo + Tr[ (101 — 7op0) Eo] = 70 + Tr[[ Ey], (2.165)

where [' = 7, p1 — 7o pPo- The optimization problem is thus one of finding the minimum of
Tr[f‘Eo] over all Hermitian operators 0 < Eo < 1.
Let us write I in terms of its eigenvalues, which may be positive or negative:

P=>"yilil. (2.166)
J
It is not difficult to see that Tr[f‘ EO] will be minimized if we choose
E =" 1)l 2.167)
Jiyj<0

Exercise 2.23 Convince yourself of this.

The minimum error probability is thus
Pe=m0+ ) Vi (2.168)
Jivj<0

and this is known as the Helstrom lower bound.
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A

The optimal measurement {Egpl, E ‘l)pt} with £, =1 — EAgpl can be performed by making
a measurement of the operator ", and sorting the results into the outcomes s = 0, s = 1
or either, according to whether they correspond to positive, negative or zero eigenvalues,
respectively. This is exactly as given in Eq. (2.163), where a plays the role of y. This shows
that the Helstrom lower bound can be achieved using a projective measurement.

We now restrict the discussion to pure states p; = |¥) (5|, in which case [ =
W) (Y| — m,|vo) (Yol. The eigenvalues are given by

TTp — 1T 1

3 + > 1 — 4momy |3, (2.169)

Y+ = —
Exercise 2.24 Show this.
Hint: Only two basis states are needed in order to express " as a matrix.

Thus we find the well-known Helstrom lower bound for the error probability for descrimi-
nating two pure states,

: 1
p;mn — 5(1 —J1= 47TO7TI|/L|2)ﬁ (2.170)

2.7.2 Experimental demonstration of the Helstrom bound

Barnett and Riis [BR97] performed an experiment that realizes the Helstrom lower bound
when trying to discriminate between non-orthogonal polarization states of a single photon.
The polarization state of a single photon is described in a two-dimensional Hilbert space
with basis states corresponding to horizontal (H) and vertical (V) polarization. Barnett and
Riis set up the experiment to prepare either of the two states,

[Yo) = cosO|H) +sinb|V), (2.171)
[Yr1) = cos@|H) — sin0|V), (2.172)
with prior probabilities 7y and m, respectively, and a measurement of the projector

Es = 16) (01, (2.173)

with |¢) = cos¢|H) + sin ¢| V'), for which an outcome of 1 indicates a polarization in the
direction ¢ with respect to the horizontal, while an outcome of 0 indicates a polarization in
the direction /2 + ¢ with respect to the horizontal. The Helstrom lower bound is attained
for

tan(20)

tan(2¢°") = .
TTop — T

(2.174)

Exercise 2.25 Show this.

If the prepared states are equally likely then we have ¢°"* = 7 /4 and the Helstrom lower
bound for the error probability is

Pe = %[1 — sin(26)]. (2.175)
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In order to perform this experiment as described above we would need a reliable source
of single-photon states, suitably polarized. However, deterministic single-photon sources
do not yet exist, though they are in active development. Instead Barnett and Riis used an
attenuated coherent state from a pulsed source. A coherent-state pulse has a non-determinate
photon number, with a Poissonian distribution (see Section A.4). In the experiment light
from a mode-locked laser produced a sequence of pulses, which were heavily attenuated
(with a neutral-density filter) so that on average each pulse contained about 0.1 photons. For
such a low-intensity field, only one in 200 pulses will have more than one photon and most
will have none. The laser was operated at a wavelength of 790 nm and had a pulse-repetition
rate of 80.3 MHz. The output was linearly polarized in the horizontal plane. Each pulse
was then passed through a Glan—-Thompson polarizer set at & or —6 to produce either of
the two prescribed input states.

The polarization measurement was accomplished by passing the pulse through a polariz-
ing beam-splitter, set at an angle 7 /4 to the horizontal. This device transmits light polarized
in this direction while reflecting light polarized in the orthogonal direction. If the pulse
was transmitted, the measurement was said to give an outcome of 1, whereas if it was
reflected, the outcome was 0. A ‘right’ output is when the outcome a = 0 or 1 agreed with
the prepared state |v), or |), respectively, and a ‘wrong’ output occurs when it did not.
The pulses were directed to photodiodes and the photocurrent integrated, this being simply
proportional to the probability of detecting a single photon.

In the experiment the probability of error was determined by repeating the experiment
for many photons; that is, simply by running it continually. Call the integrated output
from the ‘wrong’ output Iy, and that from the ‘right’ output /g, in arbitrary units. If the
Glan—Thompson polarizer is set to 6 then the error probability is given by the quantity

I Ip — Iy \ !
0 w R w
=" (24" . 2.176
pe IR+IW ( IW ) ( )

If this polarizer is rotated from 6 to —6, the corresponding error probability g, is deter-
mined similarly. The mean probability of these errors is then taken as an experimental
determination of the error probability

1 0 1
w=;m+ml (2.177)

Barnett and Riis determined this quantity as a function of 6 over the range 0 to /4.
The results are shown in Fig. 2.9. Good agreement with the Helstrom lower bound was
found.

2.7.3 Inconclusive state discrimination

Thus far, we have discussed an optimal protocol for discriminating two non-orthogonal
states that is conclusive, but likely to result in an error. A different protocol, first introduced
by Ivanovic [Iva87], requires that the discrimination be unambiguous (that is, the probability
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Fig. 2.9 The experimental results of Barnett and Riis. The measured error probability is plotted as a
function of the half-angle between the two linear polarization states. The solid curve is the Helstrom
bound. Figure 2 adapted with permission from S. M. Barnett and E. Riis, Experimental demonstration
of polarization discrimination at the Helstrom bound, Journal of Modern Optics 44, 1061, (1997),
Taylor & Francis Ltd, http://www.informaworld.com, reprinted by permission of the publisher.

of making an error must be zero), but at the expense of a non-zero probability of an
inconclusive outcome (that is, an outcome for which no decision can be made). The
idea was subsequently elaborated by Dieks [Die88] and Peres [Per88]. We shall refer to
the optimal protocol, which minimizes the probability of an inconclusive result, while
never making an error, as realizing the IDP lower bound. Unlike the case of the Helstrom
lower bound, the IDP bound cannot be achieved using projective measurements on the
system. Instead, an ancilla is introduced, so as to make a generalized measurement on the
system.

Consider the simple case in which we seek to discriminate between two pure states |1 )
that have equal prior probability. We can always choose a two-dimensional Hilbert space
to represent these states as

Y1) = cosa|l) £ sina|0), (2.178)

where |0) and |1) constitute an orthonormal basis, and without loss of generality we can
take 0 < o < w/4. The first step in the protocol is to couple the system to an ancilla
two-level system in an appropriate way, so that in the full four-dimensional tensor-product
space we can have at least two mutually exclusive outcomes (and hence at most two
inconclusive outcomes). Let the initial state of the ancilla be |0). The coupling is the
‘exchange coupling’ and performs a rotation in the two-dimensional subspace of the tensor-
product space spanned by {|0) ® |1), |1) ® |0)}. The states |0) ® |0) and |1) ® |1) are
invariant. On writing the unitary operator for the exchange as U, and parameterizing it by



92 Quantum parameter estimation
0, the total initial state [{/1) ® |0) transforms to
W) = U@®)[(cosa|l) £ sina|0))] ® |0) (2.179)
= cosafcosf|1) ® |0) +sinf|0) ® |1)] £ sinx|0) ® |0).
If we choose cos 6 = tan « this state may be written as

W) = (1 —v)2(|1) £ 10) ® |0) + 2v — 1)!72|0) ® |1), (2.180)

where v = cos?a.

Exercise 2.26 Verify this.

Since the amplitudes in the first term are orthogonal for the two different input states,
they may be discriminated by a projective readout. If we measure the operators 6, ® 6.,
where 6, = |1)(1| —]0)(0] and &, = |1)(0] + |0)(1]|, the results will be (1, —1) only for
the state |;) and (—1, —1) only for the state |y_). The other two results could arise from
either state and indicate an inconclusive result. The probability of an inconclusive result is
easily seen to be

oi = [{Y-¥3)| = cos2a). (2.181)

This is the optimal result, the IDP bound. Of course, the unitary interaction between
ancilla and system followed by a projective measurement is equivalent to a generalized
measurement on the system alone, as explained in Section 1.2.3.

Exercise 2.27 Determine the effects E_, E and E; (operators in the two-dimensional
system Hilbert space) corresponding to the three measurement outcomes.

2.7.4 Experimental demonstration of the IDP bound

Experiments achieving the IDP bound have been performed by Huttner et al. [HMG196]
and Clarke ef al. [CCBRO1]. Here we present results from the latter. A simplified schematic
diagram of the experiment is shown in Fig. 2.10. The two-dimensional state space for the
system is the polarization degree of freedom for a single photon in a fixed momentum
mode, initially taken as the a direction. Thus

1) = [H)a, (2.182)
10) = [V)a, (2.183)

where | H), means a single-photon state in the horizontal polarization of the a momentum
mode, and |V), similarly for the vertical polarization. The first step is to separate out
the horizontal and vertical polarization so that we may conditionally couple to an ancilla
mode, labelled ¢, which is initially in the vacuum state. This is easily achieved by changing
the momentum mode of the H-polarized photon so that it is now travelling in a different
direction. This may be done using the polarizing beam-splitter, PBS 1 in Fig. 2.10, to
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Fig. 2.10 A schematic representation of the optimal state-discrimination experiment of Clarke
et al. [CCBRO1]. PBS indicates a polarizing beam-splitter and PD indicates a photon detector.
Note that the device is essentially a polarization Mach—Zehnder interferometer.

transmit vertically polarized light and reflect horizontally polarized light. The total state of
the system after PBS 1 is

[y) = (cosa|0,) | H)p = sina|V),|0,))]0,), (2.184)

where we have dispensed with tensor-product symbols.

The next step is to couple modes b and ¢ using a beam-splitter with a variable trans-
mittivity, PBS 2, with amplitude transmittivity given by cos 6. For single-photon states,
a beam-splitter is equivalent to the exchange interaction. Thus at PBS 2 we have the
transformation

|H)p|0)c — cos0|H)p|0). +sin6]0),|H)., (2.185)

where we assume that the transmitted photon does not change its polarization. Thus, just
after PBS 2 we can write the total state as

1) = (1 =)' 2[10,) | H)p £ [V)al05)110)e + 2v — DY2[0,)10)5| H)e,  (2.186)

where v = cos?a and we have taken cos 6 = tan« as in Section 2.7.3.

A photon detector at the output of PBS 2 will now determine whether there is a photon
in mode ¢, which is simply the output for an inconclusive result, labelled ‘|y) =?’ in Fig.
2.10. The final step is to make projective measurements to distinguish the two possible
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Fig. 2.11 Experiment results for an IDP state-discrimination measurement for the states
cosa|H), £sina|V),. The probability of an inconclusive result is plotted as a function of «.
Figure 3 adapted with permission from R. B. M. Clarke et al., Phys. Rev. A 63, 040305 (R), (2001).
Copyrighted by the American Physical Society.

orthogonal states that occur in the first term. This may be done by using a polarizing beam-
splitter to put both photons back into the same momentum mode. Thus, after PBS 3 the
total state is

W) = (=) [1H)a £ V)a]10)5]0)c + @v = 1)2(0)a[0)s| H)e.  (2.187)

It now suffices to measure the polarization of mode a in the diagonal basis |H), + |[V),.
This is done by using a sequence of polarizer and polarizing beam-splitter followed by two
photon detectors, as indicated in Fig. 2.10.

In Fig. 2.11 we show the results of Clarke et al. for the probability of inconclusive results,
at the optimal configuration, as the angle between the two states is varied, as a function of
«. Within experimental error the agreement between the IDP bound and the experiment is
very good.

2.8 Further reading
2.8.1 Quantum tomography

In this chapter we have been concerned mainly with the problem in which the state p being
measured depends (smoothly) upon a single unknown parameter A. Of course, it is possible
to consider the case in which it depends upon more than one parameter. For a D-dimensional
system, if there are D> — 1 parameters upon which p depends, then it is possible that the
complete space of all possible ps can be generated by varying the parameter values (an
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Hermitian matrix has D? independent elements, but the condition Tr[p] = 1 removes one
of them.) This situation, in which one is effectively trying to identify a completely unknown
p from measurements on multiple copies, is known as quantum state estimation or quantum
tomography.

A good review of this topic for D-dimensional systems is Ref. [DPS03]. Note that,
in order to measure D> — 1 parameters using projective measurements, it is necessary
to consider D + 1 different projective measurements, that is, measuring D + 1 different
observables. Such a set of observables is called a quorum [Fan57]. That a quorum size of
D + 1 observables is necessary is obvious from the fact that measuring one observable
repeatedly can give only D — 1 parameters: the D probabilities (one for each outcome)
minus one because they must sum to unity. That D + 1 is a sufficient size for a (suitably
chosen) quorum was first proven by Fano [Fan57].

The term quantum tomography was coined in quantum optics for estimating the state of an
electromagnetic field mode. Here the quorum consists of a collection of quadrature operators
Xy = cos® Q + sin@ P for different values of 6. This is analogous to the reconstruction of
a two-dimensional tissue density distribution from measurements of density profiles along
various directions in the plane in medical tomography. Of course, the quantum harmonic
oscillator has an infinite Hilbert-space dimension D, so strictly an infinite quorum (infinitely
many 6s) must be used. In practice, it is possible to reconstruct an arbitrary p with a finite
quorum, and a finite number of measurements for each observable, if certain assumptions
or approximations are made. We refer the reader to the review [PR04] for a discussion of
these techniques, including maximum-likelihood estimation.

2.8.2 Other work

A general treatment of the resources (state preparation, and measurement) required to attain
the Heisenberg limit in parameter estimation is given by Giovanneti, Lloyd and Maccone
[GLMO6]. This is done using the language of quantum information processing, which is
treated by us in Chapter 7. See the discussion of recent theory and experiment [HBB*07]
in optical phase estimation in Section 7.10. The theory in this work is closely related to the
adaptive algorithm of Section 2.5.2.

Understanding the quantum limits to parameter estimation has also thrown light on the
controversial issue of the time—energy uncertainty relation. It has long been recognized
that the time—energy uncertainty relation is of a different character from the position—
momentum uncertainty relation, since there is no time operator in quantum mechanics; see
for example Ref. [AB61]. However, if H is taken as the generator G of the unitary, and
t as the parameter X to be estimated, then the Holevo upper bound (2.9) gives a precise
meaning to the time—energy uncertainty relation.

Developing physical systems to estimate time translations as accurately as possible is, of
course, the business of the time-standards laboratories. Modern time standards are based
on the oscillations of atomic dipoles, and their quantum description is very similar to that
given in Section 2.2.1. However, in practice, clocks are limited in their performance by their
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instability, which can be thought of as the relative variation in the time interval between
ticks of the clock. In terms of the general theory of parameter estimation, it is as if the
generator G itself varied randomly by a tiny amount from shot to shot. For a model based
on a two-level atomic transition the instability is the ratio of the variation in the frequency
of the transition dw to the mean frequency w. Currently, the best clocks have an instability
dw/w at or below 10717 [HOWT05].

The topic of discriminating non-orthogonal quantum states has been reviewed by Chefles
[Che00]; see also Ref. [PR04]. More recently, Jacobs [Jac0O7] has considered this problem
in the context of continuous adaptive measurements similar to that discussed in Section 2.6
above. Jacobs shows that, by using an adaptive technique, one can increase the rate at
which the information regarding the initial preparation is obtained. However, in the long-
time limit, such an adaptive measurement actually reduces the total amount of information
obtained, compared with the non-adaptive measurement that reproduces (in the long-time
limit) the optimal projective measurement discussed in Section 2.7.1. That is, the adaptive
measurement fails to attain the Helstrom lower bound. This is an instructive example of the
fact that locally (in time) optimizing the rate of increase in some desired quantity (such as
the information about the initial state preparation) does not necessarily lead to the globally
optimal scheme. There is thus no reason to expect the adaptive measurement schemes
discussed in Sections 2.5 and 2.6 to be optimal.



3

Open quantum systems

3.1 Introduction

As discussed in Chapter 1, to understand the general evolution, conditioned and uncondi-
tioned, of a quantum system, it is necessary to consider coupling it to a second quantum
system. In the case in which the second system is much larger than the first, it is often
referred to as a bath, reservoir or environment, and the first system is called an open system.
The study of open quantum systems is important to quantum measurement for two reasons.

First, all real systems are open to some extent, and the larger a system is, the more
important its coupling to its environment will be. For a macroscopic system, such coupling
leads to very rapid decoherence. Roughly, this term means the irreversible loss of quantum
coherence, that is the conversion of a quantum superposition into a classical mixture. This
process is central to understanding the emergence of classical behaviour and ameliorating,
if not solving, the so-called quantum measurement problem.

The second reason why open quantum systems are important is in the context of gen-
eralized quantum measurement theory as introduced in Chapter 1. Recall from there that,
by coupling a quantum system to an ‘apparatus’ (a second quantum system) and then
measuring the apparatus, a generalized measurement on the system is realized. For an open
quantum system, the coupling to the environment is typically continuous (present at all
times). In some cases it is possible to monitor (i.e. continuously measure) the environment
so as to realize a continuous generalized measurement on the system.

In this chapter we are concerned with introducing open quantum systems, and with
discussing the first point, decoherence. We introduced the decoherence of a macroscopic
apparatus in Section 1.2.3, in the context of the von Neumann chain and Heisenberg’s
cut. To reiterate that discussion, direct projective measurements on a quantum system
do not adequately describe realistic measurements. Rather, one must consider making
measurements on an apparatus that has been coupled to the system. But how does one make
a direct observation on the apparatus? Should one introduce yet another system to model
the readout of the meter coupled to the actual system of study, and so on with meters upon
meters ad infinitum? This is the von Neumann chain [vN32]. To obtain a finite theory, the
experimental result must be considered to have been recorded definitely at some point:
Heisenberg’s cut [Hei30].

97
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The quantum measurement problem is that there is no physical basis for inserting a cut
at any particular point. However, there is a physical basis for determining the point in the
chain after which the cut may be placed without affecting any theoretical predictions. This
point is the point at which, for all practical purposes, the meter can be treated as a classical,
rather than a quantum, object. That such a point exists is due to decoherence brought about
by the environment of the apparatus.

Consider, for example, the single-photon measurement discussed in Section 1.5. The
system of study was the electromagnetic field of a single-mode microwave cavity. The
meter was an atomic system, suitably prepared. This meter clearly still behaves as a
quantum system; however, as other experiments by the same group have shown [RBHO1],
the atomic ‘meter’ is in turn measured by ionization detectors. These detectors are, of course,
rather complicated physical systems involving electrical fields, solid-state components and
sophisticated electronics. Should we include these as quantum systems in our description?
No, for two reasons.

First, it is too hard. Quantum systems with many degrees of freedom are generally
intractable. This is due to the exponential increase in the dimension of the Hilbert space
with the number of components for multi-partite systems, as discussed in Section A.2.
Except for cases in which the Hamiltonian has an exceptionally simple structure, numerical
solutions are necessary for the quantum many-body problem.

Exercise 3.1 For the special case of a Hamiltonian that is invariant under particle per-
mutations show that the dimension of the total Hilbert space increases only linearly in the
number of particles.

However, even on today’s supercomputers, numerical solutions are intractable for 100 par-
ticles or more. Detectors typically have far more particles than this, and, more importantly,
they typically interact strongly with other systems in their environment.

Second, it is unnecessary. Detectors are not arbitrary many-body systems. They are
designed for a particular purpose: to be a detector. This means that, despite its being
coupled to a large environment, there are certain properties of the detector that, if initially
well defined, remain well defined over time. These classical-like properties are those that
are robust in the face of decoherence, as we will discuss in Section 3.7. Moreover, in
an ideal detector, one of these properties is precisely the one which becomes correlated
with the quantum system and apparatus, and so constitutes the measurement result. As we
will discuss in Section 4.8, sometimes it may be necessary to treat the detector dynamics
in greater detail in order to understand precisely what information the experimenter has
obtained about the system of study from the measurement result. However, in this case it is
still unnecessary to treat the detector as a quantum system; a classical model is sufficient.

The remainder of this chapter is organized as follows. In Section 3.2 we introduce the
simplest approach to modelling the evolution of open quantum systems: the master equation
derived in the Born—Markov approximations. In Section 3.3 we apply this to the simplest
(and historically first) example: radiative damping of a two-level atom. In the same section
we also describe damping of an optical cavity; this treatment is very similar, insofar as both
involve a rotating-wave approximation. In Section 3.4 we consider systems in which the
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rotating-wave approximation cannot be made: the spin—boson model and Brownian motion.
In all of these examples so far, the reservoir consists of harmonic oscillators, modes of a
bosonic field (such as the electromagnetic field). In Section 3.5 we treat a rather different
sort of reservoir, consisting of a fermionic (electron) field, coupled to a single-electron
system.

In Section 3.6 we turn to more formal results: the mathematical conditions that a Marko-
vian theory of open quantum systems should satisfy. Armed with these examples and this
theory, we tackle the issue of decoherence and its relation to the quantum measurement
problem in Section 3.7, using the example of Brownian motion. Section 3.8 develops this
idea in the direction of continuous measurement (which will be considered in later chap-
ters), using the examples of the spin—boson model, and the damped and driven atom. The
ground-breaking decoherence experiment from the group of Haroche is analysed in Sec-
tion 3.9 using the previously introduced damped-cavity model. In Section 3.10 we discuss
two more open systems of considerable experimental interest: a quantum electromechanical
oscillator and a superconducting qubit. Finally (apart from the further reading), we present
in Section 3.11 a Heisenberg-picture description of the dynamics of open quantum systems,
and relate it to the descriptions in earlier sections.

3.2 TheBorn—-Markov master equation

In this section we derive a general expression for the evolution of an open quantum system
in the Born and Markov approximations. This will then be applied to particular cases in
subsequent sections. The essential idea is that the system couples weakly to a very large
environment. The weakness of the coupling ensures that the environment is not much
affected by the system: this is the Born approximation. The largeness of the environment
(strictly, the closeness of its energy levels) ensures that from one moment to the next the
system effectively interacts with a different part of the environment: this is the Markov
approximation.

Although the environment is relatively unaffected by the system, the system is pro-
foundly affected by the environment. Specifically, it typically becomes entangled with the
environment. For this reason, it cannot be described by a pure state, even if it is initially in
a pure state. Rather, as shown in Section A.2.2, it must be described by a mixed state p.
The aim of the Born—Markov approximation is to derive a differential equation for p. That
is, rather than having to use a quantum state for the system and environment, we can find
the approximate evolution of the system by solving an equation for the system state alone.
For historical reasons, this is called a master equation.

The dynamics of the state py for the system plus environment is given in the Schrodinger
picture by

pot(t) = —ilHs + Hg + V., po(0)]. 3.1)

Here A s 1s the Hamiltonian for the system (that is, it acts as the identity on the environment
Hilbert space), Hy is that for the environment, and V includes the coupling between the
two. Following the formalism in Section A.1.3, it is convenient to move into an interaction
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frame with free Hamiltonian I:IO =H s+ H £. That is, instead of I:Itot = FIO + V, we use

Vi) = eiflor it (3.2)
In this frame, the Schrodinger-picture equation is
P toute(t) = =il Vie(t), proue(t)], (3.3)
where the original solution to Eq. (3.1) is found as
Pron(t) = & pigrpei . (34)

The equations below are all in the interaction frame, but for ease of notation we drop the
IF subscripts. That is, V will now denote VH:(t), etc.

Since the interaction is assumed to be weak, the differential equation Eq. (3.3) may be
solved as a perturbative expansion. We solve Eq. (3.3) implicitly to get

Pt = pro®) — i / [V (), proct)]. (3.3)
0

We then substitute this solution back into Eq. (3.3) to yield

P or(t) = =i[V (1), pror(0)] — / dn [V (), [V(t1), por(t)]]. (3.6)
0

Since we are interested here only in the evolution of the system, we trace over the environ-
ment to get an equation for p = pg = Tre[ ] as follows:

p () = —iTrg ([V (), pr(0)])

- / dt Tep (L7 (0, [V (1), prt)1])- 37
0

This is still an exact equation but is also still implicit because of the presence of py(f1)
inside the integral. However, it can be made explicit by making some approximations, as
we will see. It might be asked why we carry the expansion to second order in V, rather than
use the first-order equation (3.3), or some higher-order equation. The answer is simply that
second order is the lowest order which generally gives a non-vanishing contribution to the
final master equation.

We now assume that at + = 0 there are no correlations between the system and its
environment:

Pwi(0) = p(0) ® pe(0). (3.8)
This assumption may be physically unreasonable for some interactions between the system
and its environment [HR85]. However, for weakly interacting systems it is a reasonable
approximation. We also split V (which, it must be remembered, denotes the Hamiltonian
in the interaction frame) into two parts:

V() = Vs(®) + Vs (1), 3.9)
where Vg(f) acts nontrivially only on the system Hilbert space, and where
Tr[ Vs (1) pan(0)] = 0.

Exercise 3.2 Show that this can be done, irrespective of the initial system state p(0), by
making a judicious choice of Hy.
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We now make a very important assumption, namely that the system only weakly affects
the bath so that in the last term of Eq. (3.7) it is permissible to replace py(f1) by p(f1) ®
pe(0). This is known as the Born approximation, or the weak-coupling approximation.
Under this assumption, the evolution becomes

p () = —i[Vs(2), p(t)] — f dr; Tre ([Vse(), [Vse(t), p(t1) ® pe(O)]]). (3.10)
0

Note that this assumption is not saying that py(#;) is well approximated by p(#;) ® pg(0)
for all purposes, and indeed this is not the case; the coupling between the system and the
environment in general entangles them. This is why the system becomes mixed, and why
measuring the environment can reveal information about the system, as will be considered
in later chapters, but this factorization assumption is a good one for the purposes of deriving
the evolution of the system alone.

The equation (3.10) is an integro-differential equation for the system state matrix p.
Because it is nonlocal in time (it contains a convolution), it is still rather difficult to solve. We
seek instead a local-in-time differential equation, sometimes called a time-convolutionless
master equation, that is, an equation in which the rate of change of p(¢) depends only upon
p(¢) and ¢. This can be justified if the integrand in Eq. (3.10) is small except in the region
t; =~ t. Since the modulus of p(#;) does not depend upon ¢, this property must arise from
the physics of the bath. As we will show in the next section, it typically arises when the
system couples roughly equally to many energy levels of the bath (eigenstates of Hy) that
are close together in energy. Under this approximation it is permissible to replace p(f)) in
the integrand by p(t), yielding

p (1) = —i[Vs(®), p(t)] — /0 dty T ([V (), [V (1), p(1) ® pe(0)]]). (3.11)

This is sometimes called the Redfield equation [Red57].

Even though the approximation of replacing p(#) by p(¢) is sometimes referred to as a
Markov approximation [Car99, GZ04], the resulting master equation (3.11) is not strictly
Markovian. That is because it has time-dependent coefficients, as will be discussed in
Section 3.4. In fact, it can be argued [BP02] that this additional approximation is not really
an additional approximation at all: the original Born master equation Eq. (3.10) would not
be expected to be more accurate than the Redfield equation Eq. (3.11).

To obtain a true Markovian master equation, an autonomous differential equation for
p(1), it is necessary to make a more substantial Markov approximation. This consists of
again appealing to the sharpness of the integrand at #; & ¢, this time to replace the lower
limit of the integral in Eq. (3.11) by —oo. In that way we get finally the Born—-Markov
master equation for the system in the interaction frame:

t

o (1) = —i[Vs(1), p(t)] — / dty Trg ([V (1), [V (11), p(t) ® pe(O)]]). (3.12)

—00
We will see in examples below how, for physically reasonable properties of the bath, this
gives a master equation with time-independent coefficients, as required. In particular, we
require Hg to have a continuum spectrum in the relevant energy range, and we require
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p£(0) to commute with Hg. In practice, the latter condition is often relaxed in order to
yield an equation in which Vg(#) may be time-dependent, but the second term in Eq. (3.12)
is still required to be time-independent.

3.3 Theradiative-damping master equation

In this section we repeat the derivation of the Born—-Markov master equation for a specific
case: radiative damping of quantum optical systems (a two-level atom and a cavity mode).
This provides more insight into the Born and Markov approximations made above.

3.3.1 Spontaneous emission

Historically, the irreversible dynamics of spontaneous emission were introduced by Bohr
[Boh13] and, more quantitatively, by Einstein [Einl7], before quantum theory had been
developed fully. It was Wigner and Weisskopf [WW30] who showed in 1930 how the
radiative decay of an atom from the excited to the ground state could be explained within
quantum theory. This was possible only after Dirac’s quantization of the electromagnetic
field, since it is the infinite (or at least arbitrarily large) number of electromagnetic field
modes which forms the environment or bath into which the atom radiates. The theory of
spontaneous emission is described in numerous recent texts [GZ04, Mil93], so our treatment
will just highlight key features.

As discussed in Section A.4, the free Hamiltonian for a mode of the electromagnetic
field is that of a harmonic oscillator. The total Hamiltonian for the bath is thus

Ap =Y wblb., (3.13)
k

where the integer k codes all of the information specifying the mode: its frequency, direc-
tion, transverse structure and polarization. The mode structure incorporates the effect of
bulk materials with a linear refractive index (such as mirrors) and the like, so this is all
described by the Hamiltonian Hp. The annihilation and creation operators for each mode
are independent and they obey the bosonic commutation relations

[, 13;] = 0u- (3.14)

We will assume that only two energy levels of the atom are relevant to the problem, so
the free Hamiltonian for the atom is

A,=%5. (3.15)

2
Here w, is the energy (or frequency) difference between the ground |g) and excited |e)
states, and &, = |e)(e| — |g)(g]| is the inversion operator for the atom. (See Box 3.1.)

The coupling of the electromagnetic field to an atom can be described by the so-called
dipole-coupling Hamiltonian

V= (gubi + gib))(64 +6-). (3.16)
k
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Box 3.1 The Bloch representation

Consider a two-level system with basis states |0) and |1). The three Pauli operators
for the system are defined as

6y = |0)(1] + [1)(0], (3.17)
6y =1]0)(1] —1|1)(0[, (3.18)
6. = [1)(1] = 10){0]. (3.19)

These obey the following product relations:
6"]'6’]( = S_jki + iijlé'l. (320)

Here the subscripts stand for x, y or z, while i is the 2 x 2 unit matrix, i is the unit
imaginary and €j;; is the completely antisymmetric tensor (that is, transposing any
two subscripts changes its sign) satisfying €,,, = 1. From this commutation relations
like [6,, 6,] = 2i6; and anticommutation relations like 6,6, + 6,6, = 0 are easily
derived.

The state matrix for a two-level system can be written using these operators as

p() = 311+ x(1)6, + y(1)8y + 2(1)6], (3.:21)

where x, y, z are the averages of the Pauli operators. That is, x = Tr[6, p] et cetera.
Recall that Tr[p?] < 1, with equality for and only for pure states. This translates to

4y <, (3.22)

again with equality iff the system is pure. Thus, the system state can be represented by
a 3-vector inside (on) the unit sphere for a mixed (pure) state. The vector is called the
Bloch vector and the sphere the Bloch sphere.

For a two-level atom, it is conventional to identify |1) and |0) with the ground |g)
and excited |e) states. Then z is called the atomic inversion, because it is positive iff
the atom is inverted, that is, has a higher probability of being in the excited state than
in the ground state. The other components, y and x, are called the atomic coherences,
or components of the atomic dipole.

Another two-level system is a spin-half particle. Here ‘spin-half’ means that the
maximum angular momentum contained in the intrinsic spin of the particle is /2. The
operator for the spin angular momentum (a 3-vector) is (h/2) x (6x, 6y, 6;). Thatis, in
this case the Bloch vector (x, y, z) has a meaning in ordinary three-dimensional space,
as the mean spin angular momentum, divided by //2.

Nowadays it is common to study a two-level quantum system without any particular
physical representation in mind. In this context, it is appropriate to use the term qubit —
a quantum bit.
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Here 6, = (6_)7 = |e)(g| is the raising operator for the atom. The coefficient g; (which
can be assumed real without loss of generality) is proportional to the dipole matrix element
for the transition (which we will assume is non-zero) and depends on the structure of mode
k. In particular, it varies as Vk_l/ ?, where Vj is the physical volume of mode k.

It turns out that the rate y of radiative decay for an atom in free space is of order 108 s~ or
smaller. This is much smaller than the typical frequency w, for an optical transition, which
is of order 10'® s~! or greater. Since y is due to the interaction Hamiltonian V, it seems
reasonable to treat V as being small compared with I:IO = Fla + FIE. Thus we are justified
in following the method of Section 3.2. We begin by calculating V in the interaction frame:

Vie(t) = (gebre ™ + gibfe " )(G4et ! 4 6_e7), (3.23)
k

Exercise 3.3 Show this, using the same technique as in Exercise 1.30.

The first approximation we make is to remove the terms in le(t) that rotate (in the complex
plane) at frequency w, + wy for all k, yielding

Vie(t) = ) (gibib e 4 gibl6 e, (3.24)
k
As discussed in Section 1.5, this is known as the rotating-wave approximation (RWA). It
is justified on the grounds that these terms rotate so fast (~10'> s~!) that they will average
to zero over the time-scale of radiative decay (~1078 s) and hence not contribute to this
process.! This approximation leads to significant simplifications.
Now substitute Eq. (3.24) into the exact equation (3.7) for the system state p(f) in
Section 3.2. To proceed we need to specify the initial state of the field, which we take to be
the vacuum state (see Appendix A). The first term in Eq. (3.7) is then exactly zero.

Exercise 3.4 Show this, and show that it holds also for a field state in a thermal state
pr o expl—Hg /(kgT)].
Hint: Expand pg in the number basis.

For this choice of pg, we have Vs = 0; later, we will relax this assumption.
For convenience, we now drop the IF subscripts, while still working in the interaction
frame. Under the Born approximation, the equation for p(¢) becomes

t
p == [ dnine = n)los6p(0) — - pln)6 + Hie. (3.25)
0
where H.c. stands for the Hermitian conjugate term, and

D(r) =) gre @, (3.26)
k

! Terms like these are, however, important for a proper calculation of the Lamb frequency shift Aw,, but that is beyond the scope
of this treatment.
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Exercise 3.5 Show this, using the properties of the vacuum state and the field operators.

Next, we wish to make the Markov approximation. This can be justified by considering
the reservoir correlation function (3.26). For an atom in free space, there is an infinite
number of modes, each of which is infinite in volume, so the modulus squared of the
coupling coefficients is infinitesimal. Thus we can justify replacing the sum in Eq. (3.26)
by an integral,

I'(x) = / h dw p(w)g(w)*e @, (3.27)
0

Here p(w) is the density of field modes as a function of frequency. This is infinite but
the product ,o(w)g(a))2 is finite. Moreover, ,o(a))g(a))2 is a smoothly varying function of
frequency for w in the vicinity of w,. This means that the reservoir correlation function,
I'(7), is sharply peaked at T = 0.

Exercise 3.6 Convince yourself of this by considering a toy model in which p(w)g(w)? is
independent of w in the range (0, 2w,) and zero elsewhere.

Thus we can apply the Markov approximation to obtain the master equation
. Awg .
p = —IT[% pl+ yDI6_]p. (3.28)
Here the superoperator D[A] is defined for an arbitrary operator A by
A A A | A P
D[Alp = ApAT — E(ATA,O + pATA). (3.29)

The real parameters Aw, (the frequency shift) and y (the radiative decay rate) are defined
as

y [e.9]
Aw, —i7 = —i / I'(7)dr. (3.30)
0

Exercise 3.7 Derive Eq. (3.28)

In practice the frequency shift (called the Lamb shift) due to the atom coupling to the elec-
tromagnetic vacuum is small, but can be calculated properly only by using renormalization
theory and relativistic quantum mechanics.

The solution of Eq. (3.28) at any time ¢ > 0 depends only on the initial state at time
t = 0; there is no memory effect. The evolution is non-unitary because of the D term, which
represents radiative decay. This can be seen by considering the Bloch representaton of the
atomic state, as discussed in Box 3.1.

Exercise 3.8 Familiarize yourself with the Bloch sphere by finding the points on it cor-
responding to the eigenstates of the Pauli matrices, and the point corresponding to the
maximally mixed state.

For example, the equation of motion for the inversion can be calculated asz = Tr[6,0 ],
and re-expressing the right-hand side in terms of x, y and z. In this case we find simply



106 Open quantum systems

Z = —y(z + 1), so the inversion decays towards the ground state (z = —1) exponentially
at rate y. Thus we can equate y to the A coefficient of Einstein’s theory [Einl7], and
1/y to the atomic lifetime. The energy lost by the atom is radiated into the field, hence
the term radiative decay. The final state here is pure, but, if it starts in the excited state,
then the atom will become mixed before it becomes pure again. This mixing is due to
entanglement between the atom and the field: the total state is a superposition of excited
atom and vacuum-state field, and ground-state atom and field containing one photon of
frequency wy. This process is called spontaneous emission because it occurs even if there
are initially no photons in the field.

Exercise 3.9 Show that, if the atom is prepared in the excited state at time t = 0, the Bloch
vector at time t is (0, 0, 2e™Y" — 1). At what time is the entanglement between the atom and
the radiated field maximal?

Strictly, the frequency of the emitted photon has a probability distribution centred on wy
with a full width-at-half-maximum height of y. Thus a finite lifetime of the atomic state
leads to an uncertainty in the energy of the emitted photon, which can be interpreted as an
uncertainty in the energy separation of the atomic transition. The reciprocal relation between
the lifetime 1/y and the energy uncertainty y is sometimes referred to as an example of
the time—energy uncertainty relation. It should be noted that its meaning is quite different
from that of the Heisenberg uncertainty relations mentioned in Section 1.2.1, since time
is not a system property represented by an operator; it is merely an external parameter.
Nevertheless, this relation is of great value heuristically, as we will see.

We note two important generalizations. Firstly, the atom may be driven coherently by
a classical field. As long as the system Hamiltonian which describes this driving is weak
compared with H,, it will have negligible effect on the derivation of the master equation in
the interaction frame, and can simply be added at the end. Alternatively, this situation can
be modelled quantum mechanically by taking the bath to be initially in a coherent state,
which will make Vi(¢) non-zero, and indeed time-dependent in general (this is discussed in
Section 3.11.2 below). In any case, the effect of driving is simply to add another Hamiltonian
evolution term to the final master equation (3.12) in the interaction frame. If the frequency of
oscillation of the driving field is wy & w,, then it is most convenient to work in an interaction
frame using H, = wy6,/2, rather than H, = w,6./2. This is because, on moving to the
interaction frame, it makes the total effective Hamiltonian for the atom time-independent:

N Q A

Hyrive = Eax + Eo'z' (3.31)
Here A = w, + Aw, — wy is the effective detuning of the atom, while €2, the Rabi fre-
quency, is proportional to the amplitude of the driving field and the atomic dipole moment.
Here the phase of the driving field acts as a reference to define the in-phase (x) and
in-quadrature (y) parts of the atomic dipole relative to the imposed force. The master equa-
tion for a resonantly driven, damped atom is known as the resonance fluorescence master
equation.
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Exercise 3.10 (a) Show that the Bloch equations for resonance fluorescence are

i =—Ay— %x, (3.32)
. y

y =—Qz+4+ Ax — Ey, (3.33)
Z =4Qy —y(i+1), (3.34)

and that the stationary solution is

X —4AQ
= 20y |(r*+297 +442) 7" (3.35)
z —y? —4A?

SS

(b) Compare 0 = arctan(yss/xss) and A = \/x2 + yZ with the phase and amplitude of the
long-time response of a classical, lightly damped, harmonic oscillator to an applied peri-
odic force with magnitude proportional to Q2 and detuning A. In what regime does the
two-level atom behave like the harmonic oscillator?

Hint: First, define interaction-frame phase and amplitude variables for the classical oscil-
lator; that is, variables that would be constant in the absence of driving and damping.

The second generalization is that the field need not be in a vacuum state, but rather
(for example) may be in a thermal state (i.e. with a Planck distribution of photon numbers
[GZ04]). This gives rise to stimulated emission and absorption of photons. In that case, the
total master equation in the Markov approximation becomes

Q A
p=-i |:36—x + 3627 p] +y@+ DD[6-1p + yaDI[6+1p, (3.36)
where 71 = {exp[hw,/(kgT)] — 1}~ is the thermal mean photon number evaluated at the
atomic frequency (we have here restored /). This describes the (spontaneous and stimulated)
emission of photons at a rate proportional to y(# + 1), and (stimulated) absorption of
photons at a rate proportional to yii.

3.3.2 Cavity emission

Another system that undergoes radiative damping is a mode of the electromagnetic field in
an optical cavity. In quantum optics the term ‘cavity’ is used for any structure (typically
made of dielectric materials) that will store electromagnetic energy at discrete frequencies.
The simplest sort of cavity is a pair of convex mirrors facing each other, but no mirrors are
perfectly reflecting, and the stored energy will decay because of transmission through the
mirrors.

Strictly speaking, a mode of the electromagnetic field should be a stationary solution of
Maxwell’s equations [CRG89] and so should not suffer a decaying amplitude. However,
it is often convenient to treat pseudomodes, such as those that are localized within a
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cavity, as if they were modes, and to treat the amplitude decay as radiative damping due
to coupling to the (pseudo-)modes that are localized outside the cavity [GZ04]. This is a
good approximation, provided that the coupling is weak; that is, that the transmission at
the mirrors is small.

The simplest case to consider is a single mode (of frequency ) of a one-dimensional
cavity with one slightly lossy mirror and one perfect mirror. We use a for the annihilation
operator for the cavity mode of interest and by for those of the bath as before. The total
Hamiltonian for system plus environment, in the RWA, is [WM94a]

A =wda'a+) oblb+Y gua'b, +ab)). (3.37)
k k

The first term represents the free energy of the cavity mode of interest, the second is for
the free energy of the many-mode field outside the cavity, and the last term represents the
dominant terms in the coupling of the two for optical frequencies.

For weak coupling the Born—Markov approximations are justified just as for spontaneous
emission. Following the same procedure leads to a very similar master equation for the
cavity field, in the interaction frame:

p =y@+ )Dlalp + yaDla'lp. (3.38)

Here 71 is the mean thermal photon number of the external field evaluated at the cavity
frequency w.. We have ignored any environment-induced frequency shift, since this simply
redefines the cavity resonance w.

The first irreversible term in Eq. (3.38) represents emission of photons from the cavity.
The second irreversible term represents an incoherent excitation of the cavity due to thermal
photons in the external field.

Exercise 3.11 Show that the rate of change of the average photon number in the cavity is
given by

= —y(a'a) + ya. (3.39)

Note that here (and often from here on) we are relaxing our convention on angle brackets
established in Section 1.2.1. That is, we may indicate the average of a property for a
quantum system by angle brackets around the corresponding operator.

From Eq. (3.39) it is apparent that y is the decay rate for the energy in the cavity.
Assuming that p(w)g(w)? is slowly varying with frequency, we can evaluate this decay rate
to be

y = 21p(wc)g(we)*. (3.40)

Exercise 3.12 Show this explicitly using the example of Exercise 3.6.
Note: This result can be obtained more simply by replacing fi)oo dr e™% by 8(w), which
is permissible when it appears in an w-integral with a flat integrand.
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In more physical terms, if the mirror transmits a proportion 7 < 1 of the energy in the
cavity on each reflection, and the round-trip time for light in the cavity is 7, then y = T /7.

As in the atomic case, we can include other dynamical processes by simply adding an
appropriate Hamiltonian term to the interaction-frame master equation (3.38), as long as
the added Hamiltonian is (in some sense) small compared with I:IO. In particular, we can
include a coherent driving term, to represent the excitation of the cavity mode by an external
laser of frequency w,, by adding the following driving Hamiltonian [WM94a]:

Hyiye = ica’ —ie*a. (3.41)

Exercise 3.13 Show that, in the zero-temperature limit, the stationary state for the driven,
damped cavity is a coherent state |a) with o = 2¢€/y.

Hint: Make the substitution @ = 2¢/y + do, and show that the solution of the master
equation is the vacuum state for a.

3.4 Irreversibility without the rotating-wave approximation

In the previous examples of radiative decay of an atom and a cavity, the system Hamil-
tonian Hs produced oscillatory motion in the system with characteristic frequencies (w,
and w,, respectively) much larger than the rate of decay. This allowed us to make a RWA
in describing the system—environment coupling Hamiltonian as ), gk (§13,i + §Thy), where
§ is a system lowering operator. That is, the coupling describes the transfer of quanta
of excitation of the oscillation between the system and the bath. When there is no such
large characteristic frequency, it is not possible to make such an approximation. In this sec-
tion we discuss two examples of this, the spin—boson model and quantum Brownian motion.
We will, however, retain the model for the bath as a collection of harmonic oscillators and
the assumption that the interaction between system and environment is weak in order to
derive a master equation perturbatively.

3.4.1 The spin-boson model

Consider a two-level system, coupled to a reservoir of harmonic oscillators, such that the
total Hamiltonian is

A myw;q .
H=—ox+z<2mk : ”) angqu, (3.42)

where g are the coordinates of each of the environmental oscillators. This could describe
a spin-half particle (see Box 3.1), in the interaction frame with respect to a Hamiltonian
proportional to &,. Such a Hamiltonian would describe a static magnetic field in the z
(‘longitudinal’) direction. Then the first term would describe resonant driving (as in the
two-level atom case) by a RF magnetic field in the x—y (‘transverse’) plane, and the last
term would describe fluctuations in the longitudinal field. However, there are many other
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physical situations for which this Hamiltonian is an approximate description, including
quantum tunnelling in a double-well potential [LCD*87].

Since the frequency A can be small, even zero, we cannot make a RWA in this model.
Nevertheless, we can follow the procedure in Section 3.2, where I:IO comprises the first two
terms in Eq. (3.42). We assume the bath to be in a thermal equilibrium state of temperature
1/(kg B) with respect to its Hamiltonian. Then, replacing p(¢;) by p(¢) in Eq. (3.10) yields
the master equation with time-dependent coefficients [PZ01]

p (1) = —/O dri (v(D[6:(1), [6.(t — 1), p(D]]

—in(t)[6:(1), {6.(t — 1), p()}]), (3.43)

B + BA is known as an anticommutator, and the kernels are given by

N

where {A, B} =

1 oo
V(i) = 5 D gD, qul =) = /0 dov J (@)cos(@n)[1 + 2ii(w)],

k

(3.44)
i o o0 _
nt) == > gHla®. aut —m))) = | dw J(w)sin(wr)). (3.45)
24 0
Here the spectral density function is defined by
25
J(w) = Z 88 — @) (3.46)

kawk

and 71(w) is the mean occupation number of the environmental oscillator at frequency w.
It is given as usual by the Planck law 1 + 271(w) = coth(S/w/2) (where, in deference to
Planck, we have restored his constant). The sinusoidal kernels in Egs. (3.44) and (3.45)
result from the oscillatory time dependence of g, (¢) from the bath Hamiltonian.

The time dependence of the operator 6,(¢), in the interaction frame with respect to Hy,
is given by

6.(t) = 6. cos(At) + 6, sin(Ar). (3.47)

Exercise 3.14 Show this by finding and solving the Heisenberg equations of motion for &,
and 6, for the Hamiltonian ﬁo.

Substituting this into Eq.(3.43), and then moving out of the interaction frame, yields the
Schrodinger-picture master equation?

p = —ilHmp — pHAY = £*(1)6:p5y — L(1)Gyp6. — D62, 162, p1l.  (348)
Here
N A
Hy = (E + {(t))&x (3.49)

2 With minor corrections to the result in Ref. [PZO01].
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is a non-Hermitian operator (the Hermitian part of which can be regarded as the Hamilto-
nian), while

E(I)Z/O dty(v(11) — in(z1))sin(Ary), (3.50)

D(t) :/ dty v(ty)cos(Aty). (3.51)
0

The environment thus shifts the free Hamiltonian for the system (via Re[¢]) and introduces
irreversible terms (via Im[¢] and D). Note that if A = 0 only the final term in Eq. (3.48)
survives.

To proceed further we need an explicit form of the spectral density function. The simplest
case is known as Ohmic dissipation, in which the variation with frequency is linear at low
frequencies. We take

Jw) =@ 352

(w) = ey (3.52)
where A is a cut-off frequency, as required in order to account for the physically necessary
fall-off of the coupling at sufficiently high frequencies, and 7 is a dimensionless parameter
characterizing the strength of the coupling between the spin and the environment. After
splitting ¢(¢) into real and imaginary parts as {(t) = f(¢t) —iy(¢), we can easily do the
integral to find the decay term y(¢). It is given by

A —At
y() = VYoo [1 - (cos(At) + = sm(At)) e i| (3.53)

This begins at zero and decays (at a rate determined by the high-frequency cut-off) to a con-
stant Y, o< A?/(A? 4+ A?). The other terms depend on the temperature of the environment
and are not easy to evaluate analytically. The diffusion constant can be shown to approach
the asymptotic value

2

Do =nA

The function f(¢) also approaches (algebraically, not exponentially) a limiting value, which
at high temperatures is typically much smaller than D, (by a factor proportional to A).
In the limit that A — 0, we find

Doo — 21ks T, (3.55)

and, as mentioned previously, {(¢) is zero in this limit. In this case the master equation
takes the following simple form in the long-time limit:

p = —2nksTI[5:, (6, pll. (3.56)

This describes dephasing of the spin in the x—y plane at rate Do, /2.
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3.4.2 Quantum Brownian motion

Another important model for which the RWA cannot be used is quantum Brownian motion.
In this case we have a single particle with mass M, with position and momentum operators
X and P. It may be moving in some potential, and is coupled to an environment of simple
harmonic oscillators. This is described by the Hamiltonian

N P? - p? mka),%c},% N
H=—+VX —_—t — X Ok - 3.57
2M+ ( )+Xk:(2mk+ 5 )+ Xk:gqu (3.57)

The derivation of the perturbative master equation proceeds as in the case of the spin—boson
model [PZO01]. It is only for simple potentials, such as the harmonic V(X) = MQ2X?2/2,
that the evolution generated by Hy can be solved analytically. The derivation is much as in
the spin—boson case, but, for dimensional correctness, we must replace n by My, where y
is a rate. The result is

p = —ilP* /M) + MQ(t)*X?/2, p] — iy OIX, (P, p}]
— DX, [X, pll = fFOIX, [P, p]]. (3.58)

Here Q(¢) is a shifted frequency and y(¢) is a momentum-damping rate. D(t) gives rise to
diffusion in momentum and f(¢) to so-called anomalous diffusion.

If we again assume the Ohmic spectral density function (3.52) then we can evaluate these
time-dependent coefficients. The coefficients all start at zero, and tend asymptotically to
constants, with the same properties as in the spin-boson case. The shifted frequency €
tends asymptotically to /€ — 2y A, which is unphysical for A too large. In the high-
temperature limit, kg7 > 2, with A > Q one finds

2

A

Do = MyQ

while f(¢) is negligible (o< A~") compared with this.
Replacing the above time-dependent coefficients with their asymptotic values will be a
bad approximation at short times, and indeed may well lead to nonsensical results (as will
be discussed in Section 3.6). However, at long times it is reasonable to use the asymptotic

values, giving the Markovian master equation
p = —ilP?/2M) + MQZ X2 /2, p] — iyl X, AP, p}] = 270ckn T MIX, [X, p]]. (3.60)

Exercise 3.15 Show that this is identical with the Markovian master equation of Eq. (3.12)
for this case.

The first irreversible term in Eq. (3.60) describes the loss, and the second the gain, of kinetic
energy, as can be seen in the following exercise.

Exercise 3.16 Derive the equations of motion for the means and variances of the position
and momentum using the high-temperature Brownian-motion master equation, Eq. (3.60).
Thus show that momentum is damped exponentially at rate 2y, but that momentum
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diffusion adds kinetic energy at rate 2yskgT. Show that for Qo = 0 the steady-state
energy of the particle is kg T /2, as expected from thermodynamics.

3.5 Fermionic reservoirs

In the previous examples the environment was taken to be composed of a very large
(essentially infinite) number of harmonic oscillators. Such an environment is called bosonic,
because the energy quanta of these harmonic oscillators are analogous to bosonic particles,
with the associated commutation relations for the annihilation and creation operators (3.14).
There are some very important physical situations in which the environment of a local
system is in fact fermionic. An example is a local quantum dot (which acts something
like a cavity for a single electron) coupled via tunnelling to the many electron states of a
resistor. The annihilation and creation operators for fermionic particles, such as electrons,
obey anticommutation relations

{ar, af} = 8u, (3.61)
{ar, a1} = 0. (3.62)

The study of such systems is the concern of the rapidly developing field of mesoscopic
electronics [Dat95, Imr97]. Unfortunately, perturbative master equations might not be
appropriate in many situations when charged fermions are involved, since such systems are
strongly interacting. However, there are some experiments for which a perturbative master
equation is a good approximation. We now consider one of these special cases to illustrate
some of the essential differences between bosonic and fermionic environments.

The concept of a mesoscopic electronic system emerged in the 1980s as experiments on
small, almost defect-free, conductors and semiconductors revealed unexpected departures
from classical current—voltage characteristics at low temperatures. The earliest of these
results indicated quantized conductance. The classical description of conductance makes
reference to random scattering of carriers due to inelastic collisions. However, in mesoscopic
electronic systems, the mean free path for inelastic scattering may be longer than the length
of the device. Such systems are dominated by ballistic behaviour in which conduction
is due to the transport of single carriers, propagating in empty electron states above a
filled Fermi sea, with only elastic scattering from confining potentials and interactions
with magnetic fields. As Landauer [Lan88, Lan92] and Biittiker [Biit88] first made clear,
conductance in such devices is determined not by inelastic scattering, but by the quantum-
mechanical transmission probability, T, across device inhomogeneities. If a single ballistic
channel supports a single transverse Fermi mode (which comprises two modes when spin is
included), the transmission probability is 7 =~ 1. The resulting conductance of that channel
is the reciprocal of the quantum of resistance. This is given by the Landauer—Biittiker theory
as [Dat95]

h
Ry = :—2 ~ 12.9kQ. (3.63)
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Fig. 3.1 A schematic representation of a quantum dot in the conduction band. Position runs from left
to right and energy runs vertically. The quasibound state in the dot is labelled c. The grey regions
labelled L and R represent metallic electronic states filled up to the local Fermi level. The difference
in the Fermi levels between left and right is determined by the source—drain bias voltage as e Vsp.

A quantum dot is a three-dimensional confining potential for electrons or holes in a
semiconductor, and can be fabricated in a number of ways [Tur95]. We will consider a very
simple model in which the dot has only a single bound state for one electron. This is not as
artificial as it may sound. Although a single quantum dot in fact contains a very large number
of electrons, at low temperatures this system of electrons is close to the Fermi ground state.
In a semiconductor dot the ground state is typically a filled valence band and an unoccupied
conduction band. In a metallic dot (or grain as it sometimes called) the ground state is
the conduction band filled up to the Fermi energy. At low temperatures and weak bias the
current is carried by a few electrons near the Fermi energy and we are typically concerned
only with additional electrons injected onto the dot. Because electrons are charged, large
energy gaps can appear in the spectrum of multi-electron quantum dots, in addition to the
quantization of energy levels due to confinement. This phenomenon is called Coulomb
blockade [Kas93]. The Coulomb blockade energy required to add a single electron to a
quantum dot is €% /(2C), where the capacitance C can be very small (less than 1076 F) due
to the small size of these systems. If the charging energy is large enough, compared with
thermal energy, we can assume that only a single bound state for an additional electron is
accessible in the quantum dot. Typically this would require a temperature below 1 K.

We also assume that the dot is coupled via tunnel junctions to two fermionic reservoirs;
see Fig. 3.1. A tunnel junction is a region in the material from which charge carriers
classically would be excluded by energy conservation. While propagating solutions of the
Schrodinger equation cannot be found in such a region, exponentially decaying amplitudes
can exist. We will assume that the region is not so extensive that all amplitudes decay to
zero, but small enough for the coupling, due to the overlap of amplitudes inside and outside
the region, to be small. In that case the coupling between propagating solutions on either
side of the region can be treated perturbatively.
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We assume that the reservoirs remain in the normal (Ohmic) conducting state. The total
system is not in thermal equilibrium due to the bias voltage Vsp across the dot. However,
the two reservoirs are held very close to thermal equilibrium at temperature 7', but at
different chemical potentials through contact to an external circuit via an Ohmic contact.
We refer to the fermionic reservoir with the higher chemical potential as the source (also
called the emitter) and the one with the lower chemical potential as the drain (also called
the collector). The difference in chemical potentials is given by s — up = eVsp. In this
circumstance, charge may flow through the dot, and an external current will flow. The
necessity to define a chemical potential is the first major difference between fermionic
systems and the bosonic environments of quantum optics.

A perturbative master-equation approach to this problem is valid only if the resistance of
the tunnel junction, R, is large compared with the quantum of resistance Rg. The physical
meaning of this condition is as follows. If for simplicity we denote the bias voltage of the
junction as V, then the average current through the junction is V /R, so the tunnelling rate is
I' = V/(eR). Thus the typical time between tunnelling events is ™! = eR/ V. Now, if the
lifetime of the quasibound state is 7, then, by virtue of the time—energy uncertainty relation
discussed in Section 3.3.1, there is an uncertainty in the energy level of order //7. If the
external potential is to control the tunnelling then this energy uncertainty must remain less
than eV. Thus the lifetime must be at least of order //(eV). If we demand that the lifetime
be much less than the time between tunnelling events, so that the events do not overlap in
time, we thus require /7/(eV) < eR/V. This gives the above relation between R and the
quantum of resistance.

The total Hamiltonian of a system composed of the two Fermi reservoirs, connected by
two tunnel barriers to a single Fermi bound state, is (with & = 1)

y Sata At A DT £
HQDt1eads = E & aax + ScCTC + E €y b,',bp
k p

+ Y (@fetac+ 18 ale) + Y (wPble + TP EYb,).  (3.64)
k r

Here ay, (a,]: ), c(c’)and b » (b;r,) are the fermion annihilation (creation) operators of electrons
in the source (S) reservoir, in the central quantum dot and in the drain (D) reservoir,
respectively. Because of the fermion anticommutation relations, the dot is described by just
two states.

Exercise 3.17 Show from Egs. (3.61) and (3.62) that the eigenvalues for the fermion
number operator &;f a; are 0 and 1, and that, if the eigenstates are |0) and |1), respectively,

then a;'0) = |1).

The first three terms in Eq. (3.64) comprise Hy. The energy of the bound state without
bias is gy, which under bias becomes ¢, = &y — weV, where « is a structure-dependent
coefficient. The single-particle energies in the source and drain are, respectively, & =
k%/(2m) and 85 = p?/(2m) — eV . The energy reference is at the bottom of the conduction
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band of the source reservoir. Here, and below, we are assuming spin-polarized electrons so
that we do not have to sum over the spin degree of freedom.

The fourth and fifth terms in the Hamiltonian describe the coupling between the quasi-
bound electrons in the dot and the electrons in the reservoir. The tunnelling coefficients 7,5
and TpD depend upon the profile of the potential barrier between the dot and the reservoirs,
and upon the bias voltage. We will assume that at all times the two reservoirs remain in
their equlibrium states despite the tunnelling of electrons. This is a defining characteristic
of a reservoir, and comes from assuming that the dynamics of the reservoirs are much faster
than those of the quasibound quantum state in the dot.

In the interaction frame the Hamiltonian may be written as

2
Vi)=Y et + et iwe ™, (3.65)
j=1

where the reservoir operators are given by

T =Y 1lae™™, T = TPhe . (3.66)
k P

We now obtain an equation of motion for the state matrix o of the bound state in the dot
by following the standard method in Section 3.2. The only non-zero reservoir correlation
functions we need to compute are

Iin(t) = f dr (Y)Y (1r))e 50—, (3.67)
0

Lia(t) = / dry (0 ()Y [ (1))e 75— (3.68)
0

Here N and A stand for normal (annihilation operators after creation operators) and
antinormal (vice versa) ordering of operators — see Section A.5. In order to illustrate the
important differences between the fermionic case and the bosonic case discussed previously,
we will now explicitly evaluate the first of these correlation functions, Iy ().

Using the definition of the reservoir operators and the assumed thermal Fermi distribution
of the electrons in the source, we find

Lyt =Y _Af|TS) / dry expli(e; — et — 11)]. (3.69)
k 0

Since the reservoir is a large system, we can introduce a density of states p(w) as usual and
replace the sum over k by an integral to obtain

[ee) 0
Lin@) = / dw p()iS ()| T35 (w))? | dre @87, (3.70)
0

—t

where we have also changed the variable of time integration. The dominant term in the
frequency integration will come from frequencies near ¢, because the time integration is
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significant at that point. For fermionic reservoirs, the expression for the thermal occupation
number is [Dat95]

S (w) = [1 4 @ /BT (3.71)

where wy is the Fermi energy (recall that 4 = 1). We assume that the bias is such that the
quasibound state of the dot is below the Fermi level in the source. This implies that near
w = &, and at low temperatures, the average occupation of the reservoir state is very close
to unity [Dat95].

Now we make the Markov approximation to derive an autonomous master equation as
in Section 3.2. On extending the limits of integration from —¢ to —oo in Eq. (3.70) as
explained before, /;y may be approximated by the constant

Lin() ~ mp(e)| Ts(e)* = yi/2. (3.72)

This defines the effective rate y, of injection of electrons from the source (the left reservoir
in Fig. 3.1) into the quasibound state of the dot. This rate will have a complicated dependence
on the bias voltage through both ¢, and the coupling coefficients |Ts(w)|, which can be
determined by a self-consistent band calculation. We do not address this issue; we simply
seek the noise properties as a function of the rate constants.

By evaluating all the other correlation functions under similar assumptions, we find that
the quantum master equation for the state matrix representing the dot state in the interaction
frame is given by

90 _ L agtpe — cetp — peety + YR @epet — étep — pte), (3.73)
dr 2 2
where y;, and yg are constants determining the rate of injection of electrons from the source
into the dot and from the dot into the drain, respectively.

From this master equation it is easy to derive the following equation for the mean

occupation number (n(t)) = Tr[etép()]:
d(n)

e yi(1 —(n)) — yr(n). (3.74)

Exercise 3.18 Show this, and show that the steady-state occupancy of the dot is (n)y =
yi/(yL + vr)-

The effect of Fermi statistics is evident in Eq. (3.74). If there is an electron on the dot,
(n) = 1, and the occupation of the dot can decrease only by emission of an electron into
the drain at rate yy.

It is at this point that we need to make contact with measurable quantities. In the case
of electron transport, the measurable quantities reduce to current /(¢) and voltage V(¢).
The measurement results are a time series of currents and voltages, which exhibit both sys-
tematic and stochastic components. Thus 7(¢) and V (¢) are classical conditional stochastic
processes, driven by the underlying quantum dynamics of the quasibound state on the dot.
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The reservoirs in the Ohmic contacts play a key role in defining the measured quantities
and ensuring that they are ultimately classical stochastic processes. Transport through the
dot results in charge fluctuations in either the left or the right channel. These fluctuations
decay extremely rapidly, ensuring that the channels remain in thermal equilibrium with the
respective Ohmic contacts. For this to be possible, charge must be able to flow into and out
of the reservoirs from an external circuit.

If a single electron tunnels out of the dot into the drain between time ¢ and ¢ + dt,
its energy is momentarily above the Fermi energy. This electron scatters very strongly
from the electrons in the drain and propagates into the right Ohmic contact, where it is
perfectly absorbed. The nett effect is a small current pulse in the external circuit of total
charge e; = eCr/(Cy + Cpg). Here Cy g is the capacitance between the dot and the L/R
reservoir, and we have ignored any parasitic capacitance between source and drain. This
is completely analogous to perfect photodetection: a photon emitted from a cavity will be
detected with certainty by a detector that is a perfect absorber. Likewise, when an electron in
the right channel tunnels onto the dot, there is a rapid relaxation of this unfilled state back to
thermal equilibrium as an electron is emitted from the right Ohmic contact into the depleted
state of the source. This again results in a current pulse carrying charge eg = ¢ — ¢y, in the
circuit connected to the Ohmic contacts.

The energy gained when one electron is emitted from the left reservoir is, by definition,
the chemical potential of that reservoir, 1, while the energy lost when one electron is
absorbed into the right reservoir is pg. The nett energy transferred between reservoirs is
i — wr. This energy is supplied by the external voltage, V, and thus i, — ug = eV.On
average, in the steady state, the same current flows in the source and drain:

Jos = eryr(1 —(n)g) + eryr(n)g (3.75)
= ey (1 —(n)s) = eyr(n)y (3.76)
= VYR (.77

YL + VR

Exercise 3.19 Verify the identity of these expressions.

From this we see that the average tunnelling rate of the device, I" as previously defined, is
given by

1 1\
Fr=(—+—) . (3.78)
YL YR

Typical values for the tunnelling rates achievable in these devices are indicated by results
from an experiment by Yacoby et al. [YHMS95] in which single-electron transmission
through a quantum dot was measured. The quantum dot was defined by surface gates on
a GaAs/AlGaAs two-dimensional electron gas. The quantum dot was 0.4 um wide and
0.5 um long and had an electron temperature of 100 mK. They measured a tunnelling rate
of order 0.3 GHz.
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Box 3.2 Quantum dynamical semigroups

Formally solving the master equation for the state matrix defines a map from the state
matrix at time O to a state matrix at later times 1 by N;: p(0) — p(t) = N, p(0) for
all times ¢ > 0. This dynamical map must be completely positive (see Box 1.3). More
formally, we require a quantum dynamical semigroup [AL87], which is a family of
completely positive maps A for ¢ > 0 such that

° MM = M+.v

* Tr[(\N,p)A] is a continuous function of ¢ for any state matrix p and Hermitian operator A.

The family forms a semigroup rather than a group because there is not necessarily any
inverse. That is, A; is not necessarily defined for ¢ < 0.

These conditions formally capture the idea of Markovian dynamics of a quantum
system. (Note that there is no implication that all open-system dynamics must be
Markovian.) From these conditions it can be shown that there exists a superoperator £
such that

0
dr
where L is called the generator of the map ;. That is,

= Lp(1), (3.79)

p(t) = N, p(0) = e“' p(0). (3.80)

Moreover, this £ must have the Lindblad form.

3.6 TheLindblad form and positivity

We have seen a number of examples in which the dynamics of an open quantum system can
be described by an automonous differential equation (a time-independent master equation)
for the state matrix of the system. What is the most general form that such an equation can
take such that the solution is always a valid state matrix? This is a dynamical version of the
question answered in Box 1.3 of Chapter 1, which was as follows: what are the physically
allowed operations on a state matrix? In fact, the question can be formulated in a way that
generalizes the notion of operations to a quantum dynamical semigroup — see Box. 3.2

It was shown by Lindblad in 1976 [Lin76] that, for a Markovian master equation p = Lp,
the generator of the quantum dynamics must be of the form

K
Lp = —i[H. p1+ ) DILdp, (3.81)
k=1

for H Hermitian and {I:j} arbitrary operators. Here D is the superoperator defined earlier
in Eq. (3.29). For mathematical rigour [Lin76], it is also required that Zle I:,ilzk be a
bounded operator, but that is often not satisfied by the operators we use, so this requirement
is usually ignored. This form is known as the Lindblad form, and the operators {L;}
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are called Lindblad operators. The superoperator £ is sometimes called the Liouvillian
superoperator, by analogy with the operator which generates the evolution of a classical
probability distribution on phase space, and the term Lindbladian is also used.

Each term in the sum in Eq. (3.81) can be regarded as an irreversible channel. It is
important to note, however, that the decomposition of the generator into the Lindblad form
is not unique. We can reduce the ambiguity by requiring that the operators 1, L, L», ..., Lt
be linearly independent. We are still left with the possibility of redefining the Lindblad
operators by an arbitrary K x K unitary matrix T;:

K

ik ad Z Tklizl- (382)
=1
In addition, £ is invariant under c-number shifts of the Lindblad operators, accompanied
by a new term in the Hamiltonian:
. . U RS
Li—» L+, H—H-3 (xf Ly —H.c.). (3.83)
k=1

Exercise 3.20 Verify the invariance of the master equation under (3.82) and (3.83).

In the case of a single irreversible channel, it is relatively simple to evaluate the completely
positive map N; = exp(Lt) formally as

No=Y N, (3.84)
m=0

where the operations N"")(¢) are defined by

t b 5]
j\/;(m) = / dtm / dlmfl .. / dll 8(t - tm)X
0 0 0

X Sty — ty—1)X -+ - Sty —tNXS (1)), (3.85)

with ./\f,(o) = S(t). Here the superoperators S and X are defined by
Sy = g [e 0], (3.86)
X =JL, (3.87)

where the superoperator 7 is as defined in Eq. (1.80).

Exercise 3.21 Verify the above expression for N; by calculating Ny and p (t), where
o(t) = N; p(0). Also verify that N; is a completely positive map, as defined in Chapter 1.

As we will see in Chapter 4, Eq. (3.85) can be naturally interpreted in terms of a stochastic
evolution consisting of periods of smooth evolution, described by S(t), interspersed with
jumps, described by X'.

Most of the examples of open quantum systems that we have considered above led, under
various approximations, to a Markov master equation of the Lindblad form. However, as
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the example of Brownian motion (Section 3.4.2) showed, this is not always the case. It
turns out that the time-dependent Brownian-motion master equation (3.58) does preserve
positivity. It is only when making the approximations leading to the time-independent, but
non-Lindblad, equation (3.60) that one loses positivity. Care must be taken in using master
equations such as this, which are not of the Lindblad form, because there are necessarily
initial states yielding time-evolved states that are non-positive (i.e. are not quantum states at
all). Thus autonomous non-Lindblad master equations must be regarded as approximations,
but, on the other hand, the fact that one has derived a Lindblad-form master equation does
not mean that one has an exact solution. The approximations leading to the high-temperature
spin—-boson master equation (3.56) may be no more valid than those leading to the high-
temperature Brownian-motion master equation (3.60), for example. Whether or not a given
open system is well approximated by Markovian dynamics can be determined only by a
detailed study of the physics.

3.7 Decoherence and the pointer basis
3.7.1 Einselection

We are now in a position to state, and address, one of the key problems of quantum
measurement theory: what defines the measured observable? Recall the binary system
and binary apparatus introduced in Section 1.2.4. For an arbitrary initial system (S) state,
and appropriate initial apparatus (A) state, the final combined state after the measurement
interaction is

1
(W) = selx)ly = x), (3.88)
x=0

where |x) and | y) denote the system and apparatus in the measurement basis. A measurement
of the apparatus in this basis will yield ¥ = x with probability |s,|?, that is, with exactly
the probability that a direct projective measurement of a physical quantity of the form
¢ = > c(x)|x)s(x| on the system would have given. On the other hand, as discussed in
Section 1.2.6, one could make a measurement of the apparatus in some other basis. For
example, measurement in a complementary basis |p)a yields no information about the
system preparation at all.
In general one could read out the apparatus in the arbitrary orthonormal basis

¢o) = &”|0) 4 B*|1), (3.89)
lp1) = B10) — a|1), (3.90)

where |a|? 4+ |8]> = 1. The state after the interaction between the system and the apparatus
can now equally well be written as

W) = dolo)s ® lpo)a + dil¥1)s ® [é1)a, (3.91)
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where dp|vo)s = asol0) + Bsi]1) and d;|¥1)s = B*s0l0) — a*s1|1). Note that [i/y) and
[1r1) are not orthogonal if |¢y) and |¢,) are different from |0) and [1).

Exercise 3.22 Show that this is true except for the special case in which |so| = |s1|.

It is apparent from the above that there is only one basis (the measurement basis) in
which one should measure the apparatus in order to make an effective measurement of
the system observable C. Nevertheless, measuring in other bases is equally permitted by
the formalism, and yields different sorts of information. This does not seem to accord
with our intuition that a particular measurement apparatus is constructed, often at great
effort, to measure a particular system quantity. The flaw in the argument, however, is that
it is often not possible on physical grounds to read out the apparatus in an arbitrary basis.
Instead, there is a preferred apparatus basis, which is determined by the nature of the
apparatus and its environment. This has been called the pointer basis [Zur81]. For a well-
constructed apparatus, the pointer basis will correspond to the measurement basis as defined
above.

The pointer basis of an apparatus is determined by how it is built, without reference to
any intended measured system to which it may be coupled. One expects the measurement
basis of the apparatus, |0), |1), to correspond to two macroscopic classically distinguishable
states of a particular degree of freedom of the apparatus. This degree of freedom could, for
example, be the position of a pointer, whence the name ‘pointer basis’. An apparatus for
which the pointer could be in a superposition of two distinct macroscopic states does not
correspond to our intuitive idea of a pointer. Thus we expect that the apparatus can never
enter a superposition of two distinct pointer states as Eq. (3.89) would require.

This is a kind of selection rule, called einselection (environmentally induced selection)
by Zurek [Zur82]. In essence it is justified by an apparatus—environment interaction that
very rapidly couples the pointer states to orthogonal environment (E) states:

W)z :=0) = |y)z := Y, (3.92)
where here |z) denotes an environment state. This is identical in form to the original
system—apparatus interaction. However, the crucial point is that now the total state is

1

W) =) selo)ly = x)lz = ). (3.93)

x=0

If we consider using a different basis {|¢g), |¢;)} for the apparatus, we find that it is not
possible to write the total state in the form of Eq. (3.93). That is,

1
(W) # Y dilPe)slee) albr), (3.94)

x=0
for any coefficients d, and states for the system and environment.

Exercise 3.23 Show that this is true except for the special case in which |so| = |s1].
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Note that einselection does not solve the quantum measurement problem in that it does
not explain how just one of the elements of the superposition in Eq. (3.93) appears to become
real, with probability |s,|?, while the others disappear. The solutions to that problem are
outside the scope of this book. What the approach of Zurek and co-workers achieves is to
explain why, for macroscopic objects like pointers, some states are preferred over others in
that they are (relatively) unaffected by decoherence. Moreover, they have argued plausibly
that these states have classical-like properties, such as being localized in phase space. These
states are not necessarily orthogonal states, as in the example above, but they are practically
orthogonal if they correspond to distinct measurement outcomes [ZHP93].

3.7.2 A more realistic model

The above example is idealized in that we considered only two possible environment states.
In reality the pointer may be described by continuous variables such as position. In this case,
it is easy to see how physical interactions lead to an approximate process of einselection in
the position basis. Most interactions depend upon the position of an object, and the position
of a macroscopic object such as a pointer will almost instantaneously become correlated
with many degrees of freedom in the environment, such as thermal photons, dust particles
and so on. This process of decoherence rapidly destroys any coherence between states of
macroscopically different position, but these states of relatively well-defined position are
themselves little affected by the decoherence process (as expressed ideally in Eq. (3.92)).

Decoherence in this pointer basis can be reasonably modelled using the Brownian-
motion master equation introduced in Section 3.4.2. In this situation, the dominant term in
the master equation is the last one (momentum diffusion), so we describe the evolution of
the apparatus state by

p =—yA X, 1K, pll. (3.95)

Here we have used y for y.,, and At is the thermal de Broglie wavelength, (2M kg 2 1t
is called this because the thermal equilibrium state matrix for a free particle, in the position
basis

p(x, x") = (x|plx’), (3.96)

has the form p(x, x") o exp[—(x — x’ )2 / (4A%)]. That is, the characteristic coherence length
of the quantum ‘waves’ representing the particle (first introduced by de Broglie) is Ar. In
this position basis the above master equation is easy to solve:

p(x, x's1) = exp[—yt(x — x")? /A1 p(x, x'; 0). (3.97)

Exercise 3.24 Show this. Note that this does not give the thermal equilibrium distribution
in the long-time limit because the dissipation and free-evolution terms have been omitted.

Let the initial state for the pointer be a superposition of two states, macroscopically dif-
ferent in position, corresponding to two different pointer readings. Let 2s be the separation



124 Open quantum systems

of the states, and o their width. For s > o, the initial state matrix can be well approximated
by

p(x, x";0) = (1/D[Y-(x) + Y OIY ) + i), (3.98)

where

Y(x) = 2ro?) M exp[—(x F 5)°/(20%)]. (3.99)

That is, p(x, x’; 0) is a sum of four equally weighted bivariate Gaussians, centred in (x, x’)-
space at (—s, —s), (—s, ), (s, —s) and (s, s). But the effect of the decoherence (3.95)
on these four peaks is markedly different. The off-diagonal ones will decay rapidly, on a

time-scale
2
1 At
Tgee = ¥ 1(-) . (3.100)
2s
For s > Ar, as will be the case in practice, this decoherence time is much smaller than the
dissipation time,

Taiss = ¥ (3.101)

The latter will also correspond to the time-scale on which the on-diagonal peaks in p(x, x")
change shape under Eq. (3.97), provided that o ~ A7. This seems a reasonable assumption,
since one would wish to prepare a well-localized apparatus (small ), but if 0 < A7 then
it would have a kinetic energy much greater than the thermal energy kg7 and so would
dissipate energy at rate y anyway.

The above analysis shows that, under reasonable approximations, the coherences (the
off-diagonal terms) in the state matrix decay much more rapidly than the on-diagonal terms
change. Thus the superposition is transformed on a time-scale 7, such that 74, K t <K Tyiss,
into a mixture of pointer states:

p(x, x5 1) ~ (1/D[Y- ()P (") + Yo ()P (0], (3.102)

Moreover, for macroscopic systems this time-scale is very short. For example, if s = 1 mm,
T =300K, M =1g and y = 0.01 s~!, one finds (upon restoring & where necessary)
Tgee ~ 10737 s, an extraordinarily short time. On such short time-scales, it could well be
argued that the Brownian-motion master equation is not valid, and that a different treatment
should be used (see for example Ref. [SHBO03]). Nevertheless, this result can be taken as
indicative of the fact that there is an enormous separation of time-scales between that on
which the pointer is reduced to a mixture of classical states and the time-scale on which
those classical states evolve.

3.8 Preferred ensembles

In the preceding section we argued that the interaction of a macroscopic apparatus with
its environment preserves classical states and destroys superpositions of them. From the
simple model of apparatus—environment entanglement in Eq. (3.92), and from the solution
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to the (cut-down) Brownian-motion master equation (3.97), it is seen that the state matrix
becomes diagonal in this pointer basis. Moreover, from Eq. (3.92), the environment carries
the information about which pointer state the system is in. Any additional evolution of
the apparatus (such as that necessary for it to measure the system of interest) could cause
transitions between pointer states, but again this information would also be carried in the
environment so that at all times an observer could know where the apparatus is pointing,
S0 to speak.

It would be tempting to conclude from the above examples that all one need do to find
out the pointer basis for a given apparatus is to find the basis which diagonalizes its state
once it has reached equilibrium with its environment. However, this is not the case, for two
reasons. The first reason is that the states forming the diagonal basis are not necessarily
states that are relatively unaffected by the decoherence process. Rather, as mentioned above,
the latter states will in general be non-orthogonal. In that case the preferred representation
of the equilibrium state matrix

pss =Y oui (3.103)
k

will be in terms of an ensemble E ={gy, ;} of pure states, with positive weights gy,
represented by non-orthogonal projectors: 7 ;7x # 8x7tx. The second reason, which is
generally ignored in the literature on decoherence and the pointer basis, is that the mere
fact that the state of a system becomes diagonal in some basis, through entanglement with
its environment, does not mean that by observing the environment one can find the system
to be always in one of those diagonal states. Once again, it may be that one has to consider
non-orthogonal ensembles, as in Eq. (3.103), in order to find a set of states that allows a
classical description of the system. By this we mean that the system can be always known
to be in one of those states, but to make transitions between them.

The second point above is arguably the more fundamental one for the idea that decoher-
ence explains the emergence of classical behaviour. That is, the basic idea of einselection
is that there is a preferred ensemble for pgs for which an ignorance interpretation holds.
With this interpretation of Eq. (3.103) one would claim that the system ‘really’ is in one of
the pure states 7, but that one happens to be ignorant of which 7 (i.e. which k) pertains.
The weight g, would be interpreted as the probability that the system has state 7. For
this to hold, it is necessary that in principle an experimenter could know which state 7 the
system is in at all times by performing continual measurements on the environment with
which the system interacts. The pertinent index k would change stochastically such that
the proportion of time for which the system has state 7 is gy. This idea was first identified
in Ref. [WV98]. The first point in the preceding paragraph then says that the states in the
preferred ensemble should also be robust in the face of decoherence. For example, if the
decoherence is described by a Lindbladian £ then one could use the criterion adopted in
Ref. [WVOS]. This is that the average fidelity

F@) = Z @k Tr[y exp(Lt) k] (3.104)
k
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should have a characteristic decay time that is as long as possible (and, for macroscopic
systems, one hopes that this is much longer than that of a randomly chosen ensemble).

In the remainder of this section we are concerned with elucidating when an ignorance
interpretation of an ensemble representing pg is possible. As well as being important in
understanding the role of decoherence, it is also relevant to quantum control, as will be
discussed in Chapter 6. Let us restrict the discussion to Lindbladians having a unique
stationary state defined by

Lpg = 0. (3.105)

Also, let us consider only stationary ensembles for pg. Clearly, once the system has reached
steady state such a stationary ensemble will represent the system for all times t. Then, as
claimed above, it can be proven that for some ensembles (and, in particular, often for
the orthogonal ensemble) there is no way for an experimenter continually to measure the
environment so as to find out which state the system is in. We say that such ensembles are
not physically realizable (PR). However, there are other stationary ensembles that are PR.

3.8.1 Quantum steering

To appreciate physical realizability of ensembles, it is first necessary to understand a
phenomenon discovered by Schrodinger [Sch35a] and described by him as ‘steering’? (we
will call it quantum steering). This phenomenon was rediscovered (and generalized) by
Hughston, Jozsa and Wootters [HIW93]. Consider a system with state matrix p that is
mixed solely due to its entanglement with a second system, the environment. That is, there
is a pure state | W) in a larger Hilbert space of system plus environment such that

p = Tren [ W) (W]]. (3.106)

This purification always exists, as discussed in Section A.2.2. Then, for any ensemble
{(7tx, )} that represents p, it is possible to measure the environment such that the system
state is collapsed into one of the pure states 7; with probability ;. This is sometimes
known as the Schrodinger—HJW theorem.

Quantum steering gives rigorous meaning to the ignorance interpretation of any particular
ensemble. It says that there will be a way to perform a measurement on the environment,
without disturbing the system state on average, to obtain exactly the information as to which
state the system is ‘really’ in. Of course, the fact that one can do this for any ensemble means
that no ensemble can be fundamentally preferred over any other one, as a representation of
p at some particular time t. To say that an ensemble is PR, however, requires justifying the
ignorance interpretation at all times (after the system has reached steady state). We now
establish the conditions for an ensemble to be PR.

3 Schrédinger introduced this as an evocative term for the Einstein—Podolsky—Rosen effect [EPR35] involving entangled states.
For a completely general formulation of steering in quantum information terms, see Refs. [WJD07, JWDO7].
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3.8.2 Conditions for physical realizability

According to quantum steering, it is always possible to realize a given ensemble at some
particular time ¢ by measuring the environment. This may involve measuring parts of
the environment that interacted with the system an arbitrarily long time ago, but there
is nothing physically impossible in doing this. Now consider the future evolution of a
particular system state ; following this measurement. At time ¢ + 7, it will have evolved
to pr(t + v) = exp(L7)A;. This is a mixed state because the system has now become
re-entangled with its environment.

The system state can be repurified by making another measurement on its environment.
However, if the same ensemble is to remain as our representation of the system state then
the pure system states obtained as a result of this measurement at time ¢ 4+ T must be
contained in the set {#;: j}. Because of quantum steering, this will be possible if and only
if px(t + 1) can be represented as a mixture of these states. That is, for all k& there must
exist a probability distribution { wir(T): j} such that

exp(LT)e = ) wi(D)R;. (3.107)
J

If w () exists then it is the probability that the measurement at time ¢ + 7 yields the state
7.

Equation (3.107) is a necessary but not sufficient criterion for the ensemble {(77;, 9;): j}
to be PR. We also require that the weights be stationary. That is, for all j and all 7,

Pj = Z&Okwjk(f)- (3.108)
%

Multiplying both sides of Eq. (3.107) by g%, and summing over k, then using Eq. (3.108)
and Eq. (3.103) gives elt Pss = Pss» as required from the definition of pg.

One can analyse these conditions further to obtain simple criteria that can be applied
in many cases of interest [WVO1]. In particular, we will return to them in Chapter 6.
For the moment, it is sufficient to prove that there are some ensembles that are PR and
some that are not. This is what was called in Ref. [WVO01] the preferred-ensemble fact
(the ‘preferred’ ensembles are those that are physically realizable). Moreover, for some
systems the orthogonal ensemble is PR and for others it is not. The models we consider are
chosen for their simplicity (they are two-level systems), and are not realistic models for the
decoherence of a macroscopic apparatus.

3.8.3 Examples

First we consider an example in which the orthogonal ensemble is PR: the high temperature
spin—boson model. In suitably scaled time units, the Lindbladian in Eq. (3.56) is £ = D[é&.].
In this example, there is no unique stationary state, but all stationary states are of the form

Pss = p-log = —1)(o; := —1| + p|o; := 1)(o; == 1]. (3.109)
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Exercise 3.25 Show this.

The orthogonal ensemble thus consists of the 6, eigenstates with weights g . To determine
whether this ensemble is PR, we must consider the evolution of its members under the
Lindbladian. It is trivial to show that L|o, := +1)(0, := 1| = 0 so that these states do
not evolve at all. In other words, they are perfectly robust, with w j; () = §x in Eq. (3.107).
It is easy to see that Eq. (3.108) is also satisfied, so that the orthogonal ensemble is PR.

Next we consider an example in which the orthogonal ensemble is not PR: the driven,
damped two-level atom. In the zero-detuning and zero-temperature limit, the Lindbladian
is defined by

Q2 N
Lp = —13[6);, pl+yDl6-]p. (3.110)
The general solution of the corresponding Bloch equations is
x(7) = ue= /1, (3.111)
Y(6) = et et 4y, (3.112)
— 4iQ + 4iQ2
(1) = C+VT&+’ + c_yTe)‘” ¥ Zeor (3.113)
with eigenvalues defined by
3 ~
Ay = —2v +iQ (3.114)
and c4 are constants given by
1 ~
cr = —=[FAQW — z) £ (¥ £ 4 — yyy)], (3.115)

8iQ
where u, v and w are used to represent the initial conditions of x, y and z. A modified Rabi
frequency has been introduced,

Q2 —(y/4)2, (3.116)

which is real for Q > y /4 and imaginary for Q2 < y /4. The steady-state solutions are
X = 0, yss = 2Qy /(¥ 4+ 2Q%) and zis = —y?/(y? + 22?), as shown in Exercise 3.10.

Exercise 3.26 Derive the above solution, using standard techniques for linear differential
equations.

In the Bloch representation, the diagonal states of pg are found by extending the stationary
Bloch vector forwards and backwards to where it intersects the surface of the Bloch sphere.
That is, the two pure diagonal states are

u 0
v | = £2Q |(4Q2+ 7))
w/, Fr

2 (3.117)
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Fig. 3.2 Dynamics of two states on the Bloch sphere according to the master equation (3.110), for
Q = 10y, with points every 0.1y ~!. The initial states are those that diagonalize the stationary Bloch
sphere, which are close to y = 1. The stationary state is the dot close to the centre of the Bloch
sphere.

Using these as initial conditions, it is easy to prove that, for general 7,

x(t) u u
y@) | Fwer@f v | Fwe ()] v (3.118)
z(t) ), w/, w

for any weights wy (), we_(¢). That is, the diagonal states evolve into states that are not
mixtures of the original diagonal states, so it is not possible for an observer to know at all
times that the system is in a diagonal state. The orthogonal ensemble is not PR. This is
illustrated in Fig. 3.2.

There are, however, non-orthogonal ensembles that are PR for this system. More-
over, there is a PR ensemble with just two members, like the orthogonal ensemble. This
is the ensemble {(7y, 1/2), (#_, 1/2)}, where this time the two states have the Bloch
vectors

u :t\/ 1- ySZS - ng
v | = Y . (3.119)
w Iss
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Using these as initial conditions, we find

x(1) upe v/?
yao | = ss . (3.120)
z(1) n Zss

Obviously this can be written as a positively weighted sum of the two initial Bloch vectors,
and averaging over the two initial states will give a sum that remains equal to the stationary
Bloch vector. That is, the two conditions (3.107) and (3.108) are satisfied, and this ensemble
is PR.

Exercise 3.27 Prove the above by explicitly constucting the necessary weights w4, (t) and
wy_(1).

These results are most easily appreciated in the 2 >> y limit. Then the stationary solution
is an almost maximally mixed state, displaced slightly from the centre of the Bloch sphere
along the y axis. The diagonal states then are close to &, eigenstates, while the states in the
PR ensemble are close to 6, eigenstates. In this limit the master-equation evolution (3.110)
is dominated by the Hamiltonian term, which causes the Bloch vector to rotate around the
&, axis. Thus, the y eigenstates are rapidly rotated away from their original positions, so
this ensemble is neither robust nor PR, but the x eigenstates are not rotated at all, and simply
decay at rate y /2 towards the steady state, along the line joining them. Thus this ensemble
is PR. Moreover, it can be shown [WBOO] that this is the most robust ensemble according
to the fidelity measure Eq. (3.104), with a characteristic decay time (half-life) of 2In2/y.
These features are shown in Fig. 3.3.

The existence of a PR ensemble in this second case (where the simple picture of a
diagonal pointer basis fails) is not happenstance. For any master equation there are in fact
infinitely many PR ensembles. Some of these will be robust, and thus could be considered
pointer bases, and some will not. A full understanding of how PR ensembles arise will
be reached in Chapter 4, where we consider the conditional dynamics of a continuously
observed open system.

3.9 Decoherencein a quantum optical system
3.9.1 Theoretical analysis

In recent years the effects of decoherence have been investigated experimentally, most
notably in a quantum optical (microwave) cavity [BHD"96]. To appreciate this experiment,
it is necessary to understand the effect of damping of the electromagnetic field in a cavity at
zero temperature on a variety of initial states. This can be described by the interaction-frame
master equation, Eq. (3.38):

o = yDlalp. (3.121)
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Fig. 3.3 Dynamics of two states on the Bloch sphere according to the master equation (3.110), for
Q = 10y, with points every 0.1y ~!. The initial states are the two non-orthogonal states 7. defined
in Eq. (3.119), which are close to x = %1. The stationary state is the dot close to the centre of the
Bloch sphere.

If we use the solution given in Eq. (3.85) we find that the general solution can be written
as a Kraus sum,

o0
p(t) =Y My ()p(O)M] (1), (3.122)
m=0
where
. 1—e V! m/2 L
M, (t) = A= T —yratarzgm (3.123)

N

We can regard this as an expansion of the state matrix in terms of the number of photons
lost from the cavity in time 7.

Exercise 3.28 Prove Eq. (3.122) by simplifying Eq. (3.85) using the property that
laa,a’] = af.

Equation (3.122) can be solved most easily in the number-state basis. However, it is
rather difficult to prepare a simple harmonic oscillator in a number eigenstate. We encounter
simple harmonic oscillators regularly in classical physics; springs, pendula, cantilevers etc.
What type of state describes the kinds of motional states in which such oscillators are
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typically found? We usually identify simple harmonic motion by observing oscillations. In
the presence of friction oscillatory motion will decay. To observe a sustained oscillation,
we need to provide a driving force to the oscillator. This combination of driving and friction
reaches a steady state of coherent oscillation. In classical physics the resulting motion will
have a definite energy, so one might expect that this would be a means of preparing a quantum
oscillator in an energy eigenstate. However, a number state is actually time-independent, so
this cannot be so. Quantum mechanically, the state produced by this mechanism does not
have a definite energy. For weakly damped oscillators (as in quantum optics), it is actually
a coherent state, as shown in Exercise 3.13. For the reasons just described, the coherent
state is regarded as the most classical state of motion for a simple harmonic oscillator. It is
often referred to as a semiclassical state. Another reason why coherent states are considered
classical-like is their robustness with respect to the decoherence caused by damping.

Exercise 3.29 From Eq. (3.122) show that, for a damped harmonic oscillator in the
interaction frame, a coherent state simply decays exponentially. That is, if | (0)) = |&)
then |Y(1)) = |ae™""/2).

Hint: Consider the effect ome(t) on a coherent state, using the fact that d|a) = a|a) and
also using the number-state expansion for |a).

Suppose we somehow managed to prepare a cavity field in a superposition of two coherent
states,

[¥(0)) = N(ler) + |8)). (3.124)

where the normalization constant is N~! = /2 + 2Re{«[B). If |o — B8] > 1 then this
corresponds to a superposition of macroscopically different fields. Such a superposition is
often called a Schrodinger-cat state, after the thought experiment invented by Schrodinger
which involves a superposition of a live cat and a dead cat [Sch35b].

We now show that such a superposition is very fragile with respect to even a very small
amount of damping. Using the solution (3.122), the state will evolve to

p(t) o fae() {e(r)] + | @) (B
+ Cla, B, D) (BW)| + C*(a, B, DI BD)) ()], (3.125)

where a(r) = ae™7"/2, (1) = pe™7'/? and

1
Cla, B, 1) = exp{—§[|a(t)|2 + B — 2B )] (1 — e’/’)}. (3.126)
Exercise 3.30 Show this, by the same method as in Exercise 3.29.

The state (3.125) is a superposition of two damped coherent states with amplitudes o/(?)
and B(¢) with a suppression of coherence between the states through the factor C(e, 8, 1).
Suppose we now consider times much shorter than the inverse of the amplitude decay rate,
yt K 1. The coherence-suppression factor is then given by

C(a, B, 1) ~ exp(—la — Byt /2). (3.127)
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Fig. 3.4 A schematic diagram of the experiment performed by the Haroche group to investigate the
decoherence of oscillator coherent states. The atom is prepared in an appropriate Rydberg state.
The cavities R; and R, each apply a 7 /2 pulse. The interaction with the cavity field in C produces
superpositions of coherent states. The final ionization detectors determine the atomic state of the
atom. Figure 2 adapted with permission from M. Brune et al., Phys. Rev. Lett. 77, 4887, (1996).
Copyrighted by the American Physical Society.

We thus see that at the very beginning the coherence does not simply decay at the same rate
as the amplitudes, but rather at a decay rate that depends quadratically on the difference
between the amplitudes of the initial superposed states. This is qualitatively the same
as was seen for Brownian motion in Section 3.7.2. For macroscopically different states
(Ja — B| > 1) the decoherence is very rapid. Once the coherence between the two states
has become very small we can regard the state as a statistical mixture of the two coherent
states with exponentially decaying coherent amplitudes. The quantum character of the
initial superposition is rapidly lost and for all practical purposes we may as well regard the
initial state as a classical statistical mixture of the two ‘pointer states’. For this reason it is
very hard to prepare an oscillator in a Schrodinger-cat state. However, the decoherence we
have described has been observed experimentally for |« — 8| ~ 1.

3.9.2 Experimental observation

The experimental demonstration of the fast decay of coherence for two superposed coherent
states was first performed by the Haroche group in Paris using the cavity QED system of
Rydberg atoms in microwave cavities [BHD196]. The experiment is based on Ramsey
fringe interferometry (see Box 1.4). A schematic diagram of the experiment is shown in
Fig. 3.4.

A two-level atomic system with ground state |g) and excited state |e) interacts with
a cavity field in C. This cavity field is well detuned from the atomic resonance. The
ground and excited states of the atom correspond to Rydberg levels with principal quantum
numbers 50 and 51. Such highly excited states have very large dipole moments and can
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thus interact very strongly with the cavity field even though it is well detuned from the
cavity resonance. The effect of the detuned interaction is to change the phase of the field
in the cavity. However, the sign of the phase shift is opposite for each of the atomic states.
Using second-order perturbation theory, an effective Hamiltonian for this interaction can
be derived:

Hc = ya'tas,, (3.128)

where 6. = |e)(e| — |g)(g|, and x = |2|?/(28), where Q is the single-photon Rabi fre-
quency and § = w, — w, is the atom—cavity detuning. Thus decreasing the detuning
increases x (which is desirable), but the detuning cannot be decreased too much or the
description in terms of this effective interaction Hamiltonian becomes invalid.

Assume to begin that the cavity fields R; and R, in Fig. 3.4 above are resonant with
the atomic transition. Say the cavity C is initially prepared in a weakly coherent state |«)
(in the experiment |or| = 3.1) and the atom in the state (|g) + |e))/~/2, using a /2 pulse
in cavity R;. Then in time t the atom—cavity system will evolve under the Hamiltonian
(3.128) to

Y (@) = —=(18)lee’?) + le)|ae ™)), (3.129)

1
V2
where ¢ = xt/2.

Exercise 3.31 Verify this.

The state in Eq. (3.129) is an entangled state between a two-level system and an oscillator.
Tracing over the atom yields a field state that is an equal mixture of two coherent states
separated in phase by 2¢.

To obtain a state that correlates the atomic energy levels with coherent superpositions of
coherent states, the atom is subjected to another 7 /2 pulse in cavity R,. This creates the
final state

V) out = %[|g>(|aei¢> + lae™)) + le)(lae'?) — Jae™))]. (3.130)

If one now determines that the atom is in the state |g) at the final ionization detectors, the
conditional state of the field is

[V )our = Ny(lae) + |ae™)), (3.131)
where N, is a normalization constant. Likewise, if the atom is detected in the excited state,
[V ou = N_(Jae'?) — |ae™'?)). (3.132)

These conditional states are superpositions of coherent states.

In the preceding discussion we ignored the cavity decay since this is small on the time-
scale of the interaction between a single atom and the cavity field. In order to see the
effect of decoherence, one can use the previous method to prepare the field in a coherent
superposition of coherent states and then let it evolve for a time T so that there is a significant
probability that at least one photon is lost from the cavity. One then needs to probe the
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Fig. 3.5 A plot of the two-atom correlation 1 versus the delay time between successive atoms for two
different values of the conditional phase shift. Figure 5(b) adapted with permission from M. Brune et
al., Phys. Rev. Lett. 77,4887, (1996). Copyrighted by the American Physical Society.

decohered field state. It is impossible to measure directly the state of a microwave cavity
field at the quantum level because of the low energy of microwave photons compared
with optical photons. Instead the Haroche team used a second atom as a probe for the
field state. They then measured the state of the second atom, obtaining the conditional
probabilities p(e|g) and p(e|e) (where the conditioning label refers to the result of the first
atom measurement). Since the respective conditional field states after the first atom are
different, these probabilities should be different. The extent of the difference is given by

n = plele) — p(elg). (3.133)

From the result (3.125), after a time 7 the two conditional states will have decohered to

Pou(T) ¢ (Jaee?) oree| + Jare ™) (ore ™)
+ (C(Dlore) (e ™| + C(0) e ™) (rel),  (3.134)

where o; < « due to decay in the coherent amplitude and |C(7)| < 1 due to the decay
in the coherences as before. In the limit C(t) — 0, these two states are indistinguishable
and so n — 0. Thus, by repeating a sequence of double-atom experiments, the relevant
conditional probabilities may be sampled and a value of 1 as a function of the delay time
can be determined. (In the experiment, an extra averaging was performed to determine
n, involving detuning the cavities R; and R, from atomic resonance wg by a varying
amount A.)

In Fig. 3.5 we reproduce the results of the experimental determination of 1 for two
different values of the conditional phase shift, ¢, as a function of the delay time t in units
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of cavity relaxation lifetime 7, = 1/y. As expected, the correlation signal decays to zero.
Furthermore, it decays to zero more rapidly for larger conditional phase shifts. That is to say,
it decays to zero more rapidly when the superposed states are further apart in phase-space.
The agreement with the theoretical result is very good.

3.10 Other examples of decoherence
3.10.1 Quantum electromechanical systems

We now consider a simple model of a measured system in which the apparatus undergoes
decoherence due to its environment. In the model the measured system is a two-level system
(with basis states |0) and |1)) while the apparatus is a simple harmonic oscillator, driven
on resonance by a classical force. The coupling between the two-level system and the
oscillator is assumed to change the frequency of the oscillator. The effective Hamiltonian
for the system plus apparatus in the interaction frame is

H=e@" +a)+ yatas,, (3.135)

where € is the strength of the resonant driving force and y is the strength of the coupling
between the oscillator and the two-level system. The irreversible dynamics of the apparatus
is modelled using the weak-damping, zero-temperature master equation of Eq. (3.121),
giving the master equation

p = —iela +a', p] —ix[atas., pl + yDlalp. (3.136)

There are numerous physical problems that could be described by this model. It could
represent a two-level electric dipole system interacting with an electromagnetic cavity field
that is far detuned, as can occur in cavity QED (see the preceding Section 3.9.2) and
circuit QED (see the following Section 3.10.2). Another realization comes from the rapidly
developing field of quantum electromechanical systems, as we now discuss.

Current progress in the fabrication of nano-electromechanical systems (NEMSs) will
soon yield mechanical oscillators with resonance frequencies close to 1 GHz, and quality
factors Q above 10° [SRO5]. (The quality factor is defined as the ratio of the resonance
frequency wy to the damping rate y.) At that scale, a NEMS oscillator becomes a quantum
electromechanical system (QEMS). One way to define the quantum limit is for the thermal
excitation energy to be less than the energy gap between adjacent oscillator energy eigen-
states: hwgy > kg T . This inequality would be satisfied by a factor of two or so with a device
having resonance frequency wy = 1 x 27 GHz and temperature of 7, = 20 mK.

In this realization, the two-level system or qubit could be a solid-state double-well
structure with a single electron tunnelling between the wells (quantum dots). We will
model this as an approximate two-state system. It is possible to couple the quantum-
electromechanical oscillator to the charge state of the double dot via an external voltage
gate. A possible device is shown in Fig. 3.6. The two wells are at different distances from the
voltage gate and this distance is modulated as the oscillator moves. The electrostatic energy
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Fig. 3.6 A possible scheme for coupling a single-electron double-dot system to a nano-mechanical
resonator. The double dot is idealized as a double-well potential for a single electron.

of the system depends on which well is occupied by the electron and on the square of the
oscillator displacement. This leads to a shift in the frequency of the oscillator that depends
on the location of the electron [CR98]. Currently such nano-mechanical electrometers are
strongly dominated by thermal fluctuations and the irreversible dynamics are not well
described by the decay term in Eq. (3.136). However, if quality factors and resonance
frequencies continue to increase, these devices should enter a domain of operation where
this description is acceptable.
At any time the state of the system plus apparatus may be written as

p(t) = poo ® [0)(0] + p11 ® [1)(1] + p1o ® |1){0] + pjy ® [0)(1], (3.137)

where p;; is an operator that acts only in the oscillator Hilbert space. If we substitute this
into Eq. (3.136), we find the following equations:

poo = —iela +a', pool +ixla’a, pool + yDlalpoo, (3.138)
o = —iela+a', pnl —ixla'a, pil+ yDlalpu, (3.139)
P10 = —iela +at, piol —ixla'a, pio} + yDlalpio, (3.140)

where {A, B} = AB + BA as usual. On solving these equations for the initial condition of
an arbitary qubit state cy|0) + ¢;|1) and the oscillator in the ground state, we find that the
combined state of the system plus apparatus is
p(1) = leol*la— () a0 @ [0)(0] + |e1 Pl (1)) (i ()] @ [1)(1]
+ [cocTC(t)|oz+(t))(a_(t)| ® |1){0] + H.c.] , (3.141)
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where | (7)) are coherent states with amplitudes

—ie L ;
as(t) = SAEix [1 — ei~0r/2F00], (3.142)

The coherence factor C(¢) has a complicated time dependence, but tends to zero as t — oo.
Thus the two orthogonal states of the measured qubit become classically correlated with
different coherent states of the apparatus. The latter are the pointer basis states of the
apparatus, and may be approximately orthogonal. Even if they are not orthogonal, it can be
seen that the qubit state becomes diagonal in the eigenbasis of 6.

For short times C(¢) decays as an exponential of a quadratic function of time. Such a
quadratic dependence is typical for coherence decay in a measurement model that relies
upon an initial build up of correlations between the measured system and the pointer
degree of freedom. For long times (y¢ > 1), the coherence decays exponentially in time:
C(t) ~ e~ . The rate of decoherence is

_ 262y x?
A+
This qubit decoherence rate can be understood as follows. The long-time solution of
Eq. (3.141) is

(3.143)

Poo = lcol*la—)(a—| ® 10)(0] + |c1]* o) (s | @ 11)(1] (3.144)
with ay = —ie(y/2 £ix)"".

Exercise 3.32 Verify by direct substitution that this is a steady-state solution of the master
equation (3.136).

The square separation S = |a_ — o |* between the two possible oscillator amplitudes in
the steady state is given by

_ 4e? x?

A
Thus the long-time decoherence rate is I' = Sy /2. This is essentially the rate at which
information about which oscillator state is occupied (and hence which qubit state is occu-

pied) is leaking into the oscillator’s environment through the damping at rate y. If § > 1,
then the decoherence rate is much faster than the rate at which the oscillator is damped.

(3.145)

3.10.2 A superconducting box

The international effort to develop a quantum computer in a solid-state system is driving
a great deal of fundamental research on the problem of decoherence. Recent experiments
have begun to probe the mechanisms of decoherence in single solid-state quantum devices,
particularly superconducting devices. In this section we will consider the physical mecha-
nisms of decoherence in these devices and recent experiments. A superconducting box or
Cooper-pair box (CPB) is essentially a small island of superconducting material separated
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Fig. 3.7 A Cooper-pair box system. A superconducting metallic island is connected to a Cooper pair
reservoir by a split tunnel junction, threaded by a magnetic flux ¢,. A DC bias gate with voltage V,
can make it energetically favourable for one or more Cooper-pairs to tunnel onto the island.

by a tunnel barrier from a reservoir of Cooper pairs. A Cooper pair (CP) is a pair of electrons
bound together due to complex interactions with the lattice of the superconducting material
[Co056, BCS57]. Although electrons are fermions, a pair of electrons acts like a boson,
and so can be described similarly to photons, using number states |N) for N € N.

A schematic representation of a CPB is shown in Fig. 3.7. The box consists of a small
superconducting metallic island with oxide barrier tunnel junctions insulating it from the
Cooper-pair reservoir. As the voltage V, on the bias gate is changed, one or more Cooper
pairs may tunnel onto the island. The tunnelling rate is determined by the Josephson energy
E; of the junction. This can be changed by adjusting the magnetic flux ¢, threading the
loop: a so-called split-junction CPB.

In the experiment of Schuster ef al. [SWB™05] the CPB was placed inside a supercon-
ducting co-planar microwave LC-resonator. The resonator supports a quantized mode of
the electromagnetic field, while the CPB acts like an atomic system. Thus the term ‘circuit
QED’ (as opposed to the ‘cavity QED’ of Section 3.9.2) is used for these systems. The
coupling between the CPB and the microwave field is given by

A = hw,ata — 7’ ;(w)(zv + 1+ [N+ 1)(N))
+4Ec Y (N —itg*IN)(N|. (3.146)
N

In the first term, w, = +/LC is the frequency and @ the annihilation operator for the
microwave resonator field (note that in this section we are not setting 7 = 1). The second
term is the Josephson tunnelling term, with Josephson frequency E /h. The third term is
the coupling between the field and the CPB, in which E¢ = ¢?/(2Cyx) and /i ¢ =0Cq Vg /(2e).
Here Cy is the capacitance between the island and the rest of the circuit, C, is the capacitance
between the CPB island and the bias gate for the island, and Vg is the operator for the total
voltage applied to the island by the bias gate. This voltage can be split as Vg = V&fo) + 9,
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where Vg(o) is a DC field and ¥ is the microwave field in the cavity, which is quantized. It is
related to the cavity annihilation operator by

b = (a + a"Hvhw, /(20). (3.147)

‘We can thus write

A

g =nY + 0y dig(t) =[Cy/(20)]0(1). (3.148)

For b7, small, we can choose the bias ng)) such that the CPB never has more than one
CP on it at any time. That is, we can restrict the Hilbert space to the N € {0, 1} subspace,
and write the Hamiltonian as

Ata Oy, _ Es . 5 o _ 5
hw,a'a —2Ec(1 — 2ng )6, — TO'Z —4Ecdh (1)1 — an — 6y). (3.149)
Here (differing from the usual convention) we have defined 6, = |0)(0| — |1)(1] and &, =

[1)(0] + |0)(1]. If one chooses to operate at the charge-degeneracy point, ng)) =1/2, the
Hamiltonian takes the form

H = ho,ata + hw,6./2 — hig(a + a6, (3.150)
where

Cg Wy Ej
e— y Wy = —|/—.
Cs Y RLC h

g= (3.151)
Defining Hy = hw,(ata + 6./2), we move to an interaction frame with respect to this
Hamiltonian, and make a rotating-wave approximation as usual. The new Hamiltonian is

V =hAaa'a + hg(aé, +a'é.), (3.152)

with A = w, — w, the detuning between the circuit frequency and the CPB tunnelling
frequency. It is assumed to be small compared with w,. We can, however, still consider
a detuning that is large compared with g. Treating the second term in Eq. (3.152) as a
perturbation on the first term, it is possible to show using second-order perturbation theory
that Eq. (3.152) may be approximated by the effective Hamiltonitan

Ve = hAaa'a + hyataé,, (3.153)

where x = g?/A. Moving frames again to the cavity resonance, and including a resonant
microwave driving field €, gives a Hamiltonian with the same form as Eq. (3.135).
Schuster et al. [SWB'05] recently implemented this system experimentally and mea-
sured the measurement-induced qubit dephasing rate given in Eq. (3.143). In their exper-
iment, A /(2w) = 100 MHz, g/(27) = 5.8 MHz and the cavity decay rate was y/(27) =
0.8 MHz. Schoelkopf’s team used a second probe microwave field tuned to the CPB reso-
nance to induce coherence in the qubit basis. The measurement-induced decoherence time
then appears as a broadening of the spectrum representing the response of the qubit to
the probe. This spectrum is related to the norm squared of the Fourier transform of the
coherence function in time. The results are found to be in good agreement with the theory
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presented here for small x. Although the decay of coherence is exponential for long times
with rate (3.143), for short times the decoherence is quadratic in time. This is manifested
experimentally in the line shape of the probe absorption spectrum: the line shape deviates
from the usual Lorentzian shape (corresponding to exponential decay) in its wings.

3.11 Heisenberg-picture dynamics

We saw in Section 1.3.2 that quantum dynamics, and even quantum measurement, can be
formulated in the Heisenberg picture. It is thus not surprising that there is a Heisenberg-
picture formulation for master equations. This formulation is sometimes called the quantum
stochastic differential-equation technique, or the quantum Langevin approach [GC85] (after
Paul Langevin, who developed the corresponding theory of classical stochastic differential
equations early in the twentieth century [Lan(08]). In this section we will develop the
Heisenberg-picture description for a system coupled to a bosonic (harmonic-oscillator)
bath. We will show how the Markovian limit can be elegantly formulated in the Heisenberg
picture, and used to derive a Lindblad-form master equation.

Consider the interaction-frame coupling Hamiltonian in the rotating-wave approximation
(3.24) derived in Section 3.3.1

Vie(t) = —i[b(z := —0)ét — b(z := —n)él, (3.154)
where

bz) =y 7" gube™, (3.155)
k

where §; is the detuning of the bath mode k from the system, y is the dissipation rate, and,
as in the example of Section 3.3.1, i¢ is the system lowering operator multiplied by /Y.

We use z, rather than ¢, as the argument of b for two reasons. The first is that b(z := —t)
is not at this stage a Heisenberg-picture operator. Rather, the interaction Hamiltonian is
time-dependent because we are working in the interaction frame, and the operator 5(z) is
defined simply to make Vig(¢) simple in form. The second reason is that in some quantum-
optical situations, such as the damping of a cavity mode at a single mirror, it is possible
to consider the electromagnetic field modes which constitute the bath as being functions
of one spatial direction only. On defining the speed of light in vacuo to be unity, and the
origin as the location of the mirror, we have that, at time t = 0, E(z) relates to the bath at
position |z| away from the mirror. For z < 0 it represents a property of the incoming field,
and for z > 0 it represents a property of the outgoing field. That is, b(z := —t) represents
the field that will interact (for # > 0) or has interacted (for r < 0) with the system at time
t. An explanation of this may be found in many textbooks, such as that of Gardiner and
Zoller [GZ04].

Now, in the limit of a continuum bath as considered in Section 3.3.1, we find that

[b(z), bT(z) =y 'T'(z — 2. (3.156)
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In order to derive a Markovian master equation, it was necessary to assume that I'(t) was
sharply peaked at T = 0. Ignoring the Lamb shift in Eq. (3.30), and taking the Markovian
limit, we obtain

[b(z), ()] = 8(z — 7). (3.157)

Physically, this result cannot be exact because the bath modes all have positive frequency.
Also, one must be careful using this result because of the singularity of the §-function.
Nevertheless, it is the result that must be used to obtain a strict correspondence with a
Markovian master equation.
Before moving to the Heisenberg picture, it is useful to define the unitary operator for
an infinitesimal evolution generated by Eq. (3.154):
O +dr, 1) = exp[@dBT - 6Td1§z:=_t]. (3.158)

Z:=—t
Here we have defined a new infinitesimal operator,
dB, = b(z)dr. (3.159)

The point of defining this infinitesimal is that, although it appears to be of order dz, because
of the singularity of the commutation relation (3.157), it is actually of order +/dt. This can
be seen by calculating its commutation relations

[dB,,dB] = dr, (3.160)

where we have used the heuristic equation §(0)ds = 1. This can be understood by thinking
of dt as the smallest unit into which time can be divided. Then the discrete approximation
to a é-function is a function which is zero everywhere except for an interval of size dt
around zero, where it equals 6(0) = 1/dr (so that its area is unity). Because dB, is of order
Jdt, it is necessary to expand U (t 4 dt, 1) to second rather than first order in its argument.
That is,

\B!__ dB..__,

=t

—_
(9]

2
>

O +de ) =1+ (c dBi_, —of déz;:_,> -

GV A
+ 48 (aBl_,) + 4@ (aBeasr)”. (3.161)

Exercise 3.33 Show rthis, using Eq. (3.160).

3.11.1 Quantum Langevin equations

To obtain the Heisenberg-picture dynamics of the system, one might think that all one need
do is to write down the usual Heisenberg equations of motion (in the interaction frame)
generated by the Hamiltonian (3.154). That is, for an arbitrary system operator §,

dil(tt) = [b(z := —1,0)¢T (1) — b1 (z := —1, D)é®), 3(1)], (3.162)
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where now b(z, 1) is also time-dependent through the evolution of b(¢) in the Heisenberg
picture. However, because of the singularity of the commutation relation (3.157), the
situation is not so simple. The approach we will follow is different from that in most texts.
It has the advantage of being simple to follow and of having a close relation to an analogous
approach in classical Markovian stochastic differential equations. For a detailed discussion,
see Appendix B.

In our approach, to find the correct Heisenberg equations one proceeds as follows (note
that all unitaries are in the interaction frame as usual):

§(t +dt) = UT(t + dt, t0)3(10)U (¢ + dt, 1) (3.163)
= UT(t, )01 (¢ + dt, D)3(10)0 (2 + dt, 0 (2, 10) (3.164)
= Ofp(t + dt, 050 Op(z + d1, 1), (3.165)

where §(1) = Ut (t, 10)3(t0)U (¢, 1) and
Unp(t +dt, 1) = UT(t, 1)U (¢ + dt, U (¢, to). (3.166)

Here we are (just for the moment) using the subscript HP to denote that Eq. (3.166) is
obtained by replacing the operators appearing in U(z + dr, 1) by their Heisenberg-picture
versions at time ¢. If we were to expand the exponential in Uwp(t + dt, 1) to first order in its
argument, we would simply reproduce Eq. (3.162). As motivated above, this will not work,
and instead we must use the second-order expansion as in Eq. (3.161). First we define

dBin(t) = dB..__, (1), (3.167)

and by, (1) similarly. These are known as input field operators. Note that as usual the
t-argument on the right-hand side indicates that here dB,.__, is in the Heisenberg picture.
Because of the bath commutation relation (3.157), this operator is unaffected by any
evolution prior to time ¢, since dBin(t) commutes with déi];l(t) for non-equal times. Thus

we could equally well have defined

dBin(t) = dB.—_,(t"), V' <t1. (3.168)

In particular, if ' = 1y, the initial time for the problem, then d1§in(t) is the same as the
Schrodinger-picture operator dB..__, appearing in U(r + dt, t) of Eq. (3.158).

If the bath is initially in the vacuum state, this leads to a significant simplification, as
we will now explain. Ultimately we are interested in calculating the average of system (or
bath) operators. In the Heisenberg picture, such an average is given by

(8()) = Tr[8(1)ps ® pg] = Trs[(0[3(1)[0) ps], (3.169)

where |0) is the vacuum bath state and ps is the initial system state. Since dBin(1)|0) = 0 for
all ¢, any expression involving dBin(t) and déiTIl(t) that is in normal order (see Section A.5)
will contribute nothing to the average. Thus it is permissible to drop all normally ordered
terms in Eq. (3.161) that are of second order in déin(t). That is to say, we can drop all
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second-order terms in déin(t) in Eq. (3.161) because we have already used
dBin(1)dB; (1) = [dBin(r), dB] (1)] 4+ dB] (1)d Bin(1) = dt (3.170)

to obtain the non-zero second-order term —%éTé dr in Eq. (3.161).

Although they do not contribute to (d§(¢)), first-order terms in the input field operator
must be kept because they will in general contribute (via a non-normally ordered product)
to the change in an operator product such as (d(7$)). That is because, not surprisingly, one
must consider second-order corrections to the usual product rule:

A7) = (A7) + F(dS) + (d7)(d$). (3.171)

One thus obtains from Eq. (3.165) the following Heisenberg equation of motion in the
interaction frame:

d§ = dr (efse — L{ete, s} +i[A, 51) — [dB (e — ¢'dBy,(1), 5. (3.172)

Here we have dropped the time arguments from all operators except the input bath operators.
We have also included a system Hamiltonian A, as could arise from having a non-zero
Vg, or a Lamb-shift term, as discussed in Section 3.3.1. Remember that we are still in
the interaction frame — A here is not the same as the H = Hy + V for the system plus
environment with which we started the calculation.

We will refer to Eq. (3.172) as a quantum Langevin equation (QLE) for §. The operator
§ may be a system operator or it may be a bath operator. Because bi,(7) is the bath operator
before it interacts with the system, it is independent of the system operator §(z). Hence for
system operators one can derive

ds B A
<E> = ((eTse — 1efes — 1sete) +i[A, 51). (3.173)
Although the noise terms in (3.172) do not contribute to Eq. (3.173), they are necessary in
order for Eq. (3.172) to be a valid Heisenberg equation of motion. If they are omitted then
the operator algebra of the system will not be preserved.

Exercise3.34 Show this. For specificity, consider the case ¢ = ,/ya, where a is an annihi-
lation operator, and show that, unless these terms are included, [a(t), at o will not remain
equal to unity.

The master equation. Note that Eq. (3.173) is Markovian, depending only on the average
of system operators at the same time. Therefore, it should be derivable from a Markovian
evolution equation for the system in the Schrodinger picture. That is to say, there should
exist a master equation for the system state matrix such that

(s(r)) = Tr[$p(0)]. (3.174)
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Here, the placement of the time argument indicates the picture (Heisenberg or Schrodinger).
By inspection of Eq. (3.173), the corresponding master equation is

o = Dlelp —ilH, pl. (3.175)

As promised, this is of the Lindblad form.

3.11.2 Generalization for a non-vacuum bath

The above derivation relied upon the assumption that the bath was initially in the vacuum
state |0). However, it turns out that there are other bath states for which it is possible
to derive a Markovian QLE and hence a Markovian master equation. This generalization
includes a bath with thermal noise and a bath with so-called broad-band squeezing. Instead
of the equation dBi, (t)déi];(t) = dt, with all other second-order products ignorable and all
first-order terms being zero on average, we have in the general case

dBJ(1dBy(1) = N dt, (3.176)
dBiy(1)dB (1) = (N + 1)dt, (3.177)
dBin(1)dBin(r) = M dr, (3.178)

(dBin()) = B dt, (3.179)

while Eq. (3.160) still holds. The parameter N is positive, while M and 8 are complex,
with M constrained by

IM|* < N(N + D). (3.180)

This type of input field is sometimes called a white-noise field, because the bath correlations
are §-correlated in time. That is, they are flat (like the spectrum of white light) in frequency
space. A thermal bath is well approximated by a white-noise bath with M =0 and N =
{exp[hwo/(kgT)] — 1}, where wy is the frequency of the system’s free oscillation. Only
a pure squeezed (or vacuum) bath attains the equality in Eq. (3.180).

Using these rules in expanding the unitary operator in Eq. (3.165) gives the following
general QLE for a white-noise bath:

o — i H s L step _ cota _ atas st _epet _ apte
ds =idt[H, ]+ 5{(N+ 1)(2¢'s¢ —s¢'¢ — ¢'¢5) + N(Q2éese! — sec! — ¢e's)
+ Mt [eT, 811 + M*[e, [¢, 811}dr — [dB] ¢ — ¢" dBi,. 5.
(3.181)

Here we have dropped time arguments but are still (obviously) working in the Heisenberg
picture.

Exercise 3.35 Derive Eq. (3.181).
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The corresponding master equation is evidently
: 5 sty o Miat pat M
p =N+ DDlelp + NDIeHp + —1eh [eh, pll + —=1¢, ¢, pl]

—i[H +i(B*e — Beh, pl. (3.182)

Note that the effect of the non-zero mean field (3.179) is simply to add a driving term to the
existing system Hamiltonian H. Although not obviously of the Lindblad form, Eq. (3.182)
can be written in that form, with three irreversible terms, as long as Eq. (3.180) holds.

Exercise 3.36 Show rhis.
Hint: Define N’ such that |M|*> = N'(N' + 1) and consider three Lindblad operators
proportional to &, &' and [6(N' + M* 4+ 1) — é(N' + M)].

3.12 Further reading

There is a large and growing literature on describing the evolution of open quantum systems,
both with and without the Markovian assumption. For a review, see the book by Breuer and
Petruccione [BP02]. One of the interesting developments since that book was published is
the derivation [PV05] of a Markovian master equation for Brownian motion starting from
Einstein’s original concept of Brownian motion. That is, instead of considering a particle
coupled to a bath of harmonic oscillators, a massive particle is made to suffer collisions
by being immersed in a bath of less massive particles in thermal equilibrium. Building on
the work of Didsi [Di693], Petruccione and Vacchini [PV05] have rigorously derived a
Lindblad-form master equation that involves diffusion in position as well as momentum.

As we have discussed, the Lindblad form is the only form of a Markovian master
equation that corresponds to a completely positive map for the state. The question of which
non-Markovian master equations give rise to completely positive evolution has recently
been addressed by Andersson, Cresser and Hall [ACHO7]. They consider time-local non-
Markovian master equations; that is, master equations with time-dependent coefficients
such as those we discussed in Section 3.4. For finite-dimensional systems, they show how
the state map for any time may be constructed from the master equation, and give a simple
test for complete positivity. Conversely, they show that any continuous time-dependent map
can be turned into a master equation.

In this chapter we have discussed master equations for systems that can exchange exci-
tations with both fermionic and bosonic baths. However, when presenting the Heisenberg-
picture dynamics (quantum Langevin equations) we considered only the case of a bosonic
bath. The reason is that there is an important technical issue due to the anticommutation
relations between the fermionic driving field and those system operators which can change
the number of fermions within the system. This problem has been addressed in a recent
paper by Gardiner [Gar(04].

The decoherence ‘programme’ described briefly in Section 3.7 has been reviewed
recently by Zurek, one of its chief proponents [Zur03]. For an excellent discussion of
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some of the conceptual issues surrounding decoherence and the quantum measurement
problem, see the recent review by Schlosshauer [Sch04]. For an extensive investigation
of physically realizable ensembles and robustness for various open quantum systems
see Refs. [WV02a, WV02b, ABJWO05]. Finally, we note that an improved version of the
Schrodinger-cat decoherence experiment of Section 3.9.2 has been performed, also by the
Haroche group. The new results [DDS'08] allow reconstruction of the whole quantum
state (specifically, its Wigner function — see Section A.5), showing the rapid vanishing of
its nonclassical features under damping.



4

Quantum trajectories

4.1 Introduction

A very general concept of a quantum trajectory would be the path taken by the state of a
quantum system over time. This state could be conditioned upon measurement results, as
we considered in Chapter 1. This is the sort of quantum trajectory we are most interested
in, and it is generally stochastic in nature. In ordinary use, the word trajectory usually
implies a path that is also continuous in time. This idea is not always applicable to quan-
tum systems, but we can maintain its essence by defining a quantum trajectory as the
path taken by the conditional state of a quantum system for which the unconditioned
system state evolves continuously. As explained in Chapter 1, the unconditioned state
is that obtained by averaging over the random measurement results which condition the
system.

With this motivation, we begin in Section 4.2 by deriving the simplest sort of quantum
trajectory, which involves jumps (that is, discontinuous conditioned evolution). In the
process we will reproduce Lindblad’s general form for continuous Markovian quantum
evolution as presented in Section 3.6. In Section 4.3 we relate these quantum jumps to
photon-counting measurements on the bath for the model introduced in Section 3.11, and
also derive correlation functions for these measurement records. In Section 4.4 we consider
the addition of a coherent field (the ‘local oscillator’) to the output before detection. In
the limit of a strong local oscillator this is called homodyne detection, and is described
by a continuous (diffusive) quantum trajectory. In Section 4.5 we generalize this theory
to describe heterodyne detection and even more general diffusive quantum trajectories. In
Section 4.6 we illustrate the detection schemes discussed by examining the conditioned
evolution of a simple system: a damped, driven two-level atom. In Section 4.7 we show
that there is a complementary description of continuous measurement in the Heisenberg
picture, and that this can also be used to derive correlation functions and other statistics
of the measurement results. In Section 4.8 we show how quantum trajectory theory can
be generalized to deal with imperfect detection, incorporating inefficiency, thermal and
squeezed bath noise, dark noise and finite detector bandwidth. In Section 4.9 we turn from
optical examples to mesoscopic electronics, including a discussion of imperfect detection.
We conclude with further reading in Section 4.10.

148
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4.2 Quantum jumps
4.2.1 Master equations and continuous measurements
The evolution of an isolated quantum system in the absence of measurement is Markovian:
Wt +T)) = UMy (1) = exp(=iHT)|y (1)), (4.1)
where H is the Hamiltonian. This equation leads to a finite differential

i P+ D) — @)
1m

=0 T

= [ (1)) = —iH@)|¥ (1)) = finite (4.2)

and hence to continuous evolution. We now seek to generalize this unitary evolution
by incorporating measurements. To consider the unconditioned state, averaged over the
possible measurement results, we have to represent the system by a state matrix rather than
a state vector. Then continuous evolution of p implies

i p(t+1)— p()
m ———-
T

=0

=p (¢t) = finite. (4.3)

In order to obtain a differential equation for p(¢), we require the measurement time 7
to be infinitesimal. In this limit, we say that we are monitoring the system. Then, from
Eq. (1.86), the state matrix at time ¢ + d¢, averaging over all possible results, is

pt+dy =) TIMd)lp(r). (4.4)

If p(t + dt) is to be infinitesimally different from p(#), then a first reasonable guess at how
to generalize Eq. (4.1) would be to consider just one r, say r = 0, and set

Mo(dt) =1 — (R/2 +iH)dr, (4.5)

where R and H are Hermitian operators. However, we find that this single measurement
operator does not satisfy the completeness condition (1.78), since, to order dz,

My (dn)Mo(dr) = T — Rdr # 1. (4.6)

The above result reflects the fact that a measurement with only one possible result is not
really a measurement at all and hence the ‘measurement operator’ (4.5) must be a unitary
operator, as it is with R = 0. If R # 0 then we require at least one other possible result to
enable D, M,(dt)TMr(dt) = 1. The simplest suggestion is to consider two results 0 and 1.
We let Mo(dt) be as above, and define

My(dr) = Vdre, @.7)
where ¢ is an arbitrary operator obeying
éfe = R, (4.8)
which implies that we must have R > (), so that

M (de)Mo(dr) + M (de)Mdr) = 1. (4.9)
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This gives the non-selective evolution
ot +dr) = [1—@fe/2 + imdrp)(l — te/2 — iA)dr) + dr ép()et,  (4.10)
which has the differential form
p = —i[H, pl + D[¢élp = Lp. 4.11)

Allowing for more than one irreversible term, we obtain exactly the master equation derived
by Lindblad by more formal means [Lin76] (see Section 3.6).

4.2.2 Stochastic evolution

Let us consider the evolution implied by the two measurement operators above. The prob-
ability for the result r = 1 is

o1(dr) = Tr[J[M(d1)]p] = dt Tr[éTeép], (4.12)

which is infinitesimal (provided that été is bounded as assumed by Lindblad [Lin76]).
That is to say, for almost all infinitesimal time intervals, the measurement result is » = 0,
because gp(dt) = 1 — O(dr). The result » = 0 is thus regarded as a null result. In the case
of no result, the system state changes infinitesimally, but not unitarily, via the operator
Mo(dr). At random times, occurring at rate g (dr)/dt, there is a result » = 1, which we
will call a detection. When this occurs, the system undergoes a finite evolution induced
by the operator M (dt). This change can validly be called a quantum jump. However, it
must be remembered that it represents a sudden change in the observer’s knowledge, not
an objective physical event as in Bohr’s original conception in the 1910s [Boh13].

Real measurements that correspond approximately to this ideal measurement model
are made routinely in experimental quantum optics. If ¢ = ,/ya then Eq. (4.11) is the
damped-cavity master equation derived in Section 3.3.2, and this theory describes the
system evolution in terms of photodetections of the cavity output. Note that we are ignoring
the time delay between emission from the system and detection by the detector. Loosely,
we can think of the conditioned state here as being the state the system was in at the time
of emission. When it comes to considering feedback control of the system we will see that
any time delay, whether between the emission and detection or between the detection and
feedback action, must be taken into account.

Let us denote the number of photodetections up to time ¢ by N(¢), and say for simplicity
that the system state at time ¢ is a pure state |1(¢)). Then the stochastic increment d/N (¢)
obeys

dN(1)? = dN(1), (4.13)
E[AN(1)] = (M{(d0)M(dr)) = dr(yr)léTely o), (4.14)

where a classical expectation value is denoted by E and the quantum expectation value
by angle brackets. The first equation here simply says that dN is either zero or one, as it
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must be since it is the increment in N in an infinitesimal time. The second equation gives
the mean of dN, which is identical with the probability of detecting a photon. This is an
example of a point process — see Section B.6.

From the measurement operators (4.5) and (4.7) we see that, when dN () = 1, the state
vector changes to

M@y @) ely)
\/ (M (dr)M,(dn)(r) NIGEIO)

(4.15)

Y1t 4 dn)) =

where the denominator gives the normalization. If there is no detection, dN(t) = 0 and
Mo(dD)|y (1))

J o @onto@n) )

= {1 —d[ifd + i¢te — LeTam] v @), (4.16)

[Yo(r +dr)) =

where the denominator has been expanded to first order in df to yield the nonlinear term.
This stochastic evolution can be written explicitly as a nonlinear stochastic Schrodinger
equation (SSE):

A At st
Ay () = [dN(t)(;() - 1) . dN(t)]dt((c aw _ce_ 1H>:| [y (1)),

(eteya 2 2
4.17)

It is called a Schrodinger equation only because it preserves the purity of the state, like
Eq. (4.1). We will call a solution to this equation a quantum trajectory for the system.
We can simplify the stochastic Schrodinger equation by using the rule (see Section B.6)

dN()dt = o(dr). (4.18)

This notation means that the order of dN(¢)dr is smaller than that of df and so the former
is negligible compared with the latter. Then Eq. (4.17) becomes

é . @teyy  eéfe .
diy () = [dANO)| —— -1 +dt( ———1H> [Y(@).  (4.19)
(efe)(r) 2 2

Exercise 4.1 Verify that the only difference between the two equations is that the state
vector after a jump is infinitesimally different. Since the total number of jumps in any finite
time is finite, the difference between the two equations is negligible.

From Eq. (4.19) it is simple to reconstruct the master equation using the rules (4.13) and
(4.14). First define a projector

@) = [y Oy @I, (4.20)
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and find (using the notation |dy) = d|y))

Azt (1) = [dyO) (Y O] + [¥ O) Ay ()] + [dy () (dy ()] 4.21)
= {dN(H)G[e] — dt H[iH + 3ete]}a ). (4.22)

Here, the nonlinear (in p) superoperators G and H are defined by

5 opt
A _ rpor
Glrlp = T P (4.23)
H[Fp = Fp + pft = Trlfp + prilp. (4.24)
Now define
p(t) = E[7 ()], (4.25)

that is, the state matrix is the expected value or ensemble average of the projector. From
Eq. (B.54), the rule (4.14) generalizes to

E[dN (g (7 ()] = dt E[Tr[7(1)éTe] g(7(1))], (4.26)
for any function g. Using this yields finally
dp = —idt[H, p] +dr D[¢]p, 4.27)

as required.

Exercise 4.2 Verify Egs. (4.22) and (4.27) following the above steps.

4.2.3 Quantum trajectories for simulations
For the most general master-equation evolution,
p = —ilH. p1+)_Dlé,lp. (4.28)
I

the above SSE can be generalized to

- oo oo
o) = Y | dNu0 | —2— -1 +dt(—<cﬂcg>(’)_cﬂc“_iﬁ) o)
Iz (C1,) (1)
(4.29)
with
EIAN, ()] = (0012}, o) (430)

AN, (AN, (1) = AN, (1)8,1,. @31
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Equations of this form have been used extensively since the mid 1990s in order to obtain
numerical solutions of master equations [DZR92, MCD93]. The solution p() is approxi-
mated by the ensemble average E[|y(¢)) (¥ (¢)|] over a finite number M > 1 of numerical
realizations of the stochastic evolution (4.29).

The advantage of doing this rather than solving the master equation (4.28) is that, if the
system requires a Hilbert space of dimension N in order to be represented accurately, then
in general storing the state matrix p requires of order N2 real numbers, whereas storing
the state vector |i) requires only of order N. For large N, the time taken to compute the
evolution of the state matrix via the master equation scales as N*, whereas the time taken
to compute the ensemble of state vectors via the quantum trajectory scales as N>M, or
just N if parallel processors are available. Even though one requires M >> 1, reasonable
results may be obtainable with M <« N?2. For extremely large N it may be impossible even
to store the state matrix on most computers. In this case the quantum trajectory method
may still be useful, if one wishes to calculate only certain system averages, rather than the
entire state matrix, via

E[(y (DI A (1))] = Tr[p(1)A]. (4.32)

One area where this technique has been applied to good effect is the quantized motion of
atoms undergoing spontaneuous emission [DZR92].

The simplest method of solution for Eq. (4.29) is to replace all differentials d by small
but finite differences 6. That is, in a small interval of time 67, a random number R(¢) chosen
uniformly from the unit interval is generated. If

R(t) < @jump = Y _(W(D)[E],2, |1 (1)) 8t (4.33)
"
then a jump happens. One of the possible jumps (w) is chosen randomly using another (or
the same) random number, with the weights (w(t)léléMW(t))ét /®jump- The appropriate
ON,, is then set to 1, all others set to zero, and the increment (4.29) calculated.
In practice, this is not the most efficient method for simulation. Instead, the following
method is generally used. Say the system starts at time 0. A random number R is generated
as above. Then the unnormalized evolution

d . A\ -
S I00) = —(Z &l 2+ iH) 9(1)) (4.34)
m

is solved for a time 7 such that (¥/(T)|¥(T)) = R. This time 7 will have to be found
iteratively. However, since Eq. (4.34) is an ordinary linear differential equation, it can be
solved efficiently using standard numerical techniques. The decay in the state-matrix norm
(W ()|F (1)) is because Eq. (4.34) keeps track only of the no-jump evolution, derived from
the repeated action of Mo(dt). That is, the norm is equal to the probability of this series of
results occurring (see Section 1.4). Thus this method generates T, the time at which the first
jump occurs, with the correct statistics. Which jump (i.e. which @) occurs at this time can
be determined by the technique described above. The relevant collapse operator ¢, is then
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applied to the system |/(T)), and the state normalized again. The simulation then repeats
as if time ¢t = T were the initial time t = 0.

4.3 Photodetection
4.3.1 Photon emission and detection

We claimed above that jumpy quantum trajectories are realized routinely in quantum-
optics laboratories by counting photons in the output beam from a cavity. We now show
this explicitly for this sort of measurement which we call direct detection. Recall from
Eq. (3.158) in Section 3.11 that the interaction between the system and the bath in the
infinitesimal interval [¢, ¢ 4 df) is described by the unitary operator

Ut +dt, t) = exp[¢dBT —¢TdB —iH dt]. (4.35)

Here, for convenience, we are using the short-hand dB = df?zz:_,, and we have included a
system Hamiltonian H, all in the interaction frame. If the system is in a pure state at time ¢
(as it will be if the bath has been monitored up to that time), then we need consider only the
bath mode on which dB acts, which is initially in the vacuum state. That is, the entangled
system—bath state at the end of the interval is U(r + dr, 1)|0)| ¥ (1)).

Keeping only the non-normally ordered second-order terms dB dBT = dr (see Sec-

tion 3.11.1), and given the fact that dB|0) = 0, one finds
Ut +dt, 00}y () = [1 —deéte/2 — il dr]|0) |y (1)) + dBT|0)e|y(r)).  (4.36)

Clearly dBT|0) is a bath state containing one photon. But it is not a normalized one-photon
state; rather, it has a norm of

(0|dB dB1)0) = dr. (4.37)
Thus, the probability of finding one photon in the bath is
(01dB dBT|0) (v (1) &Te|y (1)) = p1(dr), (4.38)

where g (d¢) is defined in Eq. (4.12). Moreover, from Eq. (4.36) it is apparent that the system
state conditioned on the bath containing a photon is exactly as given in Eq. (4.15). The
probability of finding no photons in the bath is gy(d?) = 1 — ¢,(dt), and the conditioned
system state is again as given previously in Eq. (4.16).

In the above, we have not specified whether the measurement on the bath is projective
(which would leave the number of photons unchanged) or non-projective. In reality, photon
detection, at least at optical frequencies, is done by absorption, so the field state at the
end of the measurement is the vacuum state. However, it should be emphasized that this
is in no way essential to the theory. The field state at the beginning of the next interval
[t 4+ dt, t + 2dt) is a vacuum state, but not because we have assumed the photons to have
been absorbed. Rather, it is a vacuum state for a new field operator, which pertains to the
part of the field which has ‘moved in’ to interact with the system while the previous part
(which has now become the emitted field) ‘moves out’ to be detected — see Section 3.11.
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4.3.2 Output correlation functions

In experimental quantum optics, it is more usual to consider a photocurrent than a photo-
count. Any multiplier in the definition of a photocurrent is either purely conventional, or
has meaning only for a particular detector, so we simply define the photocurrent to be

1(t) = dN(z)/dt. (4.39)

Note that dN (), since its mean depends on the quantum state at time ¢, is conditioned on
the record dN(s) for s < ¢. That is, I is what is known as a self-exciting point process
[Haw71]. We write the quantum state at time ¢ (which in general may be mixed) as p; (7).
Here the subscript / emphasizes that it is conditioned on the photocurrent. To consider
mixed states, it is necessary to reformulate the stochastic Schrodinger equation (4.19) as
a stochastic master equation (SME). This simply means replacing the projector 7 (¢) in
Eq. (4.22) by p;(¢) to get

dpr(t) = {dN(1G[¢] — dt H[iH + 3ete]} oo, (4.40)
where the jump probability is
E[dN(1)] = dt Tr[eTep;(1)] - (4.41)

The photocurrent (4.39) is a singular quantity, consisting of a series of Dirac §-functions at
the times of photodetections. The most common ways to investigate its statistical properties
are to find its mean and its autocorrelation function. The first of these statistics is simply

E[I(1)] = Tr[p(r)éte). (4.42)
The second is defined as
FO@,t+1)=E[I + )I1)]. (4.43)

We will now show how this can be evaluated using Eq. (4.40). We take the state at time ¢
to be a given p(%).

First consider 7 finite. Now dN(t) is either zero or one. If it is zero, then the function is
automatically zero. Hence,

FO®t,t 4+ 7)(d)> = Pr[dN(t) = 1] x E[dN(r + 7)|dN () = 1], (4.44)

where E[A|B] means the expectation value of the variable A given the event B. This is
equal to

FO(t,t 4+ 7)(d1)* = Tr[eTep()]dt x Tr[eTedt Elp,(t + T)IAN @) = 1]]. (4.45)

Note that the ensemble average of p,(# + t) conditioned on dN(¢) = 1 appears because we
have no knowledge about photodetector clicks in the interval [ + df, f 4+ 7), and hence we
must average over any such jumps. Now, if dN(¢) = 1, then from Eq. (4.40) we obtain (to
leading order in dr)

pi(t +dt) = p(t) + G[elp(t) = ép(t)ét /Tr[ep()éT]. (4.46)
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By virtue of the linearity of the ensemble-average evolution (4.27),
E[p;(t + DIAN(t) = 1] = exp(L1)ép(0)et /Tr[ép()éT]. (4.47)

Here the superoperator ¢ acts on the product of all operators to its right. Thus, the final
expression for 7 finite is

FO(t,t + 1) = Tr[eTee " ep(r)et]. (4.48)

For ¢ an annihilation operator for a cavity mode, this is equal to Glauber’s second-order
coherence function, G(z)(t, t + 7) [Gla63].
If T = 0, then the expression (4.43) diverges, because dN(1)> = dN(z). Naively,

F(t, 1) = Tr[éTép(r)]/dt. (4.49)

However, since we are effectively discretizing time in bins of size dt, the expression 1/d¢
at T = 0 is properly interpreted as the Dirac §-function §(7) — see the discussion following
Eq. (3.160). Since this is infinitely larger than any finite term at v = 0, we can write the
total expression as

FO@, 1t + 1) = Te[eTee“ ep)et] + Te[eTep(0)]8 (). (4.50)

Often we are interested in the stationary or steady-state statistics of the current, in which
case the time argument ¢ disappears and p(¢) is replaced by pg, the (assumed unique)
stationary solution of the master equation:

Lps = 0. 4.51)

4.3.3 Coherent field input

In the preceding section we have assumed a bath in the vacuum state. In Section 3.11.2
we showed how to derive the quantum Langevin equations and master equations for the
case of a white-noise (thermal or squeezed) bath. If one tried to consider photodetection
in such a case, one would run into the problem that a white-noise bath has a theoretically
infinite photon flux. It is not possible to count the photons in such a beam; no matter how
small the time interval, one would still expect a finite number of counts. In practice, such
noise is not strictly white, and in any case the bandwidth of the detector will keep the count
rate finite.! Nevertheless, in the limit where the white-noise approximation is a good one,
the photon flux due to the bath will be much greater than that due to the system. Hence,
direct detection will yield negligible information about the system state, so the quantum
trajectory will simply be the unconditioned master equation (4.27).

However, the vacuum input considered so far can still be generalized by adding a
coherent field, as explained in Section 3.11.2. Given that dBdBt = dt, to obtain a state with
(dB) = Bdr as in Eq. (3.179), we can assume an initial state of the form [1+ pdBT0),

! Or the detector may burn out!
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which is normalized to leading order. Now recall from Section 4.3.1 that a normalized
one-photon state is dB1|0)/+/dz. Therefore, the jump measurement operator is

Mi(dt) = (d)""2(0|dB U(t + dr, n)[1 + BdBT1|0), (4.52)
which to leading order evaluates to
Mi(dt) = (d)'2(@¢ + B). 4.53)

Similarly, the no-jump measurement operator

Mo(dt) = (0|0t +dr, )[1 + BdBT]0) (4.54)
evaluates to
Mo(dt) =1 —[iH + ¢'é + ¢ ldr. (4.55)

Exercise 4.3 Show these.
These measurement operators define the following SSE:
- < +ﬁg — 1) +dr
VAET + BE + B i)
((é*éw) cfe (€8 +pe)i)
X | —F - =

dly; (1)) = |:dN(t)(

&tp—iH 1)).

2 2 2 ! ) V1 (@)
(4.56)

T'he ensemble-average evolution is the master equation

p =Dlelp —i[H +iB*¢ —ié' B, pl, (4.57)

which is as expected from Eq. (3.182) with N = M = 0. To ‘unravel’ this master equa-
tion for purposes of numerical calculation, one could choose the SSE as for the vacuum
input (4.19), merely changing the Hamiltonian as indicated in the master equation (4.57).
However, this would be a mistake if the trajectories were meant to represent the actual
conditional evolution of the system, which is given by Eq. (4.56).

4.4 Homodyne detection
4.4.1 Adding a local oscillator
As noted in Section 3.6, the master equation
dp = —i dt[H, p] + dt D[¢]p (4.58)
is invariant under the transformation

E— 4y A— H-il(yre—yeh, (4.59)
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Jhom (t) + constant

SYSTEM
OUTPUT ':> / > %

LRBS
v

VERY STRONG
LOCAL OSCILLATOR

Fig. 4.1 A scheme for simple homodyne detection. A low-reflectivity beam-splitter (LRBS) transmits
almost all of the system output, and adds only a small amount of the local oscillator through reflection.
Nevertheless, the local oscillator is so strong that this reflected field dominates the intensity at the
single photoreceiver. This is a detector that does not resolve single photons but rather produces a
photocurrent proportional to Jyom(?) plus a constant.

where y is an arbitrary complex number (in particular, it is not related to the system
damping rate for which we sometimes use y). Under this transformation, the measurement
operators transform to

M, (dr) = Vdt (@ + y), (4.60)
Mo =1 —de[ifl + $@y* — &Ty) + 2@+ yHeE + )] 4.61)

This shows that the unravelling of the deterministic master-equation evolution into a set of
stochastic quantum trajectories is not unique.

Physically, the above transformation can be achieved by homodyne detection. In the
simplest configuration (see Fig. 4.1), the output field of the cavity is sent through a beam-
splitter of transmittance ;. The transformation of a field operator b entering one port of a
beam-splitter can be taken to be

b — /nb+ /1 —no, (4.62)

where 0 is the operator for the field incident on the other port of the beam-splitter, which is
reflected into the path of the transmitted beam. This other field transforms on transmission
as 6 — /116 — /T — nb. (Note the minus sign.) In the case of homodyne detection, this
other field is a very strong coherent field. It has the same frequency as the system dipole,
and is known as the local oscillator. It can be modelled as 6 = y/+/T — n + D. The first
part represents the coherent amplitude of the local oscillator, with |y |>/(1 — 1) being its
photon flux. The second part represents the ‘vacuum fluctuations’; d is a continuum field
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that satisfies [0(¢), DT(+')] = 8(r — ¢') and can be assumed to act on the vacuum state. For
very close to unity, as is desired here, the transformation (4.62) reduces to

b—b+y, (4.63)

which is called a displacement of the field (see Section A.4). A perfect measurement of the
photon number of the displaced field leads to the above measurement operators.

Exercise 4.4 Convince yourself of this.

Let the coherent field y be real, so that the homodyne detection leads to a measurement
of the x quadrature of the system dipole. This can be seen from the rate of photodetections
at the detector:

E[dN(1)/dr] = Tel(y* + y & + &T6)ps(1)]. (4.64)
Here we are defining the two system quadratures by?
f=é+éf; $ = —i(¢ — eéh. (4.65)

In the limit that y is much larger than(éfé), the rate (4.64) consists of a large constant term
plus a term proportional to £, plus a small term. From the measurement operators (4.60)
and (4.61), the stochastic master equation for the conditioned state matrix is

dor(t) = {AN(G[E + v + dt H[—iH — yé — $ete]}or (o). (4.66)
This SME can be equivalently written as the SSE
= ¢ +Ay — 1) + dr
VIET+ @+
ote ste (et A .
y <<c 62>z(t) 3 % Ly tyen@ yé—iHﬂ

diy (1) = [dN(t)<

> [V (D).

(4.67)

This shows how the master equation (4.58) can be unravelled in a completely different man-
ner from the usual quantum trajectory (4.19). Note the minor difference from the coherently
driven SSE (4.56), which makes the latter simulate a different master equation (4.57).

4.4.2 The continuum limit

The ideal limit of homodyne detection is when the local oscillator amplitude goes to infinity.
In this limit, the rate of photodetections goes to infinity, but the effect of each detection on
the system goes to zero, because the field being detected is almost entirely due to the local

2 Be aware of the following possibility for confusion: for a two-level atom we typically have ¢ = &_, in which case £ = &, but
y=-6,!
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oscillator. Thus, it should be possible to approximate the photocurrent by a continuous
function of time, and also to derive a smooth evolution equation for the system. This was
done first by Carmichael [Car93]; the following is a somewhat more rigorous working of
the derivation he sketched.

Let the system operators be of order unity, and let the local oscillator amplitude
y be an arbitrarily large real parameter. Consider a time interval [z, + &t), where
5t = O(y~3/?). This scaling is chosen so that, within this time interval, the number of
detections 8N ~ y2 8t = O(y!/?)is very large, but the systematic change in the system, of
0(5t) = O(y~3/?), is very small. Taking the latter change into account, the mean number
of detections in this time will be

w="Tel(y* + v + &) {pi() + O(y %)} ot
=[y*+y &)+ 0(y'?)]st. (4.68)

The error in @ (due to the change in the system over the interval) is larger than the
contribution from ¢7¢. The variance in N will be dominated by the Poissonian number
statistics of the coherent local oscillator (see Section A.4.2). Because the number of counts
is very large, these Poissonian statistics will be approximately Gaussian. Specifically, it
can be shown [WMO93b] that the statistics of 6N are consistent with those of a Gaussian
random variable of mean (4.68) and variance

o’ =[y*+ o(y*?)]ar. (4.69)

The error in o2 is necessarily as large as expressed here in order for the statistics of N to
be consistent with Gaussian statistics. Thus, O N can be written as

ON = y28t[1 4+ (&) (1)/y]1+ y oW, (4.70)

where the accuracy in both terms is only as great as the highest order expression in y ~1/2.

Here 8W is a Wiener increment satisfying E[5W] = 0 and E[(§W)?] = &t (see Appendix
B).

Now, insofar as the system is concerned, the time &7 is still very small. Expanding
Eq. (4.66) in powers of y ~! gives

A A'I‘/\ A1 A A

Hiel |, (¢ &) (Hglel : ®:0HIe] o( y3)> 1)
Y Y

+ 8t H[—iH — yé — $éte]pi(), 4.71)

dp (1) = 5N(t)(

where G and 'H are as defined previously in Egs. (4.23) and (4.24).
Exercise 4.5 Show this.

Although Eq. (4.66) requires that d N (¢) be a point process, it is possible simply to substitute
the expression obtained above for 6N as a Gaussian random variable into Eq. (4.71). This
is because each jump is infinitesimal, so the effect of many jumps is approximately equal to



4.4 Homodyne detection 161

the effect of one jump scaled by the number of jumps. This can be justified by considering an

expression for the system state given precisely O N detections, and then taking the large-d N

limit [WM93b]. The simple procedure adopted here gives the correct answer more rapidly.
Keeping only the lowest-order terms in y ~'/? and letting 5 — dt yields the SME

dp;(t) = =ilH, p,(0)ldr 4 dt D[e]p, (1) + dW (t)HIE]p, (1), (4.72)

where the subscript J is explained below, under Eq. (4.75). Here dW(¢) is an infinitesimal
Wiener increment satisfying

dW @) = dr, 4.73)
E[dW(7)] = 0. 4.74)

That is, the jump evolution of Eq. (4.66) has been replaced by diffusive evolution.
Exercise 4.6 Derive Eq. (4.72).

By its derivation, Eq. (4.72) is an It6 stochastic differential equation, which we indicate
by our use of the explicit increment (rather than the time derivative). It is trivial to see
that the ensemble-average evolution reproduces the non-selective master equation by using
Eq. (4.74) to eliminate the noise term. Readers unfamiliar with stochastic calculus, or
unfamiliar with our conventions regarding the Itd and Stratonovich versions, are referred
to Appendix B.

Just as y — oo leads to continuous evolution for the state, so does it change the point-
process photocount into a continuous photocurrent with white noise. Removing the constant
local oscillator contribution gives

2
Jhom(1) = lim VW — 7ot (X),() + &), (4.75)
y—00 y ot

where £(¢) = dW(¢)/dr. This is why the subscript I has been replaced by J in Eq. (4.72).
Finally, it is worth noting that these equations can all be derived from balanced homodyne
detection, in which the beam-splitter transmittance is one half, rather than close to unity
(see Fig. 4.2). In that case, one photodetector is used for each output beam, and the
signal photocurrent is the difference between the two currents. This configuration has
the advantage of needing smaller local oscillator powers to achieve the same ratio of
system amplitude to local oscillator amplitude, because all of the local oscillator beam is
detected. Also, if the local oscillator has classical intensity fluctuations then these cancel
out when the photocurrent difference is taken; with simple homodyne detection, these
fluctuations are indistinguishable from (and may even swamp) the signal. Thus, in practice,
balanced homodyne detection has many advantages over simple homodyne detection. But,
in theory, the ideal limit is the same for both, which is why we have considered only
simple homodyne detection. An analysis for balanced homodyne detection can be found in

Ref. [WM93b].
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Fig. 4.2 A scheme for balanced homodyne detection. A 50 : 50 beam-splitter equally mixes the system
output field and the local oscillator in both output ports. The local oscillator here can be weaker, but
still dominates the intensity at the two photoreceivers. The difference between the two photocurrents
is proportional to Juom ().

4.4.3 Linear quantum trajectories

For pure initial states the homodyne SME (4.72) is equivalent to the SSE
djy; (1)) = {—iﬁ dr — 3[eTe — 2(2/2) ()¢ + (£/2)5(1)]dt
16 = (2/2),OWW O |14, 0). (4.76)
If one ignores the normalization of the state vector, then one gets the simpler equation
APy () = de[—iH — Jé1e + Trom(®)E]19,(1)). 4.77)

This SSE (which is the form Carmichael originally derived [Car93]) very elegantly shows
how the state is conditioned on the measured photocurrent. We have used a bar rather
than a tilde to denote the unnormalized state because its norm alone does not tell us
the probability for a measurement result, unlike in the case of the unnormalized states
introduced in Section 1.4. Nevertheless, the linearity of this equation suggests that it should
be possible to derive it simply using quantum measurement theory, rather than in the
complicated way we derived it above. This is indeed the case, as we will show below. In
fact, a derivation for quantum diffusion equations like Eq. (4.76) was first given by Belavkin
[Bel88] along the same lines as below, but more rigorously.
Consider the infinitesimally entangled bath—system state introduced in Eq. (4.36):

|W(r +dr)) = [1 —iH dt — LeTedr + dBTe10) [y (). (4.78)
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Now because dB|0) = 0, it is possible to replace dB in Eq. (4.78) by dBt + dB, giving
|W(t +dt)) = {1 —iA dr — 1¢edr + ¢[dBT + dB1} 1y (1))10). (4.79)

This is useful since we wish to consider measuring the x quadrature of the bath after it has
interacted with the system. This measurement is modelled by projecting the field onto the
eigenstates |J), where

[b+b11J) = J1J). (4.80)
The unnormalized system state conditioned on the measurement is thus
¥ (t +d)) = (JIW( +dr))
=[1—iAdr — LeTedr + &7 de]ly () v/ pos( D), (4.81)

where (g5 (J) is the vacuum probability distribution for J,

[d
Post(J) = [(J10)* = é exp[—3dt J?]. (4.82)

Exercise4.7 Derive Eq. (4.82) from the wavefunction for the vacuum state (see Section A.4),
remembering that /dt b, not b, acts like an annihilation operator.

We will call g, (J) the ostensible probability distribution for J for reasons that will become
obvious. The state-matrix norm of the state |/, (t + dr)) gives the probability for the result
J.

Taking the trace over the bath is the same as averaging over the measurement result,
yielding

oo

p(t +dt) = f dJ | Pyt 4+ dn) (¢ + dr)). (4.83)

—0oQ0
Exercise 4.8 Show that this gives dp(t) = dt Lp, as in Eq. (4.11).

Note, however, that, since J is a continuous variable, the choice of integration measure in
this integral is not unique. That is, we can remove the factor /.5 (J) in the state vector
by changing the integration measure for the measurement result:

p(t +dr) = / du( D) (¢ + do)) (Y (¢ + dr)], (4.84)
where
1Y@t +dn) = [1—iH dt — Lefedr + ¢J di]|y @) (4.85)

and du(J) = ost(J)dJ . That is, we have a linear differential equation for a non-normalized
state that nevertheless averages to the correct p, if J(¢) is chosen not according to its actual
distribution, but according to its ostensible distribution, go(J). This equation (4.85) is
known as a linear quantum trajectory.



164 Quantum trajectories

Now Eq. (4.85) is the same as Eq. (4.77), where here we see that the homodyne pho-
tocurrent Jpoy as we have defined it in Eq. (4.75) is simply a measurement of bt + b. All
that remains is to show that the above theory correctly predicts the statistics for J. The true
probability distribution for J is

(NS = (Y@t +dD)|g, (¢ + d))dJ = (P +dDO[P, (¢ +d))du(S).  (4.86)

That is, the actual probability for the result J equals the ostensible probability multiplied
by the state-matrix norm of |1/, (t 4 dt)). From Eq. (4.85), this evaluates to

PN = poa(I{1 + J (%) dr — (&1)[dr — (J de)’]}dJ. (4.87)

We can clarify the orders of the terms here by defining a new variable S = J+/dr which is
of order unity. Then

©($)dS = 2m) 2 exp(—=S?/2)[1 + S(&)/dr + O(dr)]dS, (4.88)
or, to the same order in dr,
©($)dS = 27) 2 exp[—(S — (£)+/dr)?/2]dS. (4.89)
That is, the true distribution for the measured current J is
P(J)dJ = pos(J —(£))dJ, (4.90)
which is precisely the statistics generated by Eq. (4.75).
Exercise 4.9 Convince yourself of this.

It is also useful to consider the state-matrix version of Eq. (4.85):
dpy =dt Lpy + J dt(¢py + pset), (4.91)

where we have used (J dr)> = dt, which is true in the statistical sense under the ostensible
distribution — see Section B.2 (the same holds for the actual distribution to leading order).
From this form it is easy to see that the ensemble-average evolution (with J chosen according
to its ostensible distribution) is the master equation p = Lp, because the ostensible mean
of J is zero. The actual distribution of J is again the ostensible distribution multiplied by
the norm of p;.

Itis not a peculiarity of homodyne detection that we can reformulate a nonlinear equation
for anormalized state in whichdW (¢) = J(t)dt —(J(¢))dt is white noise as a linear equation
for a non-normalized state in which J(¢) has some other (ostensible) statistics. Rather, it
is a completely general aspect of quantum or classical measurement theory. It is useful
primarily in those cases in which the ostensible distribution for the measurement result J(¢)
can be chosen so as to yield a particularly simple linear equation. That was the case above,
where we chose J(¢) to have the ostensible statistics of white noise. Another convenient
choice might be for the ostensible statistics of J(¢) to be Gaussian with a variance of 1/d¢
(as in white noise) but a mean of . In that case Eq. (4.91) becomes

dpy = dt Ly +(J = p)de(ep; + pset — upy). (4.92)
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Exercise 4.10 Show that this does give the correct average p, and the correct actual
distribution for J(t).

From this, we see that the nonlinear quantum trajectory (4.72) is just a special case in which
w is chosen to be equal to the actual mean of J(t), since then

J@) = = J(@0) =(J @) = J@) = Tl + &D)p, ()] = dW(1)/dz. (4.93)

4.4.4 Output field correlation functions

As for direct detection, the dynamics of the system can be conveniently quantified by
calculating the mean and autocorrelation function of the homodyne photocurrent. The
mean is simply

E[Jhom(1)] = Tr[p()X], (4.94)

where £ = & + &1, as usual, and p(¢) is assumed given (it could be py). The autocorrelation
function is defined as

FY (1,1 + 1) = ElJhom(t + T)Jhom()]. (4.95)

We use a superscript (1), rather than (2), because this function is related to Glauber’s
first-order coherence function [Gla63], as will be shown in Section 4.5.1.
From Eq. (4.75) and the fact that £(r + t) is independent of the system at the past times

t, this expression can be split into three terms,
Fior (1,1 + ) = E[(£),(t + DED] + E[§( + 0EM] + E[(2) 4t + DIR)(1), (4.96)

where the factorization of the third term is due to the fact that p(¢) is given. The second
term here is equal to §(t). The first term is non-zero because the conditioned state of the
system at time ¢ + t depends on the noise in the photocurrent at time ¢. That noise enters
by the conditioning equation (4.72), so

ps(t +dt) = p(t) + 0(dr) + dW(YHIE (). (4.97)

The subsequent stochastic evolution of the system will be independent of the noise &£(¢) =
dW(¢)/dt and hence may be averaged, giving

EL(%),(t + D)EWD)] = Tr[)eeﬁfE[{l + dW(t)H[E]},o,(t)dW(t)/dt]]. (4.98)
Using the 1t6 rules for dW(¢) and expanding the superoperator H yields
E[(£),(t + T)E@®)] = Tr[£e"" (¢p(t) + p(1)e!)] — Tr[#e“" p()]Tr[£p(1)].  (4.99)
The second term here cancels out the third term in Eq. (4.96), to give the final expression
FO (t, 1 + 1) = Tr[#e57 (ep(0) + p(0)eT)] + 8(0). (4.100)

Experimentally, it is more common to represent the information in the correlation function
by its Fourier transform. At steady state, this is known as the spectrum of the homodyne
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photocurrent,
o0
S(w) = lim / de B (1,1 4 t)e " (4.101)
t—oo | o
o0 .
=1+ / dr e T Tr[£e"" (Cpys + pssT) . (4.102)
—0Q

The unit contribution is known as the local oscillator shot noise or vacuum noise because
it is present even when there is no light from the system.

4.5 Heterodyne detection and beyond
4.5.1 Heterodyne detection

Homodyne detection has the advantage over direct detection that it can detect phase-
dependent properties of the system. By choosing the phase of the local oscillator, any given
quadrature of the system can be measured. However, only one quadrature can be measured
at a time. It would be possible to obtain information about two orthogonal quadratures
simultaneously by splitting the system output beam into two by use of a beam-splitter, and
then homodyning each beam with the same local oscillator apart from a v /2 phase shift. An
alternative way to achieve this double measurement is to detune the local oscillator from the
system dipole frequency by an amount A much larger than any other system frequency. The
photocurrent will then oscillate rapidly at frequency A, and the two Fourier components
(cos and sin) of this oscillation will correspond to two orthogonal quadratures of the output
field. This is known as heterodyne detection, which is the subject of this section

Begin with the homodyne SME (4.72), which assumed a constant local oscillator ampli-
tude and phase. Detuning the local oscillator to a frequency A above that of the system will
affect only the final (stochastic) term in Eq. (4.72). Its effect will be simply to replace ¢ by
cexp(iAt), giving

dp;(t) = —ilH, p;(t)]dt + D[] p,(t)dt
+dW ) {e [ep,(t) — (¢),()ps ()] + Hee.}. (4.103)

Consider a time 6¢, small on a characteristic time-scale of the system, but large compared
with A~! so that there are many cycles due to the detuning. One might think that averaging
the rotating exponentials over this time would eliminate the terms in which they appear.
Howeyver, this is not the case because these terms are stochastic, and, since the noise is
white by assumption, it will vary even faster than the rotation at frequency A. Define two
new Gaussian random variables

t+0t
W, (t) = \/ECOS(AS)dW(S), (4.104)

t

140t
dWy(t) = — V2 sin(As)dW(s). (4.105)

t
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It is easy to show that, to zeroth order in A~!, these obey
E[dW,(1)0W, (t")] = 8,45t — |t —t'[)O(dt — |t — 1']), (4.106)

where ¢ and ¢’ stand for x or y, and ® is the Heaviside function, which is zero when its
argument is negative and one when its argument is positive.

On the system’s time-scale &t is infinitesimal. Thus the dW,(¢) can be replaced by
infinitesimal Wiener increments dW, (7) obeying

(6,0, (1)) = 84,48t — 1), (4.107)

where &,(t) = dW,(¢)/dt. Taking the average over many detuning cycles therefore trans-
forms Eq. (4.103) into

dp;(t) = —ilH, ps(t)]dt + D[e]p,(t)dt
+/1/72(dW (OH[E] + AWy () H[—ic]) p, (1). (4.108)

Exercise 4.11 Verify Eq. (4.106) and hence convince yourself of Eqs. (4.107) and (4.108).
Hint: Show that the right-hand side of Eq. (4.106) is zero when |t —t'| > bt, and that
integrating over t or t' yields (5t)>.

This is equivalent to homodyne detection of the two quadratures simultaneously, each
with efficiency 1/2. (Non-unit efficiency will be discussed in Section 4.8.1). On defining a
normalized complex Wiener process by

dZ = (AW, +idW,)/v?2, (4.109)
which satisfies dZ* dZ = dt but dZ? = 0, we can write Eq. (4.108) more elegantly as
dps(t) = —ilH, p;()]dt + D[elp, (1)dt + HIAZ* ()¢ p, (1) (4.110)

In order to record the measurements of the two quadratures, it is necessary to find the
Fourier components of the photocurrent. These are defined by

t+0t
J.() = (60)7! / 2 cos(As) Jhom(s)ds, 4.111)

145t
Jy(t) = —(5t)7! / 2 8in(As) Jhom(s)ds. (4.112)

To zeroth order in A~!, these are

Jo(r) = (%) (1) + V2.(0), (4.113)
Jy(t) = (§)(0) + V28,(1). 4.114)

(Recall that & and y are the quadratures defined in Eq. (4.65).) Again, these are proportional
to the homodyne photocurrents that are expected for an efficiency of 1/2 (see Section 4.8.1).
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We can combine these photocurrents to make a complex heterodyne photocurrent

1406t
Jhet(t) = (82)7! / exp(—iAs) Jhom(s)ds (4.115)
= 1[J(0) +iJy(1)] (4.116)
= (€),(t) +dZ(r)/dt, 4.117)

where dZ is as defined in Eq. (4.109). In terms of this current, one can derive an unnormal-
ized SSE analogous to Eq. (4.77):

A (1)) = di[ =i — LéTé + () €] 190, 0)). (4.118)

Equation (4.118), with the expression (4.117) in place of Jye, was introduced by Gisin
and Percival in 1992 [GP92b] as ‘quantum state diffusion’. However, they considered it to
describe the objective evolution of a single open quantum system, rather than the conditional
evolution under a particular detection scheme as we are interpreting it.

Using the same techniques as in Section 4.4.4, it is simple to show that the average
complex heterodyne photocurrent is

E[Jhei(1)] = Tr[p(1)¢], (4.119)
and the autocorrelation function (note the use of the complex conjugate) is
E[Jhet(t + ) et ()] = Tr[eTe""2p(1)] + 8(2). (4.120)

Ignoring the second (§-function) term in this autocorrelation function, the remainder is
simply Glauber’s first-order coherence function G\V(¢, t + ) [Gla63]. In steady state this
is related to the so-called power spectrum of the system by

Lo
Pl) = / dr e Tr[eTe  epg]. 4.121)
2 J_o

This can be interpreted as the photon flux in the system output per unit frequency (a
dimensionless quantity).

Exercise 4.12 Show that ffooo dw P(w) = Tr[étépss] and that this is consistent with the
above interpretation.

In practice it is this second interpretation that is usually used to measure P(w). That
is, the power spectrum is usually measured by using a spectrometer to determine the
output intensity as a function of frequency, rather than by autocorrelating the heterodyne
photocurrent.

4.5.2 Completely general dyne detection

Heterodyne detection, like homodyne detection, leads to an unravelling that is continuous
in time. For convenience, we will call unravellings with this property dyne unravellings.
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In this section, we give a complete classification of all such unravellings, for the general
Lindblad master equation

p = Lp =—ilA, pl+awpc] — Heler. o} (4.122)

Here, and in related sections, we are using the Finstein summation convention because
this simplifies many of the formulae. That is, there is an implicit sum for repeated indices,
which for k is from 1 to K. Using this convention, the most general SME was shown in
Ref. [WDO01] to be

dpj =dr Lpj +[(& —(&)pjdZ; + He.]. (4.123)

Here the dZ; are complex Wiener increments satisfying
dZ;(1)dZ;(t) = dt S, (4.124)
dZ;(1)dZi(t) = dt Yji. (4.125)

The Yy = Yy; are arbitrary complex numbers subject only to the condition that the cross-
correlations for Z are consistent with the self-correlations. This is the case iff (if and only if)
the 2K x 2K correlation matrix of the vector (Re[dZ 1, Im[dz ]) is positive semi-definite.’
That is,

>0 (4.126)

dt (I +Re[Y]  Im[Y]
2\ Im[Y] I—Re[Y]

Here the real part of a matrix A is defined as Re[A] = (A + A*)/2, and similarly Im[A] =
—i(A — A*)/2. Equation (4.126) is satisfied in turn iff the spectral norm of Y is bounded
from above by unity. That is,

112 = Amax(CTY) < 1, (4.127)
where Anqx(A) denotes the maximum of the real parts of the eigenvalues of A. In the present

context, the eigenvalues of A are real, of course, since YTY is Hermitian.

Exercise 4.13 Show that Eq. (4.126) is satisfied iff Eq. (4.127) is satisfied.
Hint: Consider the real symmetric matrix

_ (Re[Y] Im[Y]
X_<Imm _Rem>. (4.128)

Show that the eigenvalues of X are symmetrically placed around the origin. Thus we will
have I + X = 0 iff | X|| < 1. This in turn will be the case iff X*" converges as n — oo.
Show that

m _ [ Re[A"]  Im[A"]
X _<—Im[A”] Re[A”])’ (4-129)

where A = Y1, and hence show the desired result.

3 A positive semi-definite matrix A is an Hermitian matrix with no negative eigenvalues, indicated by A > 0.
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Box 4.1 Gauge-invariance of SMEs
Consider the following transformation of a state vector:
[V (1)) — |¢) = explix(D]Y (1)), (4.130)

where x(t) is an arbitrary real function of time. This is known as a gauge transfor-
mation. It has no effect on any physical properties of the system. However, it can
radically change the appearance of a stochastic Schrodinger equation, since y (f) may
be stochastic. Consider for example the simple SSE

dly) =[—iH — 5@& —(£))*]de|y) + (& —(ENAZ*|y), (4.131)
where dZ dZ* = dt and dZ? = v dt. Let the global phase x obey the equation
dy = fdzZ* + f*dZz, (4.132)

where f(¢) is an arbitrary smooth function of time that may even be a function of |y)
itself. Then

|6) +dlg) = (1 +1idx — 5 dx dx)e* () +dly)). (4.133)
The resultant equation for |¢) is
dig) =[—iH — Re(f*v* + | fI*)]dt)
— 1@ — (@) (& — (&) +ifv* +if)dr]g)
+[@ = &) +ifHdz* +if*dz]|e), (4.134)

which appears quite different from Eq. (4.131) (think of the case f = —i(X), for
example). By contrast, the SME is invariant under global phase changes:

dp = —idt[H, p] + dt D[]p + HIdZ* £]p. (4.135)

The above formulae apply for efficient detection (see Section 4.8 for a discussion of
inefficient detection and Section 6.5.2 for the required generalization). Thus we could write
the unravelling as a SSE rather than the SME (4.123). However, there are good reasons
to prefer the SME form, even for efficient detection. First, it is more general in that it can
describe the purification of an initially mixed state. Second, it is easier to see the relation
between the quantum trajectories and the master equation which the system still obeys on
average. Third, it is invariant under gauge transformations (see Box 4.1).

As expected from Section 4.4.3, the SME (4.123) can be derived directly from quantum
measurement theory. We describe the measurement result in the infinitesimal time interval
[t,¢ + dr)byavector of complex numbers J ) ={J(®)} ,le . As functions of time, these are
continuous but not differentiable, and, following the examples of homodyne and heterodyne
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detection, we will call them currents. Explicitly, they are given by
Jede = di( Tyl + &) + dZi. (4.136)

We can prove this relation between the noise in the quantum trajectory and the noise in
the measurement record by using the measurement operators
M;=1—iAdr — Lefepdr + Jrecdr. (4.137)
These obey the completeness relation

/du(i)M}M,« =1 (4.138)

if we choose du (f ) to be the measure yielding the ostensible moments

f du(7) (e dn) =0, (4.139)
/du<f) (J7 A0y di) = 8 di, (4.140)
/ due(7) (I3 d) (g dt) = T i (4.141)

Exercise 4.14 Show this.

These moments are the same as those of the Wiener increment dZ as defined above.
With this assignment of measurement operators M 7 and measure du(] ) we can easily

show that the expected value of the result T is
E[J,] = /d;L(f) Tr[prM}] I =<Tkjéj i 6k>. (4.142)

This is consistent with the previous definition in Eq. (4.136). Furthermore, as in Sec-
tion 4.4.3, we can show that the second moments of Jdt are (to leading order in dt)
independent of the system state and can be calculated using du. In other words, they are
identical to the statistics of dZ as defined above. This completes the proof that Eq. (4.136)
gives the correct probability for the result J.

The next step is to derive the conditioned state of the system after the measurement. This
is given by

Expanding to order df gives
dpy = —4{elee o7} ar+ 5 arc ppel yyar+ (g ar g = Dele;) g dr
—ilH, p51dr +[ @ —(@oy dr + p5 (o] —(e]))diar]

x (1 — JF(E)dr — J,<éj>dr> . (4.144)
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Exercise 4.15 Verify Eqgs. (4.142) and (4.144).

Substituting into the above result (4.136) for J yields the required equation (4.123). From
this it is again obvious that on average the system obeys the master equation (4.11).

Exercise 4.16 Verify that Eq. (4.144) gives Eq. (4.123). Also find the linear version of
Eq. (4.144) for the ostensible distribution used above.

4.6 lllustration on the Bloch sphere

Before proceeding further with the theory, we will pause to illustrate the different sorts
of quantum trajectories introduced above using a simple example. Perhaps the simplest
nontrivial open quantum system is the driven and damped two-level atom as introduced in
Section 3.3.1. Taking the bath temperature to be zero (77 = 0), the resonance fluorescence
master equation (3.36) is

e, A, )
p =i S0+ S8 p | +yDlo-lp. (4.145)

The solutions to this equation were the subject of Exercise 3.26. We now consider five
different unravellings of this master equation.

4.6.1 Direct photodetection

The state of a classically driven two-level atom conditioned on direct photodetection of
its resonance fluorescence was one of the inspirations for the development of the quantum
trajectory theory in optics [CSVR89, DCM92, DZR92]. The treatment here is restricted to
formulating the stochastic evolution in the manner of Section 4.2.2 and giving a closed-
form expression for the stationary probability distribution of states on the Bloch sphere
[WM93a].

Consider a two-level atom situated in an experimental apparatus such that the light it
emits is all collected and enters a detector. (In principle this could be achieved by placing
the atom at the focus of a large parabolic mirror, as shown in Fig. 4.3.) Then the direct
detection theory of Section 4.3.1 can be applied, with ¢ = ,/y6_. The state vector of the
atom conditioned on the photodetector count obeys the following SSE:

A

o) = | dN@) | e — 1
(616.)1(t)

- d’(%[(ﬂf’* — (@16 )]+ ifl) [ (0)). (4.146)

where H = %(Q&x + Aé6,) and the photocount increment dN(¢) satisfies E[dN(7)] =
y(616_),(t)dt.
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Fig. 4.3 A scheme for direct detection of an atom. The atom is placed at the focus of a parabolic
mirror so that all the fluorescence emitted by the atom is detected by the photodetector. Figure 1
adapted with permission from J. Gambetta et al., Phys. Rev. A 64, 042105, (2001). Copyrighted by
the American Physical Society.

With the conditioned subscript understood, one can write the conditioned state in terms
of the Euler angles (¢, 8) parameterizing the surface of the Bloch sphere. Since we are
assuming a pure state (see Box. 3.1),

W (1)) = cglg) + cele), (4.147)

these angles are given by
o) = arg[c, ()i (1)], (4.148)
0(t) = 2arctan(|cg(1)/c.(t)]]. (4.149)

Exercise4.17 Show this, using the usual relation between (¢, 0, r := 1) and (x, y, z), with
[0) = |g) and |1) = |e).

A typical stochastic trajectory is shown in Fig. 4.4. From an ensemble of these one could
obtain the stationary distribution ggs(¢, ) for the states on the Bloch sphere under direct
detection.

In practice, it is easier to find the steady-state solution by returning to the SSE (4.146)
and ignoring normalization terms. Consider the evolution of the system following a pho-
todetection at time ¢ = 0 so that |(0)) = |g). Assuming that no further photodetections
take place, and omitting the normalization terms in Eq. (4.146), the state evolves via

d - AN~
S1B00) = (5616 + i) o). (4.150)

Here, the state vector has a state-matrix norm equal to the probability of it remaining in
this no-jump state, as discussed in Section 4.2.3.
On writing the unnormalized conditioned state vector as

Vo)) = E,(0)]g) + Ce(D)le), (4.151)
the solution satisfying ¢;(0) = §; , is easily found to be
241i1A
&,(t) = cos(ar) + V/% sinar), (4.152)
o

Co(t) = —iE sin(at), (4.153)
2a
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Fig. 4.4 A typical trajectory for the conditioned state of an atom under direct detection in terms of
the Bloch angles ¢ and cos 6. The driving and detuning are 2 = 3 and A = 0.5, in units of the decay
rate y.

where
2a = [(A —iy/27 + 2" (4.154)

is a complex number that reduces to the detuned Rabi frequency as y — 0. One can still
use the definitions (4.148) and (4.149) with c; replaced by ¢;, since they are insensitive to
normalization. The significance of the normalization is that

S(1) = (o)) = 2D + [2e(0)? (4.155)
is the probability of there being no detections from time O up to time 7.

Exercise 4.18 Show that for the case A = 0, Q > y /2, the no-jump quantum trajectory
traverses the x = 0 great circle of the Bloch sphere.

Whenever a photodetection does occur, the system returns to its state at # = 0. It then takes
a finite time until the excited-state population becomes finite and the atom can re-emit. This
gives the obvious interpretation for the photon antibunching predicted [CW76] and observed
[KDM?77] in the resonance fluorescence of a two-level atom. This is the phenomenon that,
for some time following one detection, another detection is less likely. The term was defined
to contrast with photon bunching (where following one detection another detection is more
likely), which was the only correlation that had hitherto been observed. The re-excitation of
the atom is always identical, so the stationary probability distribution on the Bloch sphere
£ss(@, 0) is confined to the curve parameterized by ((/)(t), 9(t)), with each point weighted
by the survival probability S(¢). (For A = 0 this curve wraps around on itself, so that each
point obtains multiple contributions to its weight.)
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4.6.2 Adaptive detection with a local oscillator

Recall that in Section 3.8.2 we discussed the conditions under which a probability distri-
bution of pure states {(7x, gr)}r could be physically realizable (PR). An ensemble is PR
if there is a continuous measurement scheme such that an experimenter implementing it
would be able to know, at some time far in the future from the initial preparation, that the
system is in one of the states 7, and the probability for each state would be gy.

From the preceding section it is evident that the stationary distribution gy (¢, 6) on
the surface of the Bloch sphere introduced in the preceding subsection is just such a PR
ensemble. The continuous measurement scheme which realizes the ensemble is, of course,
direct detection. As discussed above, in the case A = 0, (¢, 6) is confined to the x = 0
great circle of the Bloch sphere.

In Section 3.8.3 we presented an example of a PR ensemble for the resonance fluorescence
master equation (4.145) (for A = 0) that was quite different from that in the preceding
section. Specifically, the ensemble contained just two pure states 77y, equally weighted,
defined by the Bloch vectors

u :I:v 1- yszq - ng
v = Vss . (4.156)

+ ZSS

It turns out that this can be generalized for A # 0, but it is a lot more complicated, so in
this section we retain A = 0. For large €2, these points on the Bloch sphere approach the
antipodal pair at x = +1.

Exercise 4.19 Show this, and show that in the same limit the direct detection ensemble
becomes equally spread over the x = 0 great circle.

Thus, these two PR ensembles are as different as they possibly can be.

In Section 3.8.3 we did not identify the measurement scheme that realizes this ensemble.
Since the elements of the ensemble are discrete, the unravelling must involve jumps. Since
it is not the direct detection unravelling of the preceding section, it must involve a local
oscillator, as introduced in Section 4.4.1. Since here we are using y for the atomic decay
rate, in this section we use ,/y i for the local oscillator amplitude. The no-jump and jump
measurement operators are then

N . Q 2
Mot =1 — (iaax + %cﬂ&_ +uryé_ + y'g' >dt, (4.157)
M (dr) = /y dt (6_ + ). (4.158)

Direct detection is recovered by setting u = 0.

If the atom radiates into a beam as considered previously, the above measurement can
be achieved by mixing it with a resonant local oscillator at a beam-splitter, as shown in
Fig. 4.5. The transmittance of the beam-splitter must be close to unity. The phase of u is of
course defined relative to the field driving the atom, parameterized by 2.
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Fig. 4.5 A scheme for adaptive detection. The fluorescence emitted by the atom is coherently mixed
with a weak local oscillator (LO) via a low-reflectivity beam-splitter (LRBS). The electro-optic
modulator (EOM) reverses the amplitude of the LO every time the photodetector fires. Figure 5
adapted with permission from J. Gambetta et al., Phys. Rev. A 64, 042105, (2001). Copyrighted by
the American Physical Society.

Since our aim is for the atom to remain in one of two fixed pure states, except when it
jumps, we must examine the fixed points (i.e. eigenstates) of the operator Mo(dr). It turns
out that it has two fixed states, such that, if Re[u] # 0, one is stable and one unstable. For
Re[u] > 0, the stable fixed state is

~ z i
Gy = <\/gz2 —2iQy pt — VT + %) l2) + Qle). (4.159)
Here the tilde denotes an unnormalized state. The corresponding eigenvalue is
14+20p? i \/ . y?
PV — Q2 —2iQyur — . 4.160
s YT 2 Ry == ( )

The unstable state and eigenvalue are found by replacing the square root by its negative.
It is unstable in the sense that its eigenvalue is more negative, indicating that its norm will
decay faster than that of the stable eigenstate. Thus, an initial superposition of these two
(linearly independent) states will, when normalized, evolve towards the stable eigenstate.

Letus say u = 4, with Re[pe4] > 0, and assume the system is in the appropriate stable
state |¥;F). When a jump occurs the new state of the system is proportional to

M1ty oc (62 + polys). (4.161)

The new state will obviously be different from |1/;F) and so will not remain fixed. This
is in contrast to what we are seeking, namely a system that will remain fixed between
jumps. However, let us imagine that, immediately following the detection, the value of the
local oscillator amplitude u is changed to some new value, p_. This is an example of an
adaptive measurement scheme as discussed in Section 2.5, in that the parameters defining
the measurement depend upon the past measurement record. We want this new u_ to be
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chosen such that the state (6_ + w)|¥;") is a stable fixed point of the new M(; (dt). The
conditions for this to be so will be examined below. If they are satisfied then the state will
remain fixed until another jump occurs. This time the new state will be proportional to

(G- +pu )6 + pwlY) = [-pr + (- + 6119, (4.162)

If we want jumps between just two states then we require this to be proportional to [y;).
Clearly this will be so if and only if

U = —lhg. (4.163)

Writing p+ = 1, we now return to the condition that (6_ + 4 )|¥;") be the stable fixed
state of M(;(dt). From Eq. (4.159), and using Eq. (4.163), this gives the relation

2 2 Q
\/522+2i52ym—y—=\/522—2is2y,u*—y———. (4.164)
4 4 7
This has just two solutions,

1
pe =%, (4.165)

which, remarkably, are independent of the ratio y /2. The stable and unstable fixed states
for this choice are

I Pl A S S (4.166)
VT a2t e '
L1 1

= — + —Jle), 4.167

Vi) =l + e (4.167)

and the corresponding eigenvalues are

A= 4= 4.168

s 8 2 ( )
5y i

AE =2 22 4.169

u s T3 ( )

Exercise 4.20 Show that the stable eigenstates correspond to the two states # 1 defined by
the Bloch vectors in Eq. (4.156).

We have thus constructed the measurement scheme that realizes the two-state PR ensem-
ble for the two-level atom. Ignoring problems of collection and detector efficiency, it may
seem that this adaptive measurement scheme would not be much harder to implement
experimentally than homodyne detection; it requires simply an amplitude inversion of the
local oscillator after each detection. In fact, this is very challenging, since the feedback
delay must be very small compared with the characteristic time-scale of the system. For
a typical atom the decay time (y ~' ~ 1073 s) is shorter than currently feasible times for
electronic feedback. Any experimental realization would have to use an atom with a very
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long lifetime, or some other equivalent effective two-level system with radiative transitions
in the optical frequency range.

Another difference from homodyne detection is that the adaptive detection has a very
small local oscillator intensity at the detector: it corresponds to half the photon flux of the
atom’s fluorescence if the atom were saturated. In either stable fixed state, the actual photon
flux entering the detector in this scheme is

WEls +61)s +60)lyE) = L. (4.170)
which is again independent of €2/y. This rate is also, of course, the rate for the system to
jump to the other stable fixed state, so that the two are equally occupied in steady state.

There are many similarities between the stochastic evolution under this adaptive unrav-
elling and the conditioned evolution of the atom under spectral detection, as investigated
in Ref. [WT99]. Spectral detection uses optical filters to resolve the different frequencies
of the photons emitted by the atom. As a consequence it is not possible to formulate a
trajectory for the quantum state of the atom alone. For details, see Ref. [WT99]. In the case
of a strongly driven atom (€2 >> y), photons are emitted with frequencies approximately
equal to the atomic resonance frequency, w,, and to the ‘sideband’ frequencies w, + .
(This is the characteristic Mollow power spectrum of resonance fluorescence [Mol69].) In
the interaction frame these frequencies are 0 and ££2, and can be seen in the imaginary parts
of (respectively) the eigenvalues —y /2 and AL appearing in the solution to the resonance
fluorescence master equation in Section 3.8.3. In this high-driving limit, the conditioned
atomic state can be made approximately pure, and it jumps between states close to the
&, eigenstates, just as in the adaptive detection discussed above. In this case the total
detection rate is approximately y /2, as expected for a strongly driven (saturated) atom. Of
these detections, half are in the peak of the power spectrum near resonance (which do not
give rise to state-changing jumps), while half are detections in the sidebands (which do).
Thus the rate of state-changing jumps is approximately y /4, just as in the case of adaptive
detection.

4.6.3 Homodyne detection

We now turn to homodyne detection of the light emitted from the atom. Say the local
oscillator has phase ®. Then, from Eq. (4.77), the system obeys the following SSE:

digr, (1)) = [—(gaia, +iA)dr

+ [y dre %6 + 6Ty, (1) + ﬁdW(r)]e’iq’é-_} 1T,(), (4.171)

where dW () is a real infinitesimal Wiener increment.

In Fig. 4.6, we plot a typical trajectory on the Bloch sphere for two values of ®, namely
0 and 7/2, corresponding to measuring the quadrature of the spontaneously emitted light
in phase and in quadrature with the driving field, respectively. In both plots 2 = 3y and
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Fig. 4.6 A segment of a trajectory of duration 10y ~! of an atomic state on the Bloch sphere under
homodyne detection. The phase & of the local oscillator relative to the driving field is O in (a) and
/2 in (b). The driving and detuning are 2 = 3 and A = 0.

A =0, so the true distributions on the Bloch sphere are symmetric under reflection in the
y—z plane. The effect of the choice of measurement is dramatic and readily understandable.
The homodyne photocurrent from Eq. (4.75) is

Jhom (1) = y(6:)cos @ —(6y)sin @) + /Y E(1). (4.172)

When the local oscillator is in phase (® = 0), the deterministic part of the photocurrent
is proportional to x(¢). Under this measurement, the atom tends towards states with well-
defined 6,. The eigenstates of &, are stationary states of the driving Hamiltonian, so this
leads to trajectories that stay near these eigenstates for a relatively long time. This is seen
in Fig. 4.6(a), where ¢ tends to stay around O or . In contrast, measuring the ® = /2
quadrature tries to force the system into an eigenstate of &,. However, such an eigenstate
will be rapidly spun around the Bloch sphere by the driving Hamiltonian. This effect is
clearly seen in Fig. 4.6(b), where the trajectory is confined to the ¢ = £ /2 great circle
(like that for direct detection).

The above explanation for the nature of the quantum trajectories is also useful for
understanding the noise spectra of the quadrature photocurrents in Eq. (4.172). The power
spectrum (see Section 4.5.1) of resonance fluorescence of a strongly driven two-level atom
has three peaks, as discussed in the preceding section. The central one is peaked at the
atomic frequency, and the two sidebands (each of half the area) are displaced by the Rabi
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Fig. 4.7 A power spectrum for resonance fluorescence with y = 1, A = 0 and 2 = 10. Note that this
Rabi frequency is larger than that in Fig. 4.6, in order to show clearly the Mollow triplet.

frequency [Mol69], as shown in Fig. 4.7. It turns out that the spectrum of the in-phase
homodyne photocurrent (see Section 4.4.4) gives the central peak, while the quadrature
photocurrent gives the two sidebands [CWZ84]. This is readily explained qualitatively
from the evolution of the atomic state under homodyne measurements. When &, is being
measured, it varies slowly, remaining near one eigenvalue on a time-scale like y ~!. This
givesrise to an exponentially decaying autocorrelation function for the photocurrent (4.172),
or a Lorentzian with width scaling as y in the frequency domain. When &, is measured,
it undergoes rapid sinusoidal variation at frequency €2, with noise added at a rate y. This
explains the side peaks.

4.6.4 Heterodyne detection

If the atomic fluorescence enters a perfect heterodyne detection device, then, from
Eq. (4.118), the system evolves via the SSE

195+ oy = {1 - (gﬁiﬁ, iR )di

+ [y ey, ) + ﬁdZ(z)] & } 105 (1)), (4.173)

where here dZ(¢) is the complex infinitesimal Wiener increment introduced in Eq. (4.109).

As for the previous case, the steady-state probability distribution can be represented
by an ensemble of points on the Bloch sphere drawn (at many different times) from a
single long-time solution of the SSE. In this case, the stationary probability distribution is
spread fairly well over the entire Bloch sphere. This can be understood as the result of the
two competing measurements (6, and &,) combined with the driving Hamiltonian causing
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rotation around the x axis. The complex photocurrent as defined in Eq. (4.117) is

Jhet(t) = y(6-) + J/¥L (), (4.174)

where ¢(¢) = dZ(¢t)/dt. The spectrum of this photocurrent (the Fourier transform of the
two-time correlation function (4.206)) gives the complete Mollow triplet, since y is rotated
at frequency €2 with noise, while the dynamics of x is only noise.

4.7 Monitoring in the Heisenberg picture
4.7.1 Inputs and outputs

In this chapter so far we have described the monitoring of a quantum system in the
Schrodinger picture, treating the measurement results as a classical record. However, we
showed in Section 1.3.2 of Chapter 1 that it is possible to treat measurement results
as operators, enabling a description in the Heisenberg picture. Moreover, we showed in
Section 3.11 of Chapter 3 that the dynamics of open quantum systems can also be treated
in this picture. Thus it is not surprising that we can describe monitoring in the Heisenberg
picture. The crucial change from the earlier parts of this chapter is that now the measurement
results are represented by bath operators.

Recall from Eq. (3.172) that, in the Heisenberg picture, the increment in an arbitrary
system operator § is

d§ = dr(efse — Hete, s} +ilA, 81) — [dBf,(1)e — e" dBin(), 51, (4.175)

Now there was nothing in the derivation of this equation that required § to be specifically
a system operator rather than a bath operator. Thus we could choose instead § = b, (1), the
bath field operator interacting with the system at time ¢ (see Section 3.11). Then, using
Eq. (4.175) and Eq. (3.160), we find

dbi(t) = O(dr) + é. (4.176)

That is, the singularity of the bath commutation relations leads to a finite change in the bath
field operator Ein in an infinitesimal time.

Because of this finite change, it is necessary to distinguish between the bath operator b,
interacting with the system at the beginning of the time interval [#, 4 df) and that at the
end, which we will denote by (7). Ignoring infinitesimal terms, Eq. (4.176) implies that

bow = bin + 2. (4.177)

This is sometimes called the input—output relation [GC85]. To those unfamiliar with the
Heisenberg picture, it may appear odd that a system operator appears in the expression
for a bath operator, but this is just what one would expect with classical equations for
dynamical variables. As explained in Section 1.3.2, Heisenberg equations such as this are
the necessary counterpart to entanglement in the Schrodinger picture. If the system is an
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Fig. 4.8 A schematic diagram showing the relation between the input and output fields for a one-
sided cavity with one relevant mode described by the annihilation operator ¢. The distance from the
cavity, z, appears as a time difference in the free field operators because we are using units such that
the speed of light is unity. The commutation relations say that (for z > 0) Ein(t + z) and Eoul(t —2)
commute with any system operator at time ¢. This is readily understood from the figure, since these
field operators apply to parts of the field that also exist (at a point in space removed from the system)
at time 7.

optical cavity, then this operator represents the field immediately after it has bounced off
the cavity mirror. This is shown in Fig. 4.8.

Just as Ein(t) commutes with an arbitrary system operator §(¢’) at an earlier time ¢’ < ¢, it
can simply be shown that Eout(t) commutes with the system operators at a later time ¢’ > ¢.
As a consequence of this, the output field obeys the same commutation relations as the
input field,

[bout(1), b)) = 8(t — 1), (4.178)

as required because it is a free field also.

Unlike Bm(t) for earlier times, l;out(t) for later times does depend on the state of the
system. In fact, a measurement of the output field will yield information about the system.
Monitoring of the system (as discussed above in the Schrodinger picture) corresponds
to measuring, in every interval [z, t + dr), a bath observable that is a function of Eoul(t).
Because boy () commutes with §(¢') for ¢/ > ¢, the operator for the measurement record
(which relates to the system in the past) will commute with all system operators in the
present. That is, it is a c-number record insofar as the system is concerned. This fact is
crucial to the Heisenberg-picture approach to feedback to be developed in Chapter 5. We
will now examine how various monitoring schemes correspond to different operators for
the measurement record.

4.7.2 Direct photodetection

From Section 4.3.1, it is apparent that the observable for photon flux is

Tou(t) = bl ()boui(t). (4.179)
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It is easy to show that this is statistically identical to the classical photocurrent /(¢) used in
Section 4.3.2. To see this, consider the Heisenberg operator AN (1) = l§lm(t)130ut(t)dt for
the output field. This is found from Eq. (4.177) to be

dNou () = [T () + DT O1[E() + D(r)]dt. (4.180)

Here we are using {(¢) for Bin(t) to emphasize that the input field is in the vacuum state
and so satisfies (D(r)DT(¢')) = 8(t — t’), with all other second-order moments vanishing. It
is then easy to show that

(dNow (1)) = Tr[eT(1)e()p], (4.181)
dNou(t)* = dNoy(2). (4.182)

These moments are identical to those of the photocount increment, Eqs. (4.41) and (4.13),
with a change from Schrodinger to Heisenberg picture.

The identity between the statistics of the output photon-flux operator foy(#) and the
photocurrent / (¢) does not stop at the single-time moments (4.181) and (4.182). As discussed
in Section 4.3.2, the most commonly calculated higher-order moment is the autocorrelation
function. In the Heisenberg picture this is defined as

FOU 14 1) = (Tou(t + 1) lou(®)). (4.183)
From the expression (4.180), this is found to be
FO=,t + 1) = T 0)el(r + D)é@ + 1)é@)) + 8(x) (et (1)ér)). (4.184)

Exercise4.21 Show this using the commutation relations (4.178) to put the field operators
in normal order. (Doing this eliminates the input field operators, because they act directly
on the vacuum, giving a null result.)

The autocorrelation function can be rewritten in the Schrodinger picture as follows. First,
recall that the average of a system operator at time ¢ is

(8()) = Trs[p(1)38] = Trs[Trg[W(1)15] = Tr[W (1)3], (4.185)

where p(t) is the system (S) state matrix and W () is the state matrix for the system plus
bath (B). Now W(7) = U(r)W(0)UT(¢), where in the Markovian approximation the unitary
evolution is such that

Trg[U )W (0)U T (1)] = exp(L1)5(0), (4.186)

where W(0) = 5(0) ® pg(0) and 5(0) is arbitrary. This result can be generalized to a
two-time correlation function for system operators § and Z:

(8(1)2(0)) = Tr[W(0)$(1)z(0)] (4.187)
= Tr[W(O)UT ()30 (1)2(0)] (4.188)
= Tr[U(H)200)W () U T (1)3] (4.189)

= Trs[Trs [T (1)2(0)W(O)U T (1)]5]. (4.190)
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Using the Markov assumption with 5(0) = 2(0)p(0),
(8(1)2(0)) = Trs[$ exp(L1)Zp(0)] = Trs[$p(1)], (4.191)

where p(¢) is the solution of the master equation with the given initial conditions. This is
sometimes known as the quantum regression theorem.

Exercise 4.22 Generalize the above result to two-time correlation functions of the form

(£(0)3(1)2(0)).
Applying the result of this exercise to the above autocorrelation function (4.184) gives
FO@t,t + 1) =Tr[e e ¢p(n)el] + Tr[eTep()]5(2). (4.192)

This is identical to Eq. (4.50) obtained using the conditional evolution in Section 4.3.2.
In fact, any statistical comparison between the two will agree because fout(t) and I(t) are
merely different representations of the same physical quantity. Conceptually, the two rep-
resentations are quite different. In the Heisenberg-operator derivation, the shot-noise term
(the delta function) in the autocorrelation function arises from the commutation relations
of the electromagnetic field. By contrast, the quantum trajectory model produces shot noise
because photodetections are discrete events, which is a far more intuitive explanation. As
we will see, some results may be more obvious using one method, others more obvious
with the other, so it is good to be familiar with both.

4.7.3 Homodyne detection
Adding a local oscillator to the output field transforms it to
Bl (1) = bou(t) +y = &(t) + 9(1) + y. (4.193)
On dropping the time arguments, the photon-flux operator for this field is
Bu=7+y@+& +o+ 0D+ +ohHe+0). (4.194)

In the limit that ¥y — oo, the last term can be ignored for the homodyne photocurrent
operator,

; L) = ¥
h _ .

=%+ £Q@). (4.195)

Here, £ is the quadrature operator defined in Eq. (4.65) and & (¢) is the vacuum input operator

E) = o)+ D), (4.196)

which has statistics identical to those of the normalized Gaussian white noise for which the
same symbol is used.

Exercise 4.23 Convince yourself of this.
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The operator nature of £(¢) is evident only from its commutation relations with its conjugate
variable 0(r) = —id(¢) + 10T (1)

E@), O()] = 2i8(t — 1). (4.197)

The output quadrature operator (4.195) evidently has the same single-time statistics as
the homodyne photocurrent operator (4.75), with a mean equal to the mean of X, and a

white-noise term. The two-time correlation function of the operator J°™(¢) is defined by

Fron(t. 1+ 1) = (J2om( + 1) J59m(0)). (4.198)
Using the commutation relations for the output field (4.178), this can be written as
Fan (1. 1+ 7) = (: £t + D)%) 2) + 8(2), (4.199)

where the annihilation of the vacuum has been used as before. Here the colons denote time
and normal ordering of the operators ¢ and ¢f. The meaning of this can be seen in the
Schrodinger picture:

FO (@, 1+ 1) = Tr[#e£7 (ep(0) + p()eT)] + 8(2), (4.200)

where L is as before and p(¢) is the state of the system at time ¢, which is assumed known.

Again, this is in exact agreement with that calculated from the quantum trajectory
method in Section 4.4.4. The operator quantity fgﬁm(t) has the same statistics as those of
the classical photocurrent Jyon (7). Again the different conceptual basis is reflected in the
origin of the delta function in the autocorrelation function: operator commutation relations

in the Heisenberg picture versus local oscillator shot noise from the quantum trajectories.

4.7.4 Heterodyne detection

The equivalence between the Heisenberg picture and quantum trajectory calculations of
the output field correlation functions applies for heterodyne detection in much the same
way as for homodyne detection. For variation, we construct the Heisenberg operator for
the ‘heterodyne photocurrent’ from two homodyne measurements, rather than from the
Fourier components of the heterodyne signal. To make two homodyne measurements, it is
necessary to use a 50 : 50 beam-splitter to divide the cavity output before the local oscillator
is added. This gives two output beams,

bE =120+ ¢+ ). (4.201)

Here we have introduced an ancilla vacuum annihilation operator /i that enters at the free
port of the beam-splitter.

Exercise 4.24 Show that
Y o = BEIDE + botb (4.202)

so that photon flux is preserved.
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Let the B;n beam enter a homodyne apparatus to measure the x quadrature, and the Bom
beam one to measure the y quadrature. Then the operators for the two photocurrents,
normalized with respect to the system signal, are

Jro=%+ 00+ 0T+ a+ a0, (4.203)
B =9 —ilb =o' —p+ '], (4.204)

where § is defined in Eq. (4.65). Defining the complex heterodyne photocurrent as in Eq.
(4.116) gives

Jhet—ea4p4pf. (4.205)

out

Exercise 4.25 Convince yourself that f (1) = d@t) + at(t) has the same statistics as the
complex Gaussian noise ¢ (t) defined in Section 4.6.4.

Thus, the operator (4.205) has the same statistics as the photocurrent (4.117). The autocor-
relation function

FOw@, 14+ 1) = (S0 4+ 0)M@)), (4.206)

out

evaluates to
Foat+ 10 = @@+ 0ew) +50). (4.207)

Again, this is equal to the Schrodinger-picture expression (4.120).

4.7.5 Completely general dyne detection

In the Heisenberg picture, the completely general Lindblad evolution (4.122) becomes
a5 = de(elsec — 3felen s} + 1A, 51)
—[dBf, (e — &f dBrn(0). 31, (4.208)
where we are using the Einstein summation convention as before and dék;in = Ek;in dr where
the 5k;in are independent vacuum field operators. The output field operators are

Ek;oul = Ek;in + é\k- (4209)

Recall that for a completely general dyne unravelling the measurement result was a vector
of complex currents Ji(¢) given by (4.136), where the noise correlations are defined by a
complex symmetric matrix Y. In the Heisenberg picture the operators for these currents are

Ji = brow + TijT

Jjsout

+Tyal. (4.210)

Here 4y are ancillary annihilation operators, which are also assumed to act on a vacuum
state, and obey the usual continuum-field commutation relations,

[a;(t), & ("))t = 8,,8(t — 1'). (4.211)
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These ancillary operators ensure that all of the components J;, commute with one another.
This is necessary since this vector operator represents an observable quantity. Assuming T
(a capital 7) to be a symmetric matrix like Y, we find

[Jj. Jldt = Yy — Y = 0, (4.212)
[J;, Jildt = 8,0 — Y500 — Tj,Th,. (4.213)

Thus we require the matrix T to satisfy
T*T=1-Y*T. (4.214)

The right-hand side of this equation is always positive (see Section 4.5.2), so it is always
possible to find a suitable T.
From these definitions one can show that

Ji = &+ Yjet + 8., (4.215)
where
8.Ji = buin + bl + Tija! 4.216)

has a zero mean. Thus the mean of J; is the same as that of the classical current in
Section 4.5.2. Also, one finds that

(8J; di)(8.Ji di)T = 8 dt, 4.217)
(8J; dt)(BJdr) = Yy dt, (4.218)

the same correlations as for the noise in Section 4.5.2.

4.7.6 Relation to distribution functions

Obviously direct, homodyne and heterodyne detection are related to measurements of,
respectively, the intensity, one quadrature and the complex amplitude of the radiating dipole
of the system. Equally obviously, the measurements described are far removed from simple
measurements of these quantities, such as by the projective measurements. Nevertheless,
there must be some elementary relation between the two types of measurements for at
least some cases. For example, counting the number of photons in a cavity should give the
same results (statistically) irrespective of whether this is done by allowing the photons to
escape gradually through an end mirror into a photodetector or whether the measurement is
a projection of the cavity mode into photon-number eigenstates, provided that the system
Hamiltonian commutes with photon number. The purpose of this section is to establish a
relationship between quantum monitoring and simpler descriptions of measurements, for
the three schemes discussed. In all cases we must wait until # = oo for the measurement to
be complete.

For simplicity, we consider the case of a freely decaying optical cavity with unit linewidth,
so that ¢ = @ with [a, 4] = 1. We will see that the Heisenberg-picture formalism is a
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powerful framework for establishing the relations we seek. In this picture, the dynamics of
the system is given by the quantum Langevin equation

da() = —ta@dr + o(ydr, 4.219)

which has the solution
t
a@) = a0)e™? — / e 29 (s)ds. (4.220)
0

Exercise 4.26 Verify these equations.
The output field is of course
bow(t) = a(t) + D(2). (4.221)

Photon-number distribution. We begin with photon counting. The most obvious difference
between a projective measurement of photon number and an external counting of escaped
photons from a freely decaying cavity is that the final state of the cavity mode is the
appropriate photon-number eigenstate in the first case and the vacuum in the second. The
latter result comes about because the counting time must be infinite to allow all photons to
escape. Although extra-cavity detection is not equivalent to projective detection, it should
give the same statistics in the infinite time limit.
The output photon flux is

ity =1a'@) + dT(o)a@) + o)1, (4.222)

which using Eq. (4.220) evaluates to

I() = [&T(O)e_’/2 —/ 29T (5)ds + f)T(t)]
0

t
X [51(0)e—’/2 - / e 2p(s)ds + 0(;)] (4.223)
0
The operator for the total photocount is then
A o0 ~
N = / I(t)dr. (4.224)
0
On using integration by parts (we show this explicitly for the simpler cases of homodyne
detection below), it is possible to evaluate this as
N = at0)a0) + a. (4.225)

Here 7i contains only bath operators, and annihilates on the vacuum. Hence it commutes
with the first term and contributes nothing to the expectation value of any function of N,
provided that the bath is in a vacuum state. This confirms that the integral of the photocurrent
does indeed measure the operator a'a for the initial cavity state.

Quadrature distribution. Now consider homodyne detection. Unlike direct detection, one
should not simply integrate the photocurrent from zero to infinity because even when all
light has escaped the cavity the homodyne measurement continues to give a non-zero
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current (vacuum noise). Thus, for long times the additional current is merely adding noise
to the record. This can be circumvented by properly mode-matching the local oscillator to
the system. That is to say, by matching the decay rate, as well as the frequency, of the local
oscillator amplitude to that of the signal. Equivalently, the current could be electronically
multiplied by the appropriate factor and then integrated.

For the cavity decay in Eq. (4.220) the appropriately scaled homodyne current operator is

Jhom(py = e~"2[%(r) + £(1)]. (4.226)
From Eq. (4.220), this is equal to
t
Jhom(zy = e~'/2 |:)2(O)e"/2 — / e 2E(5)ds + é(r)}, (4.227)
0
and so
A o0 A
X = / Jhom(t)de (4.228)
0
o0 n o0 t n
= £(0) + / e '2E(r)dr — / dre™’ / e’/2E(s)ds. (4.229)
0 0 0

Using integration by parts on the last term, it is easy to show that it cancels out the
penultimate term, so the operator of the integrated photocurrent is simply

X = 2(0). (4.230)

Thus it is possible to measure a quadrature of the field by homodyne detection. Unlike the
case of direct detection, this derivation requires no assumptions about the statistics of the
bath field.

Husimi distribution. Heterodyne detection is different from direct and homodyne detection
in that it does not measure an Hermitian system operator. That is because it measures both
quadratures simultaneously. However, it does measure a normal operator (see Box 1.1). The
(normal) operator for the heterodyne photocurrent (4.205) is, with appropriate photocurrent
scaling factor,

Fheey = e~ 2laq) + £@)], (4.231)

where £ = D + fif. Proceeding as above, the operator for the measurement result is

out

o0
A= / Jhndr = a0) + e, (4.232)
0

where T = [ e~/ a1 (t)dt.
Exercise4.27 Show that [é', 8] = —1 and hence show that A commutes with its Hermitian

conjugate.

From this exercise it follows that A is a normal operator, and hence there is no ambiguity
in the calculation of its moments. That is, all orderings are equivalent. The most convenient
operator ordering is one of normal ordering with respect to é. (Recall that normal ordering,
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defined in Section A.5, has nothing to do with normal operators.) For a vacuum-state bath,
the expectation value of any expression normally ordered in é will have zero contribution
from all terms involving é. Now normal ordering with respect to é is antinormal ordering
with respect to 4. Thus the statistics of A are the antinormally ordered statistics of @. As
shown in Section A.5, these statistics are those found from the so-called Husimi or Q
function,

2
Q@)d’a = d%(alpla), (4.233)

where |«) is a coherent state as usual.

Adaptive measurements. One should not conclude from the above analyses that the Heisen-
berg picture is necessarily always more powerful than the Schrodinger picture. Take, for
example, adaptive measurements, as considered in Sections 2.5 and 4.6.2. In these cases,
the measured currents are fed back to alter the future conditions of the measurement. This
leads to intractable nonlinear Heisenberg equations, even for a system as simple as a decay-
ing cavity [Wis95]. However, the problem can be tackled using linear quantum trajectory
theory as introduced in Section 4.4.3. By this method it is possible to obtain an exact
analytical treatment of the adaptive phase-estimation algorithm [Wis95, WK97, WK98]
implemented in the experiment [AAS™02] described in Section 2.6. This will be discussed
in detail in Section 7.9.

4.8 Imperfect detection

In all of the above we have considered detection under perfect conditions. That is, the
detectors were efficient, detecting all of the output field; the input field was in a pure state;
the detectors added no electronic noise to the measured signal; and the detectors did not
filter the measured signal. In reality some or all of these assumptions will be invalid, and this
means that an observer will not have access to perfect information about the system. Since
the quantum state of the system is the observer’s knowledge about the system, imperfect
knowledge means a different (more mixed) quantum state. In this section we consider each
of these imperfections in turn and derive the appropriate quantum trajectory to describe it.

4.8.1 Inefficient detection

The simplest sort of imperfection to describe is inefficiency. A photodetector of efficiency
n (with 0 < n < 1) can be modelled as a perfect detector detecting only a proportion 7 of
the output beam. Thus, we can split the general master equation Eq. (4.11) into

p =—ilH, pl + (1 —nDIélp + DI/ ¢lp (4.234)

and unravel only the last term.
For direct detection, Eq. (4.40) is replaced by

dpr(1) = {dN(OGLVn &l + dt H[-iH — nzee] +di(1 — mDIel}pr (@), (4.235)
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where now Eq. (4.41) becomes
E[dN ()] = n Tr[ép(r)étdr. (4.236)

In this case a SSE does not exist because the conditioned state will not remain pure even if
it begins pure. Note that in the limit 7 — 0 one obtains the unconditioned master equation.
For homodyne detection, the homodyne photocurrent is obtained simply by replacing ¢

by /1 ¢ to give
Jhom (1) = /0(£), (1) + £ (). (4.237)

Note that here the shot noise (the final term) remains normalized so as to give a unit
spectrum; other choices of normalization are also used. The SME (4.72) is modified to

dpy = —ilH, p;()]dt + DIelp,(1)dt 4 /n AW @)YHIE]p, (1) (4.238)

Again, there is no SSE. The generalization of the heterodyne SME (4.110) is left as an
exercise for the reader.

4.8.2 Detection with a white-noise input field

So far, we have considered optical measurements with the input in a vacuum, or coherent,
state. As explained in Section 4.3.3, the photon flux is infinite for an input bath in a more
general state, such as with thermal or squeezed white noise. This indicates that direct
detection is impossible (or at least useless, as explained in Section 4.3.3). However, the
output field quadrature operators are well defined even with white noise, because they are
only linear in the noise. Thus, field operators for homodyne- and heterodyne-detection
photocurrents can be defined without difficulty, simply by replacing the vacuum operator
» by the more general input bath operator by. This indicates that it should be possible to
treat homodyne and heterodyne detection in such situations. In this section, we develop the
quantum trajectory theory for detection in the presence of white noise.

The homodyne-detection theory of Section 4.4 began with a finite local oscillator ampli-
tude y, so that the quantum trajectories were jump-like. Diffusive trajectories were obtained
when the y — oo limit was taken. This approach would fail if the input field were contami-
nated by white noise, for the same reason as that rendering direct detection impossible with
white noise: the infinite photon flux due to the noise would swamp the signal. However, as
noted in Section 4.3.3, a physical noise source would not be truly white, and in any case
the response of the detector would give a cut-off to the flux. If the local oscillator were
made sufficiently intense, then the signal due to this would overcome that due to the noise.
Thus, in order to treat detection with white noise, it is necessary to begin with an infinitely
large local oscillator. Then one can assume that the homodyne detection effects an ideal
measurement of the instantaneous quadrature of the output field, without worrying about
individual jumps.
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Rather than doing a completely general derivation, we consider first the case of a white-
noise bath in a pure, but non-vacuum, state. That is, as in Section 3.11.2,

dBT(1)dB(r) = N dt, (4.239)
dB(t)dB(t) = M dr, (4.240)
[dB(1), dBT(1)] = dt, (4.241)

but the inequality (3.180) is replaced by the equality
IM> = N(N + 1). (4.242)
In this case the pure state of the bath, which we denote | M), obeys
[(N + M* + Db(1) — (N + M)b'0)]|M) = 0. (4.243)
Exercise 4.28 From Egs. (4.241)—(4.243), derive Egs. (4.239) and (4.240).

Now replacing the vacuum bath state |0) by |M) in Eq. (4.36) and expanding the unitary
operator U (dr) to second order yields

\W(t +dr)) = {1 — 2de[(V + DéTe + Néeh — Me™ — M)
+ ¢dBi(t) — " dB)} Iy (1)) M). (4.244)

Consider homodyne detection on the output. Any multiple of the operator in Eq. (4.243)
can be added to Eq. (4.244) without affecting it. Thus it is possible to replace dB by

.. N+M4+1 . N+M .. N+M+1_ . .
apt p XM g MM gt MM a4 a (4.245)
L L L
and dB by
. N+M*+1 . N+M .. N+M . .
ap MM g N EM g oY [dBT +dB], (4.246)
L L L
where
L=2N+M"+M+1. (4.247)
This yields

|W(r+dr)) = {1 — 2de[(N + Déle + Neet — met> — M+e?]
+ [6(N+M*+1)/L — "N + M)/L]}
x [dBT(t) + dBO1} [y (1)) M). (4.248)

Projecting onto eigenstates |J) of the output quadrature b + b1 then gives the unnormal-
ized conditioned state

Wy (t +dn)) = {1 — 2de[(N + Déte + Neet — Met? — M*¢?]
+Jdt[e(N+M*+1)/L — " (N + M) /L]}

X [W (1)) 9k (D), (4.249)
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where the state-matrix norm o2, (J) gives the probability of obtaining the result J and the
ostensible probability distribution for J is

dr
Pou() = [(JIM)]* = | >— exp(=3J% dt/L). (4.250)

Note that from this ostensible distribution the variance of J? is L/dt, which, depending on
the modulus and argument of M, may be larger or smaller than its vacuum value of 1/dz.
Now, by following the method in Section 4.4.3, one obtains the following SSE for the
unnormalized state vector:
dr
2

iy, (1) = { [(N + Déte + NeeT — Me™ — m+e?]

+J(t)dt<6N+AZ*+l —@TN;M)}W}JU)), (4.251)

where the actual statistics of the homodyne photocurrent J are given by
Jhom(t) = (£(1)) + VLE(®), (4.252)

where £(¢t) = dW(z)/dt is white noise as usual. Note that the high-frequency spectrum of
the photocurrent is no longer unity, but L.
Turning Eq. (4.251) into an equation for p; = |¥;) (¥ | and then normalizing it yields

1
dp, (1) = <dt L+ I AW(OH[(N + M* + 1)¢ — (N + M)e' ])p,(t), (4.253)
where the unconditional evolution is

*

(&, (6, pll —i[H, pl. (4.254)

. M M
Lp =(N+ DD[¢]lp + ND[e]p + ?[c e pll + >

Exercise 4.29 Verify this.

The general case of an impure bath is now obtained simply by relaxing the equality in
Eq. (4.242) back to the inequality in Eq. (3.180).

Note that, even for M = 0, the quantum trajectory described by Eq. (4.253) is not simply
the homodyne quantum trajectory for a vacuum bath (4.72) with the addition of the thermal
terms

N(D[&1 + Dlet)p (4.255)

in the non-selective evolution. Rather, the conditioning term depends upon N and
involves both ¢ and ¢f. In quantum optics, N is typically negligible, but for quantum-
electromechanical systems (see Section 3.10.1), N is not negligible. Thus, for continuous
measurement of such devices by electro-mechanical means, it may be necessary to apply a
SME of form similar to Eq. (4.253).

From this conditioning equation and the expressions for the photocurrent, it is easy to
find the two-time correlation function for the output field using the method of Section 4.4.4.
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The result is

FO (1,1 + 1) = ElJhom(t + 7)Jhom(1)] (4.256)

= Tr[(¢ + ¢De“ {(N + M* + Dép(t) — (N + M)é' p(r)
+ (N + M+ Dp@)é" — (N + M*p0)e}] + Lé(x).  (4.257)

Note that, unlike in the case of a vacuum input, there is no simple relationship between this
formula and the Glauber coherence functions.

This correlation function could be derived from the Heisenberg field operators. The
relevant expression is

(IRt + ©) + bin(t + ©) 4+ b (t + DR + bin(t) + b (1)]). (4.258)

We will not attempt to prove that this evaluates to Eq. (4.257), because it is considerably
more difficult than with a vacuum input Ein = ». The reason for this is that it is impossible
to choose an operator ordering such that the contributions due to the bath input vanish. The
necessary method would have to be more akin to that used in obtaining Eq. (4.257), where
the stochastic equation analogous to the SME is the quantum Langevin equation (3.181).

4.8.3 Detection with dark noise

The next sort of imperfection we consider is that of dark noise in the detector. This
terminology is used for electronic noise generated within the detector because it is present
even when no field illuminates the detector (i.e. in the dark). For simplicity we will treat
only the case of detection of the homodyne type. Once again, it is convenient to use the
approach of Section 4.4.3. We use the linear SME (4.91)

dp = dt{Lp + Jo(1)[¢p + Hec ]}, (4.259)

where £ = H[—iﬁ 1+ DI¢]. This corresponds to detection by an ideal detector with current
Jo having an ostensible distribution corresponding to Gaussian white noise. We model the
addition of dark noise by setting the output of the realistic detector to be the current

J(t)dt = [Jo(t)dt + /N dW,1/v/T+ N, (4.260)

where dW is an independent Wiener increment and N is the dark-noise power relative to
the shot noise. Note that we have included the normalization factor so that the ostensible
distribution for J(¢) is also that of normalized Gaussian white noise.

The problem is to determine the quantum trajectory for the system state p; conditioned
on Eq. (4.260), rather than that conditioned on the ideal current Jy. To proceed, we rewrite
Jo as

Jo()dt = [J(1)dt + /N dW'()]/~/1T+ N, (4.261)
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where
dW' = (W'NJodt —dW,)/~T+ N (4.262)
is ostensibly a Wiener increment and is independent of J(¢).
Exercise 4.30 Verify that (J dt)> = (dW’)? = dt and that (J dt)dW’ = 0.
Substituting this into Eq. (4.259) yields
dp = Lpdt + (1 4+ N) " 2[J@)dr + N dW'][é5 + Hoc.. (4.263)
Now we can average over the unobserved noise to get
dp = Lpdt + (1 + N)"V2J@)de[ép + Heell. (4.264)
Converting this into a nonlinear SME for the normalized state matrix gives
dp = Lpdt + /ndW(E)HIC]p. (4.265)

where n = 1/(1 + N) and dW(z) is the Gaussian white noise which appears in the actual
photocurrent:

J(t) = (e + &1y + dW()/dr. (4.266)

In comparison with Section 4.8.1 we see that the addition of Gaussian white noise to the
photocurrent before the experimenter has access to it is exactly equivalent to an inefficient
homodyne detector.

For direct detection, dark noise is not the same as an inefficiency. Modelling it is actually
more akin to the methods of the following subsection, explicitly involving the detector. The
interested reader is referred to Refs. [WW03a, WWO03b].

4.8.4 Detectors with a finite bandwidth

The final sort of detector imperfection we consider is a finite detector bandwidth. By
contrast with dark noise, this produces something quite different from what we have seen
before. Specifically, it leads to a non-Markovian quantum trajectory. The system still obeys
a Markovian master equation on average, but, because the observer has access only to a
filtered output from the system, the information the observer needs to update their system
state p(t) is not contained solely in p(¢) and the measurement result in the infinitesimal
interval [z, t 4+ df). We will see instead that the observer must keep track of a joint state
of the quantum system and the classical detector, in which there are correlations between
these two systems.

Actually, all of these remarks apply only if the realistic detector adds noise to the output of
an ideal homodyne detector (as in the preceding section) as well as filtering it. For example,
say the output of the ideal detector was J(¢), and the output of the realistic detector was put
through a low-pass filter of bandwidth B:

o) = f Be P79 J(5)ds. (4.267)

—0Q
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Fig. 4.9 A schematic diagram of the model for simple homodyne detection by a realistic photoreceiver.
The realistic photoreceiver is modelled by a hypothetical ideal photoreciever, the output J(¢) of which
is passed through a low-pass filter to give Q(r). White noise /N dW/dt is added to this to yield the
observable output V(z) of the realistic photoreceiver.

Then an observer could obtain J from Q simply as
J(1) = Q1) +Q (1)/B. (4.268)

Thus, the quantum state conditioned on Q(#) is the same as that conditioned on J(¢).
However a nontrivial result is obtained if we say that the output is

V(1) = Q1) + ~'N dWy(1)/dr, (4.269)

where dW; is an independent Wiener increment. This is shown in Fig. 4.9

An equation of the form of Eq. (4.269) can be derived by considering the output of a
realistic homodyne detector, called a photoreceiver. This consists of a p—i—n photodiode
(which acts as an ideal detector, apart from a small inefficiency), which produces a current
o J that is fed into an operational amplifier set up as a transimpedance amplifier. This has
a low effective input impedance, so the diode acts as a current source, and J is converted
into a charge o Q on a capacitor of capacitance C in parallel with the feedback resistor of
resistance R. The bandwidth B in Eq. (4.267) is equal to 1/(RC). The resistor, being at a
finite temperature, introduces Johnson noise with power o N into the amplifier output V,
which is what the observer can see. For details, see Ref. [WWO03a].

The general method we adopt is the following. First, we determine the SME for the state
of the quantum system conditioned on J. Then we determine a stochastic Fokker—Planck
equation (FPE) (see Section B.5) for the state of the detector. This is represented by g(q),
the probability distribution for Q(¢), and also depends upon J. Next we consider gy (g), the
conditioned classical state based on our observation of V, which involves another stochastic
process. Finally, we combine all of these equations together to derive an equation for the
state of a supersystem

ov(q) = Eslp’ 07(q)]. (4.270)



4.8 Imperfect detection 197

Here the J superscript represents dependence upon the unobservable microscopic current
J. This is the variable which is averaged over to find the expectation value. From this
equation we can obtain our state of knowledge of the system, conditioned on V, as

pv = f dg pv(q)- 4.271)
Similarly, our state of knowledge of the detector is

pv(g) = Trlpv(q)]. (4.272)

Note, however, that p(q) contains more information than do p and g(g) combined, because
of correlations between the quantum system and the classical detector.

The ideal stochastic master equation. As in the previous cases of imperfect detection, it is
convenient to use the linear form of the SME as in Section 4.4.3. For a detector that is ideal
apart from an efficiency 7, this is

dp’ = £p” di + /I (1)del@p’ + p'eh), (4.273)
where the ostensible distribution for the current J(¢) is that of Gaussian white noise.

The stochastic FPE for the detector. The detector state is given by ¢(q), the probability
distribution for Q. From Eq. (4.267), Q obeys the SDE

dQ = —B[Q — J(1)]dt, (4.274)

where J as given above satisfies (J d¢)*> = dt. From Section B.5, the probability distribution
g(q) obeys the stochastic Fokker—Planck equation (FPE)

de’( )—{Bi[ —J(t)]dt—l—le o
R P 27 (0q7

This assumes knowledge of J, as shown explicitly by the superscript. Note that this equation
has the solution

dt} 0’ (q). (4.275)

9’ (q) =8 — 0", (4.276)

where Q7 is the solution of Eq. (4.274). It is only later, when we average over J, that we
will obtain an equation with diffusion leading to a non-singular distribution. If we were to
do this at this stage we would derive a FPE of the usual (deterministic) type, without the
J-dependent term in Eq. (4.275).

The Zakai equation for the detector. Now we consider how g(q) changes when the observer
obtains the information in V. That is, we determine the conditioned state by Bayesian
inference:

(V1)
ov(@) = plglv) = V1@ (4.277)
PV)

From Eq. (4.269), in any infinitesimal time interval, the noise in V is infinitely greater
than the signal. Specifically, the root-mean-square noise in an interval of duration df is
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/N /dt, while the signal is Q. Thus, the amount of information about Q contained in V (¢)
is infinitesimal, and hence the change from g(gq) to ey (q) is infinitesimal, of order Jar.
This means that it is possible to derive a stochastic differential equation for gy (q). This
is called a Kushner—Stratonovich equation (KSE). Such a KSE is exactly analogous to the
stochastic master equation describing the update of an observer’s knowledge of a quantum
system.

Just as in the quantum case one can derive a linear version of the SME for an unnormal-
ized state p, one can derive a linear version of the KSE for an unnormalized probability
distribution gy (g). This involves choosing an ostensible distribution gos(V), such as
#ost(V) = p(V|q := 0). Then

PVlg)p(q)

o = — 4.278
ov(q) oV) ( )

has the interpretation that go(V) f dg $v(q) is the actual probability distribution for V.
Note the analogy with the quantum case in Section 4.4.3, where a trace rather than an
integral is used (see also Table 1.1). The linear version of the KSE is called the Zakai
equation and it will be convenient to use it in our derivation.

From Eq. (4.269), the distribution of V given that Q = g is

p(Vig) = [d1/Qra N)I"? expl—(V — ¢)* dt/(2N)]. (4.279)
Hence, with the above choice,
©ost(V) = [dt /2 N)V? exp[— V2 dt /(2N)], (4.280)
and the ratio multiplying (q) in Eq. (4.278) is
expl(2Vg — ¢»)dt /(2N)]. (4.281)

Now the width of g (g) will not depend upon d¢ (as we will see), so we can assume that ©(q)
has support that is finite. Hence the ¢ in Eq. (4.281) can be assumed finite. By contrast, V is
of order 1/+/dt, as explained above. Thus, the leading term in the exponent of Eq. (4.281)
is Vg /(dt N), and this is of order +/dz. Expanding the exponent to leading order gives

ov(g) =[1+qV()dt/N1p(q). (4.282)
Expressing this in terms of differentials, we have the Zakai equation
dgv(g) = (I/VNIV(0)dt/VNlg§(q), (4.283)
where V (t)dt/ /N has the ostensible distribution of a Wiener process.

The joint stochastic equation. We now combine the three stochastic equations we have
derived above (the SME for the system, the stochastic FPE for the detector and the Zakai
equation for the detector) to obtain a joint stochastic equation. We define

pv(@) = p’ 91(q). (4.284)
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On introducing a time-argument for ease of presentation, we have
pygit + dn =[1 + qV(©O)dt/Nllp’ (q:1) + dp’(¢: D16 (1) + dp” (], (4.285)

where we have used Eq. (4.282), and dgp’(g:t) is given by Eq. (4.275) and dp” () by
Eq. (4.273). By expanding these out we find
2

d 1
g (q) = dz{B @[q —J(O] + =B

2% Gap +£}ﬁ’(q)

0 ,
+ ﬁ[J(r)dr]{l — [J(t)dt]1B 5} [¢p”(q) + P’ (9)é"]
+(1/VN)V(6)dt /v Nlgp (g). (4.286)

Averaging over unobserved processes. By construction, the joint stochastic equation in
Eq. (4.286) will preserve the factorization of 57(g) in the definition Eq. (4.284). This is
because this equation assumes that J, the output of the ideal (apart from its inefficiency)
detector, is known. In practice, the experimenter knows only V, the output of the realistic
detector. Therefore we should average over J. Since we are using a linear SME, this means
using the ostensible distribution for Jd¢ in which it has a mean of zero and a variance of
dt. Thus we obtain
2

3 1 9
~ _ B —B2 ~
dpy(q) = dt { g +3 @) +L } p(q)

0
— dt/nB 5[6/3@1) + p(q)ét

+ (1/VN)[V(1)dt /N N1gp(q). (4.287)
We call this the superoperator Zakai equation.

The superoperator Kushner—Stratonovich equation. Let p(q) at the start of the interval be
normalized. That is, let it equal p(g), where

/ dg Trip(q)] = 1. (4.288)

oo

Then the infinitesimally evolved unnormalized state determines the actual distribution for
V according to

o0
pV) = Boost(v)/ dg Tr[p(g) +dpv(g)]. (4.289)
Using the same arguments as in Section 4.4.3, we see that the actual statistics for V are
Vdr = (Q)dt + VN dW (), (4.290)
where
o0
(Q) = / dg Tr{p(g)]q. (4.291)
—00
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Note that dW (¢) is not the same as dW;(¢) in Eq. (4.269). Specifically,
VN AW = /N dW, + (0 —(0)). (4.292)

The realistic observer cannot find dW; from dW, since that observer does not know Q.
The final step is to obtain an equation for the normalized state, using the actual distribution
for V. If we again assume that the state is normalized at the start of the interval, we find

p(q) +dpv(q)
[ dg Tr[p(q) + dpv(g)]

Now taking the trace and integral of Eq. (4.287) gives zero for every term except for the
last, so the denominator evaluates to

dov(q) = - p(q). (4.293)

1+ (1/V/N)[V(1)dt /~N1(Q). (4.294)

By expanding the reciprocal of this to second order and using Eq. (4.290) to replace
[V(t)dt/+/N1? by dt, we find
lB2 02

9
d =dtr{B — —
ov(q) { 8qq+2 @07

+L }pv(q)

9
— dt /7B aglov@ + pv(@)ét]

+ (1/V/N)YAW(1)(g — (Q)pv(q)- (4.295)
Exercise 4.31 Work this all through explicitly.

We call Eq. (4.295) a superoperator Kushner—Stratonovich equation. Note that we have
placed the V subscript on the state on the right hand side, because typically this will be
conditioned on earlier measurements of the output V. The first line describes the evolution
of the detector and quantum system separately. The second line describes the coupling of
the system to the detector. The third line describes the acquisition of knowledge about the
detector from its output Eq. (4.290). This term has the typical form of the information-
gathering part of the classical Kushner—Stratonovich equation. Here this information also
tells us about the quantum system py = f _OOOO dg py(q), because of the correlations between
the system and the detector caused by their coupling.

If one ignores the output of the detector, then one obtains the unconditioned evolution
equation

2

9 1
d =dr{B —q + —B?
o(q) { aqq + 25 oy

+ L }p(q)
d
—dt/nB ag @+ p(@)et. (4.296)

The coupling term here will still generate correlations between the system and the detector.
Note, however, that this coupling does not cause any back-action on the system, only
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forward-action on the detector. This can be verified by showing that the unconditioned
[o.¢] . . .
system state p = fioo dg p(g) obeys the original master equation

p =Lp=—i[H, pl+ D[¢]p. (4.297)

Exercise 4.32 Verify this, using the fact that ©(q), and hence p(q), can be assumed to go
smoothly to zero as ¢ — *o0.

The superoperator Kushner—Stratonovich equation is clearly considerably more compli-
cated than the stochastic master equations used to describe other imperfections in detec-
tion. In general it is possible only to simulate it numerically. (One technique is given in
Ref. [WWO03b], where it is applied to the homodyne detection of a two-level atom.) Nev-
ertheless, it is possible to study some of its properties analytically [WW03a, WWO03b].
From these, some general features of the quantum trajectories this equation generates can
be identified. First, in the limit B — oo, the detector simply adds dark noise and the appro-
priate SME (4.265) with effective efficiency /(1 + N)) can be rederived. Second, for B
finite and N < 1, the detector has an effective bandwidth of

Bt = B/VN, (4.298)

which is much greater than B. That is, the detector is insensitive to changes in the system
on a time-scale less than \/ﬁ /B. In the limit N — 0 the effective bandwidth becomes
infinite and the noise becomes zero, so the detector is perfect (apart from 7). That is, the
quantum trajectories reduce to those of the SME (4.238), as expected from the arguments
at the beginning of this subsection.

4.9 Continuous measurement in mesoscopic electronics
4.9.1 Monitoring a single quantum dot

In Section 3.5 we discussed the irreversible dynamics of a single-electron quantum dot
coupled to two fermionic reservoirs. Experiments using a two-dimensional electron gas,
confined to the interface between GaAs and AlGaAs and further confined using surface
gates, can be configured to enable real-time monitoring of tunnelling electrons [LJPT03,
BDDO05, VEST04, SIG*07]. In this section we will consider a model of such an experiment.

Physical model. A quantum point contact or QPC is the simplest mesoscopic tunnelling
device and consists of two fermionic reservoirs connected by a single electrostatically
defined tunnelling barrier [BB0O]. A QPC can be used as a sensitive electrometer if the
tunnelling barrier is modulated by the charge on a nearby quantum dot.

We will consider the device shown in Fig. 4.10. A quantum dot is connected to two Fermi
reservoirs biased so that electrons can tunnel onto the dot from the left reservoir and off the
dot onto the right reservoir. Close to the quantum dot is the QPC. As the electron moves
into the quantum dot it increases the height of the tunnel barrier for the nearby QPC. In
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Fig. 4.10 (a) A quantum dot with a single-electron quasibound state is connected to two Fermi
reservoirs, a source (S) and drain (D) by tunnel junctions. Tunnelling through the quantum dot
modulates the tunnelling current through a quantum point contact. (b) An experimental realization
using potentials (defined by surface gates) in a GaAs/AlGaAs two-dimensional electron-gas system.
Part (b) is reprinted by permission from Macmillan Publishers Ltd, Nature Physics, E. V. Sukhorukov
etal., 3,243, Fig. 1(a), copyright 2007.

this way the modulated current through the QPC can be used continuously to monitor the
occupation of the dot. We will follow the treatment given in Ref. [GMO1].

The irreversible dynamics of the tunnelling though a single quasibound state on a quantum
dot from source to drain is treated in Section 3.5. We assume here that the interaction
of the dot with the QPC is weak, and hence does not significantly change the master
equation derived there. Here we need a model to describe the tunnnelling current through
the QPC and its interaction with the quantum dot. We use the following Hamiltonian
(with h = 1):

ﬁ = ﬂQD“r]C&dS + ﬁQPC + I:Icoup~ (4299)

Here I-AIQDJrleadS is as in Eq. (3.64), and describes the tunnelling of electrons from the source
to the dot and from the dot to the drain. This leads to the master equation (3.73) in which
the tunnelling rate from source to dot is y, and that from dot to drain is yg. The new
Hamiltonian terms in this chapter are

Age =Y. (w,fa{kam + w,fa;kaRk) +y (quazkaRq + rq*ka;qaLk), (4.300)
k k.q

Aeowp = Y te (qua{kaRq + X;ka;qaLk). (4.301)
k.q

Here, as in Section 3.5, ¢ is the electron annihilation operator for the quantum dot. The

Hamiltonian for the QPC detector is represented by Hopc, in which @y, dgi and of, wf

are, respectively, the electron (fermionic) annihilation operators and energies for the left

and right reservoir modes for the QPC at wave number k. Also, there is tunnelling between
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these modes with amplitudes tx,. Finally, Eq. (4.301) describes the interaction between the
detector and the dot: when the dot contains an electron, the effective tunnelling amplitudes
of the QPC detector change from 7z, t0 Trg + Xiq-

In the interaction frame and Markovian approximation, the (unconditional) zero-
temperature master equation of the reduced state matrix for the quantum-dot system is
[Gur97, GMWSO01]

p (t) = y.DIe"1p + yrDIélp + DI + 5ilo(t) (4.302)
= Lp(1), (4.303)

where A = ¢é1¢ is the occupation-number operator for the dot, T = a1y and § = o xgo-
Here 1990 and xqo are the tunnelling amplitudes for energies near the chemical poten-
tials (u; and g = gz — eV in the left and right reservoirs, respectively), while a? =
2w (ur — Rr)gLER, Where gy and gg are the appropriate densities of states for the
reservoirs.

Physically, the presence of the electron in the dot raises the effective tunnelling barrier of
the QPC due to electrostatic repulsion. As a consequence, the effective tunnelling amplitude
through the QPC becomes lower, i.e. D' = | + #|*> < D = |£|*. This sets a condition on
the relative phase 6 between ¥ and 7: cosf < —|x|/(2|T)).

The unconditional dynamics of the number of electrons on the dot is unchanged by the
presence of the QPC, and so is given by Eq. (3.74), which we reproduce here:

d{n)

o yi(1 = (A)) — yr(A). (4.304)

This is because the Hamiltonian describing the interaction between the dot and the QPC
commutes with the number operator 7 — the measurement is a QND measurement of
ii. However, if we ask for the conditional mean occupation of the dot given an observed
current through the QPC, we do find a (stochastic) dependence on this current, as we will see
later.

Exercise 4.33 Show that the stationary solution to Eq. (4.302) is

pos = —2—1)(1] + —

——10)(0], (4.305)
YL + VR vL + VYR

and that this is consistent with the stationary solution of Eq. (4.304).

Currents and correlations. It is important to distinguish the two classical stochastic currents
through this system: the current /() through the QPC and the current J(¢) through the
quantum dot. Equation (4.302) describes the evolution of the reduced state matrix of
the quantum dot when these classical stochastic processes are averaged over. To study the
stochastic evolution of the quantum-dot state, conditioned on a particular measurement
realization, we need the conditional master equation. We first define the relevant point
processes that are the source of the classically observed stochastic currents.
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For the tunnelling onto and off the dot, we define two point processes:

[dM (1)) = dML (@), (4.306)
E[dML@1)] = yo((1 — A))e(t)dt = yr Tr[j[éT]pc(t)] de, (4.307)
E[dME(1)] = yr(A)c(t)dt = yrTr[T[E]pc(t)]dt. (4.308)

Here b takes the symbolic value L or R and we use the subscript ¢ to emphasize that the
quantities are conditioned upon previous observations (detection records) of the occurrences
of electrons tunnelling through the quantum dot and also tunnelling through the QPC barrier
(see below). The current through the dot is given by the classical stochastic process

J(t)dt =[ep AME(t) + e dME(1)], (4.309)

where e¢; and ey are as defined in Section 3.5 and sum to e.
Next, we define the point process for tunnelling through the QPC:

[AN()]* = dN(1), (4.310)
E[AN.(t)] = Tr[J [ + Ax)pc] = [D + (D' — D){A)(r)]dr. (4.311)
This is related to the current through the QPC simply by
I(t)dt = edN(2). (4.312)
The expected current is thus e D when the dot is empty and e D’ when the dot is occupied.

Exercise 4.34 Show that the steady-state currents through the quantum dot and QPC are,
respectively,

Joy = YLVR (4.313)

YL+ VR

I, = eD<L) n eD/<L). (4.314)
YL+ Yr yL + VR

(Note that the expression for Jg agrees with Eq. (3.77) from Section 3.5.)

The SME describing the quantum-dot state conditioned on the above three point processes
is easily derived using techniques similar to those described in Section 4.3. The result is

do. = dM ()G /yretlpe + dMR(G/Vrélpe + AN(DGIE + Filpc
—dt sH[yrée" + yrete + (D' — D)i]pe. (4.315)

Equation (4.315) assumes that we can monitor the current through the quantum dot
sufficiently quickly and accurately to distinguish the current pulses associated with the
processes dM”(¢). In this case, the dot occupation (n).(t) will jump between the values 0
and 1. It makes the transition 0 — 1 when an electron tunnels onto the dot, which occurs
at rate yr. It makes the transition 1 — O when an electron leaves the quantum dot, which
occurs at rate yg.
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Exercise 4.35 Convince yourself of this from Eq. (4.315).

Next, we will also assume that D and D’ are both much larger than y; or yg. This means
that many electrons will tunnel through the QPC before the electron dot-occupation number
changes. Thus the fluctuations in the QPC current /.(¢) due to individual tunnelling events
through the QPC (described by dN(¢)) can be ignored, and it can be treated simply as a
two-valued quantity:

(I). (t) = eD + (D' — D){n)(t). 4.316)

The two values are e D and e D’, depending on the value of (n).(¢), and transitions between
them are governed by the transition rates y; and yg. A process such as this is called a
random telegraph process.

Using known results for a random telegraph process [Gar85], we can calculate the
stationary two-time correlation function for the QPC current,

R(t —s) = E[L(1), I(s)]ss
=D - D/)z—(y,yiy:,eﬁe_(mw_”' (4.317)

Here E[A, B] = E[AB] — E[A]E[B], and Eq. (4.317) is sometimes called the reduced
correlation function because of the subtraction of the products of the means.

Exercise4.36 Derive Eq. (4.317) from the master equation (4.302) by identifying 1(t) with
the observable eD + e(D' — D)i(t), and using the quantum regression theorem (4.191).

As in the case of photocurrents, it is often convenient to characterize the dynamics by
the spectrum of the current. We define it using the reduced correlation function:

Sopc(w) = / ” dr e T R(1). (4.318)

o
Exercise 4.37 Show that, for the situation considered above, the QPC spectrum is the
Lorentzian
2yLyR YL+ VR
(L +vr)* (v + vr)* + 0

Sopc(w) = e*(D — D')? (4.319)
Conditional dynamics. We now focus on the conditional dynamics of the quantum dot as
the QPC current, /(¢), is monitored. That is, we average over the dot-tunnelling events
described by dMP®(¢). Physically, this is reasonable because it would be very difficult to
discern the charge pulses (less than one electron) associated with these jumps. It would be
similarly difficult to discern the individual jumps d/N(#) which define the QPC current I(z)
according to Eq. (4.312). In the above, we avoided that issue by considering the limit in
which the rate of tunnelling events through the QPC was so high that /(¢) could be treated
as a random telegraph process, with randomness coming from the quantum-dot dynamics
but no randomness associated with the QPC tunnelling itself. It is apparent from the results
of the experiment (see Fig. 4.11) that this is a good, but not perfect, approximation. That



206 Quantum trajectories

0 ﬂ‘.l U.‘? 0.3 04
Time (s)

Fig. 4.11 A typical experimental record of the QPC tunnel current as it switches between two values
depending on the occupation of the nearby quantum dot. Adapted by permission from Macmillan
Publishers Ltd, Nature Physics, E. V. Sukhorukov et al., 3, 243, Fig. 1(c), copyright 2007.

is to say, it is evident that there is some noise on the current in addition to its switching
between the values eD and eD’. This noise is due in part to the stochastic processes of
electrons tunnelling through the QPC and in part to excess noise added in the amplification
process. It is obvious that the individual jumps through the QPC are not resolved; rather,
the noise appears to be that of a diffusion process.

We saw in Section 4.8.3 that, if the noise in an ideal current is a Wiener process and
the excess noise is also a Wiener process, then the effect of the contaminating noise
is simply to reduce the efficiency of the detection to { < 1. Since this is the simplest
model of imperfect detection, we will apply it in the present case. This requires finding a
diffusive approximation to the quantum jump stochastic master equation for describing the
conditional QPC current dynamics. As will be seen, this requires |D’ — D|/D <« 1. From
Fig. 4.11 we see that in the experiment this ratio evaluated to approximately 0.03, so this
approximation seems reasonable.

On averaging over the jump process dM?, introducing an efficiency ¢ as described above
and assuming for simplicity that ¥ and —j are real and positive (so that the relative phase
0 = m), Eq. (4.315) reduces to

dp; = AN(OGIVE(E + Filps + & 5 dt H[2E A — (XY oy
+dt{y.DIe'] + yrDIE] + (1 — O)DIE + %A} o1 (4.320)

where we have used a new subscript to denote conditioning on /(¢) = e dN /d¢, where

E[AN™)] = Tr| TIVE(E + 2i)lpe | = £1D + (D' = D)n)e(0)]. (4.321)

This describes quantum jumps, in that every time there is a tunnelling event (AN = 1) the
conditional state changes by a finite amount.
To derive a diffusive limit, we make the following identifications:

NI Vi —y. (4.322)

Then, apart from the additional irreversible terms, Eq. (4.320) is identical to the conditional
master equation for homodyne detection (4.66). Thus, if we assume that ¥ > —jx (or,
equivalently, |D’ — D|/D « 1), we can follow the procedure of Section 4.4.2. We thus
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Fig. 4.12 A QPC is used to monitor the occupation of a quantum dot (1) coherently coupled by
tunnelling to another quantum dot (2).

obtain the diffusive SME
dpe(t) = dt (v, DIe'T + yrDIE] + , DIAl) pe(t) + v/ WO HIALper),  (4323)

where ¥ = %2, and here k < D. The current on which the state is conditioned is

1) = e/ D[/ED = Vzr(i)e) = £0) . (4.324)

where &£(¢) = dW/dt as usual. Note the negative signs in Eq. (4.324), because of the sign
of ¥, and also the constant term which dominates over the term containing the conditional
mean, since k << D.

We can now find the dynamics of the dot occupation, conditioned on the observed QPC
current, as

d{f).
dr

Note that the noise ‘turns off” when the dot is either occupied or empty ({71). = 1 or 0).
This is necessary mathematically in order to prevent the occupation becoming less than O

= y(1 = {)e) = yr{A)e + 2/ (A)e(1 — (A)IEQ). (4.325)

or greater than 1. Physically, if (7). = 1 (0), we are sure that there is (is not) an electron on
the dot, so monitoring the dot cannot give us any more information about the state. Thus,
there is no updating of the conditional mean occupation.

4.9.2 Monitoring a double quantum dot

In many ways the QPC coupled to a single quantum dot is not especially quantum; the
state can be described by a single number, the occupation probability (7), since quantum
coherences are irrelevant. A modified model in which quantum coherence is important is
the double quantum dot (DQD) depicted in Fig. 4.12. This was mentioned before briefly
in Section 3.10.1. A system such as this can also be realized in a GaAs/AlGaAs structure
[PIM+04, FHWHO7]. Here the DQD is not connected to leads (it always contains exactly
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one electron), so the Hamiltonian for this system is

H = Hpqp + Hope + Heoup, (4.326)
where
Hpop = 018181 + waéle, + Qele, + élé) )2, (4.327)
Ao = Y &1 (qua{kaRq + X;kajeqau), (4.328)
k.q

and Hgpc is the same as in the previous model.
A detailed analysis of this model is given in Ref. [GMO1]. Following the method used
above, the conditional evolution of the DQD is described by the SME

do = ANOGIVE(E + galpr + ¢ 5 dt H[2EgA — (A1) ]y
- i[(wz — o)y — 12)/2 + Qcler + clen/2, p,]dt, (4.329)
where ii; = ¢l¢;.
Averaging over the jump process gives the unconditional master equation
o =«DlAalp —ilV, pl. (4.330)
Here k = |%|? as before, while /i ; = 6j ¢; and the effective Hamiltonian is

LA Q.
V=646 (4.331)

(cf- Eq. (3.31)). Here we have defined a Bloch representation by

6, =éle, +éle, (4.332)
&y = ie]éy — ey, (4.333)
6. =éle; —eley, (4.334)

so that z(r) = 1 and z(¢) = —1 indicate that the electron is localized in dot 2 and dot 1,
respectively.

Exercise 4.38 Verify that the above operators 6, are Pauli operators.

The parameter 2 is the strength of the tunnelling from one dot to the other, while A =
wy — w1 + |T|| X |sin @ is the difference in energy levels between the two dots, which is
influenced by the coupling to the QPC unless sin6& = 0. (Recall that 6 is the relative phase
of the ¥ and 7.) The coupling to the QPC also destroys coherence between the dots at the
decoherence rate .

Exercise 4.39 Derive the equations for the Bloch vector (x,y, z) from Eq. (4.330), and
show that the steady state is (0, 0, 0), a maximally mixed state.
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Fig. 4.13 Differences in behaviour between unconditional and conditional evolutions. The initial
DQD state is z = —1 (dot 1). The parametersare { =1, A = 0,60 = 7 and D = k = /2, and time
is in units of k~!. (Recall that k¥ = |%|> while D = |£|%.) (a) Unconditional evolution of z(¢). (b)
Conditional evolution of z.(¢), interrupted by quantum jumps, corresponding to the stochastically
generated QPC detection record shown in (c). Reprinted Figure 3 with permission from H-S. Goan
and G. J. Milburn, Phys. Rev. B 64, 235307, (2001). Copyright 2008 by the American Physical
Society.

The unconditional evolution of z(¢) is shown in Fig. 4.13(a). It undergoes damped
oscillations, tending towards zero, as expected for a maximally mixed steady state. The
conditional time evolution is quite different. For simplicity we first consider the case,
shown in Fig. 4.13(b), of # = m and D' = |# + #|> = 0. That is, due to the electrostatic
repulsion generated by the DQD electron, the QPC is blocked (no electron is transmitted)
when dot 1 is occupied. As a consequence, whenever there is a detection of an electron
tunnelling through the QPC barrier, the DQD state is collapsed into the state z = 1 (dot
2 occupied). Note that these jumps are more likely to happen when z is close to 1, so
jumps tend to be small (contrast this with the conditioned evolution of a two-level atom
under direct detection of its resonance fluorescence, Section 4.6.1). Between jumps, the
evolution is smooth but non-unitary. Averaging over the many individual realizations shown
in Fig. 4.13(b) leads to a closer and closer approximation of the ensemble average in
Fig. 4.13(a).

The plot shown is for the case in which D is comparable to €2. In the limit D > €, the
jumps become very frequent (with rate D) when the system is in (or close to) the state z = 1.
Since each jump returns the system to state z = 1, as discussed above, the system tends to
get stuck in state z = 1 (electron in dot 2). This is an example of the quantum watched-pot
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effect, or quantum Zeno effect.* In fact, the electron can still make a transition to dot 1 (the
z = —1 state), but the rate of this is suppressed from O(£2), in the no-measurement case,
to O(2?/D). In the limit /D — oo, the transition rate goes to zero.

The quantum diffusion limit. We saw in Section 4.9.1 that the quantum diffusion equations
can be obtained from the quantum jump description under the assumption that || > | ¥|
(or equivalently D > «).

Exercise 4.40 Derive the diffusive SME for the double-dot case, and hence the diffusive
stochastic Bloch equations:

dxe(r) = —[Adt + /K sinf dW(O)]ye(t) — (/2)xc(1)dt

+ /T c080 zo(D)xe(1)AW (1), (4.335)
dye(t) = [Adt +/Tk sin@ dW(D)]xe(t) — Qze(1)dr — (k/2)ye(t)dt

+ /2K o8O zo(t)ye(1)dW, (4.336)
dze(t) = Qye(t)dr — /K cosO[1 — 22(1)]dW. (4.337)

The measured current gives information about which dot is occupied, as shown in the final
term of Eq. (4.337), as expected. However, for sin6 # 0, it also gives information about
the rotation around the z axis, as shown in the other two equations. That is, the effective
detuning has a deterministic term A and a stochastic term proportional to the noise in the
current.

In Figs. 4.14(a)—(d), we plot the conditional quantum-jump evolution of z.(¢) and the
corresponding detection record dN.(¢), with various values of (|T|/|x|). Each jump (dis-
continuity) in the z.(¢) curves corresponds to the detection of an electron through the QPC
barrier. One can clearly observe that, with increasing (|7|/| ¥ |), the rate of jumps increases,
but the amplitude of the jumps decreases. When D’ = 0 each jump collapses the DQD
electron into dot 2 (z = 1), but as D" approaches D (from below) the jumps in z become
smaller, although they are always positive. That is because, whenever there is a detection
of an electron passing through QPC, dot 2 is more likely to be occupied than dot 1.

The case for quantum diffusion using Eqs. (4.335)—(4.337) is plotted in Fig. 4.14(e). In
this case, infinitely small jumps occur infinitely frequently. We can see that the behaviour
of z.(¢) for || = 5|4 in the quantum-jump case shown in Fig. 4.14(d) is already very close
to that of quantum diffusion shown in Fig. 4.14(e). Note that for the case 6 = 7 (which we
have used in the simulations) the unconditional evolution does not depend on the parameter
|Z]. Thus all of these unravellings average to the same unconditioned evolution shown in
Fig. 4.13(a).

The QPC current spectrum. We now calculate the stationary spectrum of the current
fluctuations through the QPC measuring the coherently coupled DQD. This quantity is

4 The former name alludes to the saying ‘a watched pot never boils’; the latter alludes to the ‘proof” by the Greek philosopher
Zeno of Elea that motion is impossible. See Ref. [GWM93] for a review of this effect and an analysis using quantum trajectory
theory.
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Fig. 4.14 Transition from quantum jumps to quantum diffusion. The parameters are ¢ = 1, A =0,
6 =7 and k = /2, and time is in units of k™! = |#|72. In (a)—(d) are shown the quantum jump,
conditional evolutions of z.(#) and corresponding detection moments with the following |7|/|¥|
ratios: (a) 1, (b) 2, (¢) 3 and (d) 5. In (e) the conditional evolutions of z.(¢) in the quantum diffusive
limit (|Z]/|}| — oo) are shown. The variable £(t) = dW/dt¢, the noise in the QPC current in the
quantum-diffusive limit, is scaled so as to have unit variance on the plot. Reprinted Figure 4 with
permission from H-S. Goan and G. J. Milburn, Phys. Rev. B 64, 235307, (2001). Copyright 2008 by
the American Physical Society.



212 Quantum trajectories

defined in Eq. (4.318), where
R(t)=E[I(t+1)I()] — E[1(t + D]E[I(t)]. (4.338)

This two-time correlation function for the current has been calculated for the case of
quantum diffusion in Ref. [KorOla]. Here we will present the quantum-jump case from
Ref. [GMO1], where 1(t) = edN(t)/dt.

Using the SME (4.329) and following the derivation in Section 4.3.2, we find that

E[I(1)] = eE[dN(1)]/dt = et Tr[{D + (D' — D)1} p(1)], (4.339)
while, for T > 0,

E[I(t + 1)I(1)] = €E[dN.(t + 7)dN(1)]/(dr)*
= O Ti[(D + (D' = D)in}e“ (T[T + Xilo()}]

+ ¢ Tr[{D + (D' — D) }p(1)]8(x). (4.340)
In this form, we have related the ensemble averages of a classical random variable to the
quantum averages with respect to the qubit state matrix. The case t < 0 is covered by the

fact that the two-time autocorrelation function is symmetric by definition.
Now we are interested in the steady-state case in which ¢t — oo, so that p(t) — /2
(see Exercise 4.39.) Thus we can simplify Eq. (4.340) using the following identities for an

arbitrary operator B: Tr[e£” B] = Tr[B] and Tr[ BeX® Poo]l = Tr[B]/2, Hence we obtain the
steady-state R(t) for T > 0 as

R(7) = elood(v) + *¢3 (D' — DY {Tr[1e“7 (1 /2)] — Trla, /21%}, (4.341)
where I, = e¢ (D’ + D)/2 is the steady-state current.

Exercise 4.41 Verify Eq. (4.341).

The first term in Eq. (4.341) represents the shot-noise component. It is easy to evaluate
the second term analytically for the A = 0 case, yielding

(81)? (me‘” — Me"”)
4 Wt — [ ’

R(t) = elu8(7) + (4.342)

where uy = —(k/4) + /(k/4)?* — Q2, and b1 = et (D — D’) is the difference between
the two average currents.

Exercise 4.42 Derive Eq. (4.342).

Hint: This can be done by solving the equations for the unconditioned Bloch vector —
Egs. (4.335)—(4.337) with A = ¢ = 0—with the appropriate initial conditions to represent
the initial ‘state’ i1 /2. This ‘state’ is not normalized, but the norm is unchanged by the
evolution, so one can take out a factor of 1/2 and use the normalized initial state i;.
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Fourier transforming this, as in Eq. (4.318), yields the spectrum of the current fluctuations
as

QX (81K /4
(0 — Q%)% + (k/2)* *’
where Sy = el represents the shot noise. Note that, from Eq. (4.343), the noise spectrum
at w = Q2 can be written as

S(w) = So +

(4.343)

S-Sy (81

= . (4.344)
So (ex)
Exercise 4.43 Show that this ratio cannot exceed 4¢.
For the case & = 7 (real tunnelling amplitudes), this ratio can be written as
S(Q) — 5 D+ D'y
@ =8 _, WD+VD) 4345,
So (D+ D)

since k = (v/D — +/D’)? in this case. In the quantum-diffusive limit (D + D") > (D —
D’), this ratio attains its upper bound, as was first shown in Ref. [KorO1la].

For k < 42, the spectrum has a double-peak structure, indicating that coherent tunnelling
is taking place between the two qubit states. This is illustrated in Figs. 4.15(a) and (b). Con-
ditionally, the oscillations of z.(#) would be very nearly sinusoidal for ¥ < 4€2, but would
become increasingly noisy and distorted as x increases. When x > 4%, the measurement
is strong enough substantially to destroy any coherence between the two dots, suppressing
coherent oscillations. In this case, only a single peak, centred at v = 0, appears in the noise
spectrum, as illustrated in Figure 4.15(c). In the limit x > 42, the conditioned state of the
DQD exhibits jump-like behaviour, with the electron being very likely to be in one well or
the other at all times. That is, z.(¢) can be modelled as a classical random telegraph process,
with two states, z. = %1, just as in the single-dot case of Section 4.9.1.

4.9.3 Other theoretical approaches to monitoring in mesoscopic systems

In monitoring a solid-state quantum system, if one ignores or averages over the results, the
only effect of the measurement is to decohere the system. The first step beyond this is to
condition on a single property of the output (by which we mean the drain of the QPC, for
example). The authors of Refs. [Gur97, SS98] considered conditioning on the number N
of excess electrons that had tunnelled into the drain. This approach represents suboptimal
conditioning of the system’s state matrix because the information in the times of electron
tunnelling events through the detector is unused. (In the case of a single-electron transistor
(SET) as detector [SS98], further information is ignored — the times at which electrons
tunnel onto the SET island from the source. See Ref. [Oxt07] for a discussion of this and
other points in this section.)

A stochastic equation representing the conditional evolution of a solid-state system in
real time was introduced into the phenomenological model by Korotkov [Kor99]. This was
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Fig. 4.15 A plot of the noise spectrum of the QPC current monitoring a double quantum dot. The
spectrum is normalized by the shot-noise level, and is shown for various ratios of measurement
strength « to tunnelling strength €2, with k /(4€2) equalling (a) 0.01, (b) 0.5 and (c) 2. For discussion,
see the text. Reprinted Figure 5 with permission from H-S. Goan and G. J. Milburn, Phys. Rev. B 64,
235307, (2001). Copyright 2008 by the American Physical Society.

later derived from a microscopic model in Ref. [KorQ1b]. This model was restricted to a
weakly responding detector (the diffusive limit discussed above), but has been extended to
the case of a strongly responding detector (quantum jumps) [Kor03]. Korotkov’s approach
(which he called ‘Bayesian’) is completely equivalent to the quantum trajectory approach
used above [GMWSO01]. Quantum trajectories were first used in the solid-state context in
Ref. [WUS™01], which included a derivation from a (rather simplistic) microscopic model.

From the beginning [Kor99, WUS™01], these theories of continuous monitoring in
mesoscopic systems have allowed for non-ideal monitoring. That is, even if the initial state
were pure, the conditional state would not in general remain pure; there is no description
using a stochastic Schrodinger equation. The microscopic model in Ref. [WUS™T01] is
inherently non-ideal, while, in Ref. [Kor99], Korotkov introduced a phenomenological
dephasing rate, which he later derived by introducing extra back-action noise from the
detector [KorQ1b]. Another sort of non-ideality was considered in Ref. [GMO1], where the
authors introduce ‘inefficient’ detection by a QPC, as used in Section 4.9.1 Here efficiency
has the same sense as in quantum optics: some proportion 1 — ¢ of the detector output
is ‘lost’. This is of course equivalent to introducing extra decoherence as produced by an
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unmonitored detector. As shown generally in Section 4.8.3, in the diffusive limit, the same
conditioning equation results if extra white noise (‘dark noise’) is added to the detector
output before it is recorded.

The theory of quantum trajectories for mesoscopic systems has recently been extended to
allow for the noisy filtering characteristic of amplifiers used in such experiments [OWW 05,
OGWO0S8]. This was done using the same theory as that presented in Section 4.8.4, but taking
into account correlations between noise that disturbs the system and noise in the recorded
current. Such ‘realistic’ quantum trajectories are essential for optimal feedback control,
because the optimal algorithms are based upon the state conditioned on the measurement
record, as will be discussed in Section 6.3.3. Note that the authors of Ref. [RK03] do consider
the effect of a finite-bandwidth filter on a feedback algorithm, but that is a quite distinct
idea. There, the feedback algorithm is not based on the state of the system conditioned on
the filtered current, and indeed no such conditional state is calculated.

4.10 Further reading

There are several books that discuss continuous quantum measurement theory in the context
of open quantum systems. An Open Systems Approach to Quantum Optics by Carmichael
[Car93] was a very influential book in the quantum-optics community, and introduced
many of the terms used here, such as ‘quantum trajectory’ and ‘unravelling’. Much of this
material is contained in volume 2 of Carmichael’s recently published Statistical Methods
in Quantum Optics [Car99, Car07]. Quantum Noise by Gardiner and Zoller [GZ04] is not
confined to quantum optics. It has material on quantum trajectories and quantum stochastic
differential equations, but also covers quantum noise in a more general sense. The Theory
of Open Quantum Systems by Breuer and Pettrucione [BP02] emphasizes the application
of stochastic Schrodinger equations for numerical simulations of open quantum systems,
both Markovian and non-Markovian.

In this chapter we restricted our attention to systems obeying a Markovian master equa-
tion, and indeed a master equation of the Lindblad form. The reason is that it is only in
this case that a measurement of the bath to which the system is coupled can be performed
without altering the average evolution of the system [GWO03, WGOS]. In particular, the
non-Markovian stochastic Schrodinger equations developed by Diési, Strunz and Gisin
[SDG99, Di608] cannot be interpreted as evolution equations for a system conditioned
upon a measurement record. This is despite the fact that in the Markovian limit they
can reproduce the quantum trajectories for homodyne and heterodyne detection [GW02]
and even for direct detection [GAWO04]. In fact, the only physical interpretation for these
equations is in terms of hidden-variable theories [GWO03].
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Quantum feedback control

5.1 Introduction

In the preceding chapter we introduced quantum trajectories: the evolution of the state of a
quantum system conditioned on monitoring its outputs. As discussed in the preface, one of
the chief motivations for modelling such evolution is for quantum feedback control. Quan-
tum feedback control can be broadly defined as follows. Consider a detector continuously
producing an output, which we will call a current. Feedback is any process whereby a
physical mechanism makes the statistics of the present current at a later time depend upon
the current at earlier times. Feedback control is feedback that has been engineered for a
particular purpose, typically to improve the operation of some device. Quantum feedback
control is feedback control that requires some knowledge of quantum mechanics to model.
That is, there is some part of the feedback loop that must be treated (at some level of
sophistication) as a quantum system. There is no implication that the whole apparatus must
be treated quantum mechanically.

The structure of this chapter is as follows. The first quantum feedback experiments
(or at least the first experiments specifically identified as such) were done in the mid
1980s by two groups [WJ85a, MY86]. They showed that the photon statistics of a beam
of light could be altered by feedback. In Section 5.2 we review such phenomena and
give a theoretical description using linearized operator equations. Section 5.3 considers the
changes that arise when one allows the measurement to involve nonlinear optical processes.
As well as explaining key results in quantum-optical feedback, these sections introduce
important concepts for feedback in general, such as stability and robustness, and important
applications such as noise reduction. These sections make considerable use of material
from Ref. [WisO4].

From Section 5.4 onwards we turn from feedback on continuous fields to feedback
on a localized system that is continuously monitored. We give a general description for
feedback in such systems and show how, in the Markovian limit, the evolution including
the feedback can be described by a new master equation. We formulate our description
both in the Schrodinger picture and in the Heisenberg picture, and we discuss an elegant
example for which the former description is most useful: protecting a Schrodinger-cat state
from decoherence. In Section 5.5 we redevelop these results for the particular case of a

216
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measurement yielding a current with Gaussian white noise, such as homodyne detection.
We include the effects of a white-noise (thermal or squeezed) bath. In Section 5.6 we
apply this theory for homodyne-based feedback to a very simple family of quantum-optical
systems with linear dynamics. We show that, although Markovian feedback can be described
without reference to the conditional state, it is the conditional state that determines both
the optimal feedback strength and how the feedback performs. In Section 5.7 we discuss
a proposed application using (essentially) Markovian feedback to produce deterministic
spin-squeezing in an atomic ensemble. Finally, in Section 5.8 we discuss other concepts
and other applications of quantum feedback control.

5.2 Feedback with optical beamsusing linear optics
5.2.1 Linearized theory of photodetection

The history of feedback in quantum optics goes back to the observation of sub-shot-noise
fluctuations in an in-loop photocurrent (defined below) in the mid 1980s by two groups
[WI85a, MY86]. A theory of this phenomenon was soon developed by Yamamoto and
co-workers [HY86, YIM86] and by Shapiro et al. [SSH*87]. The central question they
were addressing was whether this feedback was producing real squeezing (defined below), a
question whose answer is not as straightforward as might be thought. These treatments were
based in the Heisenberg picture. They used quantum Langevin equations where necessary
to describe the evolution of source operators, but they were primarily interested in the
properties of the beams entering the photodetectors, rather than their sources.

The Heisenberg picture is most convenient if (a) one is interested primarily in the
properties of the beams and (b) an analytical solution is possible. To obtain analytical
results, it is necessary to treat the quantum noise only within a linearized approximation.
We begin therefore by giving the linearized theory for photodetection in the Heisenberg
picture.

Using the theory from Section 4.7, the operator for the photon flux in a beam at longitu-
dinal position z; is

i0) = bl)by), (5.1)

where b (1) = @(z 1, 1) as defined in Section 3.11. From that section, it should be apparent
that it is not sensible to talk about a photodetector for photons of frequency w, that has a
response time comparable to or smaller than w; 1, but, as long as we are not interested in
times comparable to w;, ! we can assume that the signal produced by an ideal photodetector
at position z; is given by Eq. (5.1).

In experiments involving lasers, it is often the case (or at least it is sensible to assume
[Mgl97]) that b;(r) has a mean amplitude B such that 2 =<13T(t)l31 (t)>. Here, without loss
of generality, we have taken f to be real. Because point-process noise is often hard to treat
analytically, it is common to linearize Eq. (5.1) by approximating it by

I(t) = B>+ 81(1) = B> + BX1(0), (5.2)
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where the amplitude quadrature fluctuation operator
X0y = b)) + bl () - 28 (5.3)

is assumed to have zero mean. This approximation is essentially the same as that used in
Section 4.4.2 to treat homodyne detection in the large-local-oscillator limit. It assumes that
individual photon counts are unimportant, namely that the system fluctuations are evident
only in large numbers of detections. This approximation will be valid if the correlations of
interest in the system happen on a time-scale long compared with the inverse mean count
rate and if the fluctuations are relatively small:

(X1t + DX (1)) < p* for T # 0. (5.4)

In all that follows we will consider only stationary stochastic processes, where the two-time
correlation functions depend only on the time difference . We cannot consider 7 = 0 in
Eq. (5.4), because the variance diverges due to vacuum fluctuations:'

lim(X:( + ©) X, () = lim 6(7). (5.5)

Note, however, that in this limit the linearized correlation function agrees with that from
Eq. (5.1):

lim{/(1)1(: + 7)) = lim(/(1))6(7) = lim B26(). (5.6)

Just as we defined & and § quadratures for a system in Chapter 4, here it is also useful to
define the phase quadrature fluctuation operator

P11 = —iby(1) + (1), 5.7)
For free fields, where (taking the speed of light to be unity as usual)
b(z,t +1)= bz —1,1), (5.8)
the canonical commutation relation for the fields at different positions
bz, 1), b/, )] = 6z = 2) (5.9)
implies that the quadratures obey the temporal commutation relation
[X1(0), Y1()] = 2i8(t —1). (5.10)
We define the Fourier-transformed operator as follows:
Xi(0) = foo dr Xy(1)e™"; (5.11)
—c0

and similarly for ¥ (w). Note that we use a tilde but drop the hat for notational convenience.
Then it is simple to show that

[X)(w), Y1(0)] = d7id(w + ). (5.12)

! For thermal or squeezed white noise — see Section 4.8.2 — this §-function singularity is multiplied by a non-unit constant.
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For stationary statistics as we are considering,(f( 1(t)f( 1(t/)> is a function of t — ¢’ only.
From this it follows that

(X1(@)X1(@)) x (0 + ). (5.13)

Exercise 5.1 Verify Egs. (5.12) and (5.13).

Because of the singularities in Egs. (5.12) and (5.13), to obtain a finite uncertainty
relation it is more useful to consider the spectrum

X _ 1 s v / /
Sf(w) = Z/ (X1(@)Xi(—))dw (5.14)
= / e (X1 (HX1(0))dt = (X1()X1(0)). (5.15)

Note that the final expression involves both X; and X;. Equation (5.15) is the same as
the spectrum defined for a homodyne measurement of the x quadrature in Section 4.4.4 if
we take the system quadrature x to have zero mean. In the present case, the spectrum can
be experimentally determined as

o]

¥ (w) :(i(:))’1 / e (11, 1(0))dr, (5.16)

—00

where (A, B) =(AB) —(A)(B) as previously. In fact it is possible to determine SlQ(a)) for
any quadrature Q in a similar way by adding a local oscillator of suitable amplitude and
phase, as described in Section 4.4.

It can be shown [SSH*87] that, for a stationary free field, the commutation relations
(5.10) imply that

SE(@)SY (w) > 1. (5.17)

This can be regarded as an uncertainty relation for continuum fields. A coherent continuum
field where b|8) = B|B) has, for all w,

Se(w) =1, (5.18)

where Q = X or Y (or any intermediate quadrature). This is known as the standard quantum
limit or shot-noise limit. A squeezed continuum field is one such that, for some @ and
some Q,

S(w) < 1. (5.19)

This terminology is appropriate for the same reason as for single-mode squeezed states: the
reduced noise in one quadrature gets ‘squeezed’ out into the other quadrature, because of
Eq. (5.17).
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Fig. 5.1 A diagram for a travelling-wave feedback experiment. Travelling fields are denoted b and
photocurrent fluctuations 57. The first beam-splitter transmittance, 7, is variable, the second, 7,,
fixed. The two vacuum field inputs are denoted ¥ and f{i. Quantum Squeezing, 2004, pp. 171—
122, Chapter 6 ‘Squeezing and Feedback’, H. M. Wiseman, Figure 6.1, Springer-Verlag, Berlin,
Heidelberg. Redrawn and revised and adapted with kind permission of Springer Science+Business
Media.

5.2.2 In-loop ‘squeezing’

The simplest form of quantum optical feedback is shown in Fig. 5.1. This was the scheme
considered by Shapiro et al. [SSH*87]. In our notation, we begin with a field bo = B(Zo, 1)
as shown in Fig. 5.1. We will take this field to have stationary statistics with mean amplitude
B and fluctuations

HXo(0) +i¥o()] = bo(t) — B. (5.20)

We take the amplitude and phase noises to be independent and characterized by arbitrary
spectra 3 (w) and S} (w), respectively.

This field is then passed through a beam-splitter of transmittance 7;(z). By unitarity,
the diminution in the transmitted field by a factor 1/7;(f) must be accompanied by the
addition of vacuum noise from the other port of the beam-splitter (see Section 4.4.1). The
transmitted field is

bi(t) = /m(t — 1) bo(t — 1) + /i (t — 1) Dt — 7). (5:21)

Here t; = z; — z¢ and we are using the notation

Ai=1-n;. (5.22)
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The annihilation operator D(#) represents the vacuum fluctuations. The vacuum is a special
case of a coherent continuum field of vanishing mean amplitude (¥(¢)) = 0, and so is
completely characterized by its spectrum

S9(w) = 1. (5.23)

Since the vacuum fluctuations are uncorrelated with any other field, and have stationary
statistics, the time argument for ¥(¢) is arbitrary (when it first appears).

The beam-splitter transmittance 7,(f) in Eq. (5.21) is time-dependent. This time-
dependence can be achieved experimentally by a number of means. For example, if the
incoming beam is elliptically polarized then an electro-optic modulator (a device with
a refractive index controlled by a current) will alter the orientation of the ellipse. A
polarization-sensitive beam-splitter will then control the amount of the light which is trans-
mitted, as done, for example, in [TWMBO5]. As the reader will no doubt have anticipated,
the current used to control the electro-optic modulator can be derived from a later detection
of the light beam, giving rise to feedback. Writing 1,(t) = n; + dn,(¢), and assuming that
the modulation of the transmittance is small (8n(t) < 11, 7j1), one can write

V@) = m 4+ (/0103 dm@). (5.24)

Continuing to follow the path of the beam in Fig. 5.1, it now enters a second beam-splitter
of constant transmittance 17,. The transmitted beam annihilation operator is

by(t) = /M bi(t — 1) + /712 At — 1), (5.25)

where 7, = 7, — z; and [i(¢) represents vacuum fluctuations like D(¢). The reflected beam
operator is

b3(t) = /T2 bi(t — 1) — 2 At — ). (5.26)

Using the approximation (5.24), the linearized quadrature fluctuation operators for b, are

Xo(t) = /mami Xo(t — To) + /ma/mi Boni(t — T»)

+Vmain Xo(t — To) + Vi Xt — ), (5.27)
Vo(r) = NI Yot — T»)
+ Vi Yot — To) + i Voult — o), (5.28)

where T, = 1, + t;. Here, for simplicity, we have shifted the time argument of the u
vacuum quadrature operators by 7;. This is permissible because the vacuum noise is a
stationary process (regardless of any other noise processes). Similarly, for b3 we have

R3(0) = Viam Xo(t = T) + i/ m B dm(t — T»)

+ Vi Xt — To) — m Xu(t = T), (5.29)
Y3(t) = /iom Yot — To) + /i Yot — T)

—Vm Y.t — D). (5.30)
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Exercise 5.2 Derive Egs. (5.27)—(5.30).

The mean fields for b, and b3 are /7172 B and /11772 B, respectively. Thus, if these
fields are incident upon photodetectors, the respective linearized photocurrent fluctuations
are, as explained in Section 5.2.1,

81 (1) = /i BXa(1), (5.31)
8I5(t) = Vmin BX;(0). (5.32)

Here we have assumed perfect-efficiency detectors. Inefficient detectors can be modelled
by further beam-splitters (see Section 4.8), and the effect of this has been considered in
detail in Refs. [MPV94, TWMB95].

Having obtained an expression for 515(r), we are now in a position to follow the next
stage in Fig. 5.1 and complete the feedback loop. We set the modulation in the transmittance
of the first beam-splitter to be

511 = —2 / Wt iyt — 19 — £)dF, (5.33)
mB* Jo

where g is a dimensionless parameter. It represents the low-frequency gain of the feedback,
as will be seen. The response of the feedback loop, including the electro-optic elements, is
assumed to be linear for small fluctuations and is characterized by the electronic delay time
79 and the response function A(t'), which satisfies h(t) = 0 for t < 0, h(t) > 0 for t > 0
and [, h(t)dt’ = 1.

The appearance of a hat on the beam-splitter transmittance 1, in Eq. (5.33) may give the
impression that one is giving a quantum-mechanical treatment of a macroscopic system.
This is a false impression. The only features of the operators which are important are their
stochastic nature and their correlations with the source. The macroscopic apparatus has
not been quantized; it is simply correlated to the fluctuations in the observed photocurrent,
which are represented by an operator, as explained in Sections 1.3 and 4.7. In the quantum
trajectory description of feedback, which is considered in the later sections of this chapter,
this false impression would never arise. The feedback apparatus is treated as a completely
classical system, which is of course how experimentalists would naturally regard it.

5.2.3 Stability

Clearly the feedback can affect only the amplitude quadrature X. Putting Eq. (5.33) into
Eq. (5.27) yields

Xao(t) = /i Xo(t — T») + g/ h(t)Xo(t — T —t')dt’
0

+ Vi Xt — Ty) + i Xt — o), (5.34)
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where T = 19 + T, = 19 + 11 + 1. This is easy to solve in Fourier space, provided that
X, is a stationary stochastic process. This will be the case if and only if the feedback loop
is stable.

The problem of stability in feedback loops is a difficult one in general. However, for a
simple linear system such as we are considering here, there are criteria for testing whether
a given loop is stable and techniques for designing loops that will satisfy these criteria. For
the interested reader, an elementary introduction can be found in Ref. [SSW90]. Here we
will not cover this theory in detail, but give only the bare essentials needed for this case.
Our aim is to acquire some insight into the stability criteria, and especially the trade-off
among the bandwidth of the loop, its gain and the time delay.

We begin by writing Eq. (5.34) in the form

o0
X2 g / h(t)Xa(t — T — Hdt' = f(0), (5.35)
0
where f (t) represents all of the (stationary) noise processes in Eq. (5.34). Now the solution
to this equation can be found by taking the Laplace transform:
[1— gh™(®)exp(—=sT)] Xy (s) = f(s), (5.36)
where h'(s) = [° dt e h(1) etc.
Exercise 5.3 Derive Eq. (5.36) and show that the low-frequency (s = 0) equation is
X3(0) = g&5(0) + f1(0), (5.37)
which shows that g is indeed the low-frequency gain of the feedback.

A stable feedback loop means that, for a spectral-bounded noise input f(z), the solution
X (1) will also be spectral-bounded for all times. (Here by ‘spectral-bounded” we mean that
the spectrum, as defined in Eq. (5.14), is bounded from above.) This will be the case if and
only if

Re[s] < 0, (5.38)
where s is any solution of the characteristic equation
1 — gh*(s)exp(—sT) = 0. (5.39)

This is known as the Nyquist stability criterion [SSW90].
First we show that a sufficient condition for stability is |g| < 1. Looking for instability,
assume that Re[s] > 0. Then

o0
W (s)e™" | = ‘ / dr e Dh(r)
0

< /Oodt h(t) =1. (5.40)
0

Thus under this assumption the characteristic equation cannot be satisfied for |g| < 1. That
is, the |g| < 1 regime will always be stable. On the other hand, if g > 1 then there is an s
with a positive real part that will solve Eq. (5.39).
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Box 5.1 Thefeedback gain—bandwidth relation

Consider feedback as described in the text with the simple smoothing function
h(t) =Te™"" for t > 0. In this case the characteristic equation (5.39) becomes (for
g negative)

s+T +|glTe™T =0. (5.41)

On setting s = T~' (A + iw) for A and w real, and defining y = I'T, this is equivalent
to the following equations in real, dimensionless variables:

r+y =—|glye *cosw, (5.42)
w = +|glye " sinw. (5.43)

By combining these equations, one finds the following relation:
A=—y —wcotw. (5.44)

Thus, as long as w cot w is positive, the real part of s (that is, 7' 1) will be negative, as
is required for stability. Substituting Eq. (5.44) into Eq. (5.42) or Eq. (5.43) to eliminate
A yields

o lglyere® e, (5.45)

This has no analytical solution, but as long as
Iglye” <m/2 (5.46)

all solutions of this equation satisfy nw < |w| < (n + 1/2)7x, for n an integer, and so
guarantee that w cot w is positive. Moreover, for large gain |g|, if |g|yeY is significantly
larger than /2 then there exist solutions w to Eq. (5.45) such that X in Eq. (5.44) is
positive.

Thus we have a stability condition (Eq. (5.46)) that is sufficient and, for large
feedback gain, not too far from necessary. Since |g| > 1 requires y < 1, in this
regime the condition simplifies to |g|y < m/2. Returning to the original variables, we
thus have the following approximate gain—bandwidth relation:

T
r<— 77" (5.47)
2T |g]

That is, a finite delay time 7" and large negative feedback —g >> 1 puts an upper bound
on the bandwidth B = 2I" of the feedback (here defined as the full-width at half-
maximum height of |/2(w)|?). Moreover, this upper bound implies that in the average
signal delay in the feedback loop, fToo h(t)tdtr =T ~! + T, the response-function
decay time I'"! dominates over the raw delay time T .
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Exercise 5.4 Prove this by considering the left-hand side of Eq. (5.39) as a function of s
on the interval [0, 00) on the real line. In particular, consider its value at 0 and its value
at oQ.

Thus it is a necessary condition to have g < 1. If g < —1, the stability of the feedback
depends on T and the shape of i(z). However, it turns out that it is possible to have arbitrarily
large negative low-frequency feedback (that is, —g > 1), for any feedback loop delay T,
provided that h(z) is broad enough. That is, the price to be paid for strong low-frequency
negative feedback is a reduction in the bandwidth of the feedback, namely the width of
lh(w)]>. A simple example of this is considered in Box 5.1, to which the following exercise
pertains.

Exercise 5.5 Convince yourself of the statements following Eq. (5.46) by graphing both
sides of Eq. (5.45) for different values of |g|ye”.

5.2.4 In-loop and out-of-loop spectra

Assuming, then, that the feedback is stable, we can solve Eq. (5.34) for X, in the Fourier
domain:

V2 Xo(@) + /mais Xo(@) + /72 X ()

= - (5.48)
1 — gh(w)exp(—iwT)

Xs(w) = exp(—iwT)

From this the in-loop amplitude quadrature spectrum is easily found from Egs. (5.13) and
(5.14) to be
mmSy (@) + min Sy (@) + 728, (@)
1 = gh(w)exp(—ioT)|?
1 S (w) —1
_ +77~1772[ o(w). ] . (5.49)
1 — gh(w) exp(—iwT)|?

Exercise 5.6 Derive these results.

55 (w) =

From these formulae the effect of feedback is obvious: it multiplies the amplitude
quadrature spectrum at a given frequency by the factor |1 — gh(w)exp(—iwT)|~2. At low
frequencies, this factor is simply (1 — g)~2, which is why the feedback was classified on
this basis into positive (g > 0) and negative (g < 0) feedback. The former will increase the
noise at low frequency and the latter will decrease it. However, at higher frequencies, and
in particular at integer multiples of /T, the sign of the feedback will reverse and g < 0
will result in an increase in noise and vice versa. All of these results make perfect sense
in the context of classical light signals, except that classically we would not worry about
vacuum noise. Ignoring the vacuum noise is equivalent to assuming that the noise in the
input beam is far above the shot-noise limit, so that one can replace 1 + 1, nz[Sg( (w) — 1]
by 71728 (w). This gives the result expected from classical signal processing: the signal is
attenuated by the beam-splitters and either amplified or suppressed by the feedback.



226 Quantum feedback control

The most dramatic effect is, of course, for large negative feedback. For sufficiently
large —g it is clear that one can make

S5 (@) < 1 (5.50)

for some w. This effect has been observed experimentally many times with different systems
involving feedback; see for example Refs. [WI85a, MY86, YIM86, MPV94, TWMBOS5].
Without a feedback loop this sub-shot-noise photocurrent would be seen as evidence for
squeezing. However, there are several reasons to be very cautious about applying the
description squeezing to this phenomenon relating to the in-loop field. Two of these reasons
are theoretical, and are discussed in the following two subsections. The more practical
reason relates to the out-of-loop beam bj.
From Eq. (5.29), the X quadrature of the beam @3 is, in the Fourier domain,

X3(0) = exp(—io )i Xo() + Vinih Xo(@) — /12 X ()]
+ i/ mgh(@)exp(—iwT) X (w). (5.51)

Here we have substituted for 1, in terms of )A(z. Now using the above expression (5.48)
gives

Vi Xo(®) + /i Xo(o)
1 — gh(w) exp(—iwT)

_ Jm (1 = gh(@)exp(=iwT)/m1X (@)

Xs(w) = exp(—ia)Tz){

= - (5.52)
1 — gh(w)exp(—iwT)
This yields the spectrum
1+ iom S5 (w) — 1
X (@) = + nsz[ 0 (w). ]
11 — gh(w) exp(—iwT)|?
—2Re[gh(w)exp(—iwT)] + gzlﬁ(w)lz/nz' (5.53)

|1 — gh(w)exp(—iwT)|?

The denominators are identical to those in the in-loop case, as is the numerator in the first
line, but the additional term in the numerator of the second line indicates that there is extra
noise in the out-of-loop signal.

The expression (5.53) can be rewritten as

S5 (@) — 11+ g2h(@))*M2/n2
11 — gh(w)exp(—iwT)|? '

S (@) =1+ (5.54)
From this it is apparent that, unless the initial beam is amplitude-squeezed (that is, unless
Sé‘ (w) < 1 for some w), the out-of-loop spectrum will always be greater than the shot-noise
limit of unity. In other words, it is not possible to extract the apparent squeezing in the
feedback loop by using a beam-splitter. In fact, in the limit of large negative feedback
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(which gives the greatest noise reduction in the in-loop signal), the low-frequency out-of-
loop amplitude spectrum approaches a constant. That is,

lim S50)=n". (5.55)
g—>—00

Thus the more light one attempts to extract from the feedback loop, the higher above shot
noise the spectrum becomes. Indeed, this holds for any frequency such that (w) # 0, but
recall that for large |g| the bandwidth of |(w)|> must go to zero (see Box. 5.1).

This result is counter to an intuition based on classical light signals, for which the effect
of a beam-splitter is simply to split a beam in such a way that both outputs would have the
same statistics. The reason why this intuition fails is precisely because this is not all that
a beam-splitter does; it also introduces vacuum noise, which is anticorrelated at the two
output ports. The detector for beam b, measures the amplitude fluctuations X, which are
a combination of the initial fluctuations X, and the two vacuum fluctuations X, and X 1
The first two of these are common to the beam b3, but the last, X > appears with opposite
sign in X3. As the negative feedback is turned up, the first two components are successfully
suppressed, but the last is actually amplified.

5.2.5 Commutation relations

Under normal circumstances (without a feedback loop) one would expect a sub-shot-noise
amplitude spectrum to imply a super-shot-noise phase spectrum. However, that is not what
is found from the theory presented here. Rather, the in-loop phase quadrature spectrum is
unaffected by the feedback, being equal to

SY (@) = 1+ mmlSY (@) — 11. (5.56)

It is impossible to measure this spectrum without disturbing the feedback loop because all
of the light in the b, beam must be incident upon the photodetector in order to measure
X,. However, it is possible to measure the phase-quadrature of the out-of-loop beam by
homodyne detection. This was done in [TWMB95], which verified that this quadrature is
also unaffected by the feedback, with

ST (@) = 1 4+ miial Sy (@) — 11, (5.57)

For simplicity, consider the case in which the initial beam is coherent with Sé‘ (w) =
S¥(w) = 1. Then S (w) = 1 and

SY ()85 () = |1 — gh(w)exp(—iwT)| 2. (5.58)

This can clearly be less than unity. This represents a violation of the uncertainty relation
(5.17) which follows from the commutation relations (5.12). In fact it is easy to show
(as done first by Shapiro et al. [SSH87]) from the solution (5.48) that the commutation
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relations (5.12) are false for the field b, and must be replaced by

4id(w + ')

[(Xafw). Tale)] = — =00 =

(5.59)

which explains how Eq. (5.58) is possible.

At first sight, this apparent violation of the canonical commutation relations would seem
to be a major problem of this theory. In fact, there are no violations of the canonical com-
mutation relations. As emphasized in Section 5.2.1, the canonical commutation relations
(5.9) are between fields at different points in space, at the same time. It is only for free
fields (travelling forwards in space for an indefinite time) that one can replace the space
difference z by a time difference ¢ = z (remember that we are setting the speed of light
¢ = 1). Field b; is such a free field, since it can be detected an arbitrarily large distance
away from the apparatus. Thus its quadratures at a particular point do obey the two-time
commutation relations (5.10) and the corresponding Fourier-domain relations (5.12). But
the field b, cannot travel an indefinite distance before being detected. The time from the
second beam-splitter to the detector 7, is a physical parameter in the feedback system.

For time differences shorter than the total feedback loop delay T it can be shown that
the usual commutation relations hold:

[X2(0), Yo()] = 2i8(t —t') for |t —1| <T. (5.60)

The field b, is only in existence for a time 7, before it is detected. Because 1, < T, this
means that the two-time commutation relations between different parts of field b, are
actually preserved for any time such that those parts of the field are in existence, travelling
through space towards the detector. It is only at times greater than the feedback loop delay
time 7 that non-standard commutation relations hold. To summarize, the commutation
relations between any of the fields at different spatial points always hold, but there is no
reason to expect the time or frequency commutation relations to hold for an in-loop field.
Without these relations, it is not clear how ‘squeezing’ should be defined. Indeed, it has
been suggested [BGS™99] that ‘squashing” would be a more appropriate term for in-loop
‘squeezing’ because the uncertainty has actually been squashed, rather than squeezed out
of one quadrature and into another.

A second theoretical reason against the use of the word squeezing to describe the sub-
shot-noise in-loop amplitude quadrature is that (provided that beam by is not squeezed), the
entire apparatus can be described semiclassically. In a semiclassical description there is no
noise except classical noise in the field amplitudes, and shot noise is a result of a quantum
detector being driven by a classical beam of light. That such a description exists might
seem surprising, given the importance of vacuum fluctuations in the explanation of the
spectra in Section 5.2.4. However, the semiclassical explanation, as discussed for example
in Refs. [SSHT87] and [TWMB95], is at least as simple. Nevertheless, this theory is less
general than the quantum theory (it cannot treat an initial squeezed beam) so we do not
develop it here.
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5.2.6 QND measurements of in-loop beams

The existence of a semiclassical theory as just mentioned suggests that all of the calculations
of noise spectra made above relate only to the noise of photocurrents and say nothing about
the noise properties of the light beams themselves. However, this is not really true, as
can be seen from considering quantum non-demolition (QND) measurements. In QND
measurements, the measured observable (one quadrature in this case) is unchanged by the
measurement, unlike in an ordinary absorptive measurement in optics. QND measurements
cannot be described by semiclassical theory, which again shows that this theory is not
complete.

A specific model for a QND device will be considered in Section 5.3.1. Here we simply
assume that a perfect QND device can measure the amplitude quadrature X of a continuum
field without disturbing it beyond the necessary back-action from the Heisenberg uncer-
tainty principle. In other words, the QND device should give a readout at time ¢ that can
be represented by the operator X (¢). The correlations of this readout will thus reproduce
the correlations of X(¢). For a perfect QND measurement of X, and X3, the spectrum
will reproduce those of the conventional (demolition) photodetectors which measure these
beams. This confirms that these detectors (assumed perfect) are indeed recording the true
quantum fluctuations of the light impinging upon them.

What is more interesting is to consider a QND measurement on X;. That is because
the set-up in Fig. 5.1 is equivalent (as mentioned above) to a set-up without the second
beam-splitter, but instead with an in-loop photodetector with efficiency #,. In this version,
the beams b, and b3 do not physically exist. Rather, b, is the in-loop beam and X, is the
operator for the noise in the photocurrent produced by the detector. As shown above, X,
can have vanishing noise at low frequencies for g — —oo. However, this is not reflected in
the noise in the in-loop beam, as recorded by our hypothetical QND device. Following the
methods of Section 5.2.4, the spectrum of X 118

1+ m[So(@) — 11 + g2h(w)|* 72 /n2

S¥(w) = _ 5.61
@) |1 — gh(@exp(—iaT)P Gob
In the limit g — —o0, this becomes at low frequencies
X I —n
ST (0) — , (5.62)
n

which is not zero for any detection efficiency 7, less than unity. Indeed, for n, < 0.5 it is
above shot noise.

The reason why the in-loop amplitude quadrature spectrum is not reduced to zero for large
negative feedback is that the feedback loop is feeding back noise X (1) in the photocurrent
fluctuation operator X (¢) that is independent of the fluctuations in the amplitude quadrature
X1(1) of the in-loop light. The smaller 7,, the larger the amount of extraneous noise in
the photocurrent and the larger the noise introduced into the in-loop light. In order to
minimize the low-frequency noise in the in-loop light, there is an optimal feedback gain.
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In the case So(w) = 1 (a coherent input), this is given by

n2

=0, 5.63
8opt —n (5.63)
giving a minimum in-loop low-frequency noise spectrum
SO gmgep = 1 — 2. (5.64)

The fact that the detection efficiency does matter in the attainable squashing (in-loop
squeezing) shows that these are true quantum fluctuations.

5.2.7 Applications to noise reduction

Although the feedback device discussed in this section cannot produce a free squeezed
beam, it is nevertheless useful for reducing classical noise in the output beam bs. It is easy
to verify the result of [TWMB95] that, if one wishes to reduce classical noise S3X (w) —1
at a particular frequency w, then the optimal feedback is such that

gh(w)exp(—iwT) = —?’]1772[55(((1)) — 11 (5.65)
This gives the lowest noise level in the amplitude of bs at that frequency,

mS§ () — 1]
1+ nom[SF(w) — 11

For large classical noise we have feedback proportional to S (w) and an optimal noise
value of 1/1;, as this approaches the limit of Eq. (5.55). The interesting regime [TWMB95]
is the opposite one, where Sé‘ (w) — 1is small, or even negative. The case of Sé‘ (w)y—1<0
corresponds to a squeezed input beam. Putting squeezing through a beam-splitter reduces
the squeezing in both output beams. In this case, with no feedback the residual squeezing
in beam 133 would be

¥ (@op =1+ (5.66)

S¥(@)|g=0 = 1 + lam[Sy (w) — 11, (5.67)

which is closer to unity than S¥(w). The optimal feedback (the purpose of which is to
reduce noise) is, according to Eq. (5.65), positive. That is to say, destabilizing feedback
actually puts back into beam b3 some of the squeezing lost through the beam-splitter. Since
the required round-loop gain (5.65) is less than unity, the feedback loop remains stable (see
Section 5.2.3).

This result highlights the nonclassical nature of squeezed fluctuations. When an
amplitude-squeezed beam strikes a beam-splitter, the intensity at one output port is anticor-
related with that at the other, hence the need for positive feedback. Of course, the feedback
can never put more squeezing into the beam than was present at the start. That is, S3X (@)opt
always lies between S (w) and S5 (w)|g—o. However, if we take the limit n; — 1 and
S (w) — 0 (perfect squeezing to begin with) then all of this squeezing can be recovered,
for any n,.
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5.3 Feedback with optical beams using nonlinear optics
5.3.1 QND measurements

Section 5.2.2 showed that it was not possible to create squeezed light in the conventional
sense using ordinary photodetection and linear feedback. Although the quantum theory
appeared to show that the light which fell on the detector in the feedback loop was sub-shot
noise, this could not be extracted because it was demolished by the detector. An obvious way
around this would be to use a QND quadrature detector to control the feedback modulation.
One way to achieve a QND measurement is for fields of different frequency to interact via
a nonlinear refractive index. In order to obtain a large effect, large intensities are required.
It is easiest to build up large intensities by using a resonant cavity. To describe this requires
the quantum Langevin equations (QLEs) and input—output theory presented in Section 4.7.

Consider the apparatus shown in Fig. 5.2. The purpose of the detector in the feedback
loop is to make a QND measurement of the quadrature X ﬁl of the field @in = Bl. This field
drives a cavity mode with decay rate x described by annihilation operator 4. This mode is
coupled to a second mode with annihilation operator ¢ and decay rate y. We will assume
an ideal QND coupling between the two modes

A= %xy (5.68)

where

M =a+al $¢ = —ié +iet. (5.69)
As described in [AMWS&8], this Hamiltonian could in principle be realized by two simulta-
neous processes, assuming that modes a and ¢ have the same frequency. The first process
would be simple linear mixing of the modes (e.g. by an intracavity beam-splitter). The
second process would require an intracavity crystal with a x® nonlinearity, pumped by a
classical field at twice the frequency of modes a and c. The Hamiltonian (5.68) commutes
with the x¢ quadrature of mode a, and causes this to drive the x¢ quadrature of mode c.
Thus measuring the X¢ = quadrature of the output field do, from mode ¢ will give a QND
measurement of @ 4+ a', which is approximately a QND measurement of X b

The QLEs in the interaction frame for the quadrature operators are

d K

out

Lpas Kpa Jcxd 5.70
a 2)6 Vi X2, (5.70)
doem Yool spxd g (5.71)
—X = .x .

dr 2" in T X

Exercise 5.7 Derive these.

These can be solved in the frequency domain as
A
K2 +iw

\/_X (@) + Vi x X0 (0)/(k /2 + iw)
y/2+iw '

X% w) = (5.72)

(5.73)

X(w) =
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Fig. 5.2 A diagram for a travelling-wave feedback experiment based on a QND measurement.
Travelling fields are denoted b and d. The first beam-splitter transmittance 7, is variable. A cavity
(drawn as a ring cavity for convenience) supports two modes, a (solid line) and ¢ (dashed line). The
decay rates for these two modes are « and y, respectively. They are coupled by a nonlinear optical
process indicated by the crystal labelled x. The perfect homodyne detection at the detector yields a
photocurrent proportional to )A(ffm = do + ﬁjul. Quantum Squeezing, 2004, pp. 171-122, Chapter 6
‘Squeezing and Feedback’, H. M. Wiseman, Figure 6.2, Springer-Verlag, Berlin, Heidelberg. Redrawn
and revised and adapted with kind permission of Springer Science+Business Media.

The quadrature of the output field dAout = c?in + /v ¢ is therefore

vk Q X (@)/(k +2iw) + (y = 2io)X{, ()

x4 =
out(w) 7/ + 210)

(5.74)

where we have defined a quality factor for the measurement
0 =4y/Jyk. (5.75)
In the limits Q > 1, and w < k, y, we have

X (@) ~ —0X) (o), (5.76)
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which shows that a measurement (by homodyne detection) of the X quadrature of oy can
indeed effect a measurement of the low-frequency variation in X%

To see that this measurement is a QND measurement, we have to calculate the statistics
of the output field from mode a, that is Bom. From the solution (5.72) we find

2 —iw .
__/c/ 1a)X

b
2T iw (o). (5.77)

That is, for frequencies small compared with «, the output field is identical to the input field,
as required for a QND measurement. Of course, we cannot expect the other quadrature to
remain unaffected, because of the uncertainty principle. Indeed, we find

Oyk Yi()/(y + 2iw)
K + 2iw

Kk — 21w

44 =—
(@) == ==

Yfl(w) +

, (5.78)

which shows that noise has been added to ¥;,. Indeed, in the good measurement limit which
gave the result (5.76), we find the phase quadrature output to be dominated by noise:

7l (0) ~ 0V (w). (5.79)

5.3.2 QND-based feedback

We now wish to show how a QND measurement, such as that just considered, can be used to
produce squeezing via feedback. The physical details of how the feedback can be achieved
are as outlined in Section 5.2.2 In particular, in the limit that the transmittance n; of the
modulated beam-splitter goes to unity, the effect of the modulation is simply to add an
arbitrary signal to the amplitude quadrature of the controlled beam. That is, the modulated
beam can be taken to be

bi(t) = bo(t — 1) + B dmi(t — 1), (5.80)

where @0 is the beam incident on the modulated beam-splitter, as in Section 5.2.2. In the
present case, @l () is then fed into the QND device, as shown in Fig. 5.2, so Bin(t) = 131 (1)
again, and the modulation is controlled by the photocurrent from an (assumed perfect)

homodyne measurement of X?:

SA1(t) = _LQﬂ /0 h(t )KL (1 — 7o — 1))dr. (5.81)

Here 1y is the delay time in the feedback loop, including the time of flight from the cavity
for mode ¢ to the homodyne detector, and /() is as before.

On substituting Eqgs. (5.80) and (5.81) into the results of the preceding subsection we
find

k= 2iw X} (0) + X (@)gh(@) 0™ (y = 2i0)/(y + 2iw)
K + 2iw 1 — gp(w)h(w) exp(—iwT)

Xt (@) = . (5.82)
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where T = 1| 4 19 is the total round-trip delay time and

VK
(k + 2iw)(y + 2iw)

plw) = (5.83)
represents the frequency response of the two cavity modes. If we assume that the field di,

is in the vacuum state then we can evaluate the spectrum of amplitude fluctuations in X%,
to be

SX(w) + g207?
11 — gp(w)h(w)exp(—iwT)[?

Soui(@) = (5.84)

Clearly, for a sufficiently high-quality measurement (Q — o), the added noise term in
the amplitude spectrum can be ignored. Then, for sufficiently large negative g, the feedback
will produce a sub-shot-noise spectrum. Note the difference between this case and that of
Section 5.2.2. Here the squeezed light is not part of the feedback loop; it is a free beam.
The ultimate limit to how squeezed the beam can be is determined by the noise in the
measurement, as will be discussed in Section 5.3.4.

Since by is a free field, not part of any feedback loop, it should obey the standard
commutation relations. This is the case, as can be verified from the expression (5.78)
for ﬁf’ut (which is unaffected by the feedback). Consequently, the spectrum for the phase
quadrature

Soul@) = Sy (@) + 12 p(@) (5.85)
shows the expected increase in noise.

Exercise 5.8 Derive Egs. (5.84) and (5.85) and verify that the uncertainty product
SY (@)SX () is always greater than or equal to unity, as required for free fields.

5.3.3 Parametric down-conversion

The preceding section showed that feedback based on a perfect QND measurement can
produce squeezing. This has never been done experimentally because of the difficulty of
building a perfect QND measurement apparatus. However, it turns out that QND mea-
surements are not the only way to produce squeezing via feedback. Any mechanism
that produces correlations between the beam of interest and another beam that are more
‘quantum’ than the correlations between the two outputs of a linear beam-splitter can be
the basis for producing squeezing via feedback. Such a mechanism must involve some sort
of optical nonlinearity, hence the title of Section 5.3.

The production of amplitude squeezing by feeding back a quantum-correlated signal was
predicted [JW85] and observed [WJ85b] by Walker and Jakeman in 1985, using the process
of parametric down-conversion. An improved feedback scheme for the same system was
later used by Tapster, Rarity and Satchell [TRS88] to obtain an inferred amplitude spectrum
Slx (w)min = 0.72 over a limited frequency range.
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Fig. 5.3 A diagram showing two ways of producing sub-shot-noise light from parametric down-
conversion. (a) Feedback, as first used by Walker and Jakeman [WJ85b]. (b) Feedforward, as first
used by Mertz er al. [MHF*90]. Figure 1 adapted with permission from J. Mertz et al., Phys. Rev. A
44,3229, (1991). Copyrighted by the American Physical Society.

The essential idea is as follows. Non-degenerate parametric down-conversion can be
realized by pumping a crystal with a x® nonlinearity by a laser of frequency w; and
momentum K;. For particular choices of w; the crystal can be aligned so that a pump
photon can be transformed into a pair of photons with frequencies w,, w3 and momenta
Ky, k3 with w; = wy + w3 and k; = k; + k3. A special case (taking place inside a pair of
cavities, for two modes with w, = ws3) has been mentioned already in Section 5.3.1. A pair
of down-converted photons will thus be correlated in time because they are produced from a
single pump photon. On a more macroscopic level, this means that the amplitude quadrature
fluctuations in the two down-converted beams are positively correlated, and the correlation
coefficient can in principle be very close to unity. In this ideal limit, measuring the intensity
of beam 2 (called the idler) should give a readout identical to that obtained from measuring
beam 3 (the signal). In effect, the measurement of the idler is like a QND measurement of
the signal. Thus, feeding back the photocurrent from the idler with a negative gain should
be able to reduce the noise in the signal below the shot-noise limit, as shown in Fig. 5.3(a).

5.3.4 Feedback, feedforward and robustness

In Refs. [WJ85b, TRS88] the negative feedback was effected by controlling the power of
the pump laser (which controls the rate at which photon pairs are produced). This maintains
the symmetry of the experiment so that the photocurrent fed back from the idler has the
same statistics as the photocurrent from the free beam, the signal. In other words, they
will both be below the shot noise, whereas without feedback they are both above the shot
noise. However, it is not necessary to preserve the symmetry in this way. The measured
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photocurrent from the idler can be fed forwards to control the amplitude fluctuations in the
signal (for example by using an electro-optic modulator as described in Section 5.2.2). This
feedforward was realized experimentally by Mertz et al. [MHFT90, MHF91], achieving
similar results to that obtained by feedback. The two schemes are contrasted in Fig. 5.3.

Thus, unless one is concerned with light inside a feedback loop, there is no difference in
theory between feedback and feedforward. Indeed, the squeezing produced by QND-based
feedback discussed in Section 5.3.2 could equally well have been produced by QND-based
feedforward. However, from a practical point of view, feedback has the advantage of being
more robust with respect to parameter uncertainties.

Consider the QND-based feedback in Section 5.3.2, and for simplicity allow the QND
cavity to be very heavily damped and the feedback to be very fast so that we may make
the approximation /(w)exp(—iwT) = 1. Also, say that the input light is coherent so that
SX(w) = 1. Then the output amplitude spectrum reduces to

1+g2Q—2
X
=03 - 5.86
N 80
This has a minimum of

Somin = 1+ 097! (5.87)

at g = —Q?. For large Q (high-quality QND measurement) this is much less than unity.
Let us say that the experimenter does not know Q precisely, or cannot control g precisely,
so that in the experiment the actual feedback loop has

g=-0(1+e), (5.88)

where € is a small relative error. To second order in € this gives a new squeezed noise
level of

2
SX —(1+ Qz)"|:1 + 1jQ2]. (5.89)

Exercise 5.9 Show this.

The relative size of the extra noise term decreases with increasing @, and, as long as
le| < Q, the increase in the noise level is negligible.
Now consider feedforward. Under the above conditions, the measured current is repre-
sented by the operator
od b, od
Xouw = OX; + X5, (5.90)

in

This is fed forwards to create a coherent field of amplitude (g/Q)X%,, which is added to
the output of the system. Here g is the feedforward gain and the new output of the system

will be

X, =X +g(Xh + XL/ 0). (5.91)
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This has a noise level of
Sou =1 +8° +g°07%, (5.92)
which has a minimum of
Sautmin = (1 + 07 (5.93)

exactly the same as in the feedback case (as expected), but with an open-loop gain of
g=-0%/(0+ 0.

The difference between feedback and feedforward comes when we consider systematic
errors. Again assuming a relative error in g of €, so that

2
1
__ga+eo (5.94)
1+ 02
the new noise level is exactly given by
Sx =1+ 0)7'(1+ 0%?). (5.95)

Now the relative size of the extra term actually increases as the quality of the measurement
increases. In order for this term to be negligible, the systematic error must be extremely
small: |e| < Q~'. Thus, the feedforward approach is much less robust with respect to
systematic errors due to uncertainties in the system parameters or inability to control the
modulation exactly. This is a generic advantage of feedback over feedforward, and justifies
our emphasis on the former in this book.

In the example above the distinction between feedback and feedforward is obvious.
In the former case the measurement record (the current) used for control is affected by
the controls applied at earlier times; in the latter it is not. This distinction will always
apply for a continuous (in time) control protocol. However, discrete protocols may also be
considered, and indeed one can consider the case of a single measurement result being used
to control the system. In this case, one could argue that all control protocols are necessarily
feedforward. However, the term feedback is often used in that case also, and we will follow
that loose usage at times.

5.4 Feedback control of a monitored system

Having considered feedback on continuum fields, we now turn to a sort of feedback that
would be more familiar in conception to a classical control engineer: the feedback control
of a monitored system. We are concerned with quantum, rather than classical, systems,
but many of the ideas from classical control theory carry over. For instance, it is often
more convenient to describe the feedback using the conditioned state of the system (which
classically would be a probability distribution as explained in Chapter 1). This is as opposed
to describing the feedback using equations for the system operators (which classically would
be equations for the system variables). Of course, the two methods are equally valid, and we
will cover both in the remaining sections. However, the quantum trajectory (i.e. conditioned
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states) method will be seen in this chapter to be more useful in a number of applications,
and often to have more explanatory power. These advantages are further developed in the
next chapter. Hence we begin our treatment of feedback control of a quantum system by
reconsidering quantum trajectories. In this section we consider jumpy trajectories (as arise
from direct detection in quantum optics).

5.4.1 General feedback

Consider for simplicity an open quantum system with a single decoherence channel
described by the Markovian master equation

p = —i[H, p]l + D[¢]p. (5.96)

As derived in Section 4.2, the simplest unravelling for this master equation is in terms of
quantum jumps. In quantum optics, these correspond to §-function spikes in the photocurrent
I(t) that are interpreted as the detection of a photon emitted by the system. We restate
Eq. (4.40), the SME for the conditioned state p;(¢):

dos(t) = {dN()GIe] — dt H[iH + 1¢T¢]} i (o), (5.97)

where the point process dN(r) = I(z)dt is defined by
E[dN(1)] = Tr[etep, ()], (5.98)
dN()* = dN(1). (5.99)

The current 1(¢) = dN/dt could be used to alter the system dynamics in many different
ways. Some examples from quantum optics are the following: modulating the pump rate
of a laser, the amplitude of a driving field, the cavity length, or the cavity loss rate. The
last three examples could be effected by using an electro-optic modulator (a device with
a refractive index controlled by a current), possibly in combination with a polarization-
dependent beam-splitter. The most general expression for the effect of the feedback would
be

o 1O = Fl2, ljo,nler(@). (5.100)

Here ||y ;) represents the complete photocurrent record from the beginning of the experiment
up to the present time. Thus the superoperator F[¢, I[0+)] (which may be explicitly time-
dependent) is a functional of the current for all past times. This functional dependence
describes the response of the feedback loop, which may be nonlinear, and realistically must
include some smoothing in time. The complete description of this feedback is given simply
by adding Eq. (5.100) to Eq. (5.97). In general the resulting equation would have to be
solved by numerical simulation.

To make progress towards understanding quantum feedback control, it is helpful to
make simplifying assumptions. Firstly, let us consider a linear functional giving feedback



5.4 Feedback control of a monitored system 239

evolution of the form
o 1O]p = / h(s)I(t — s)Kpr(t)ds, (5.101)
0

where K is an arbitrary Liouville superoperator. Later in this section we will consider the
Markovian limit in which the response function A(s) goes to 8(s). To find this limit, it is
first useful to consider the case h(s) = §(s — 1), where the feedback has a fixed delay t.
Then the feedback evolution is

o1l =10 — DKps(1). (5.102)

Because there is no smoothing response function in Eq. (5.102), the right-hand side of
the equation is a mathematically singular object, with 7(¢) being a string of §-functions. If
it is meant to describe a physical feedback mechanism, then it is necessary to interpret the
equation as an implicit stochastic differential equation, as explained in Section B.6. This
is indicated already in the notation of using a fluxion on the left-hand side. The alternative
interpretation as the explicit equation

[dpi(D]p = AN — T)Kp; (1) (5.103)
yields nonsense.
Exercise 5.10 Show that Eq. (5.103) does not even preserve positivity.

In order to combine Eq. (5.102) with Eq. (5.97), it is necessary to convert it from an
implicit to an explicit equation. As explained in Section B.6, this is easy to accomplish
because of the linearity (with respect to p) of Eq. (5.102). The result is

p1(®) + [dp; ()] = exp[K AN — D)]ps(1). (5.104)

Using the rule (5.99) and adding this evolution to that of the SME (5.97) gives the total
conditioned evolution of the system

dos(t) = {dN1GIe] — dt H[iH + 1¢Te] + dN(t — o) (™ — 1)} o). (5.105)

Itis not possible to turn this stochastic equation into a master equation by taking an ensemble
average, as was possible with Eq. (5.97). This is because the feedback noise term (with
argument ¢ — 7) is not independent of the state at time ¢. Physically, it is not possible to
derive a master equation because the evolution including feedback (with a time delay) is
not Markovian.

5.4.2 The feedback master equation

In order to make Eq. (5.105) more useful, it would be desirable to take the Markovian limit
(r — 0) in order to derive a non-selective master equation. Simply putting v = 0 in this
equation and taking the ensemble average using Eq. (5.98) fails. The resultant evolution
equation would be nonlinear in p and so could not be a valid master equation.
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Exercise 5.11 Show this.

The reason why the nonlinearity is admissible in Eq. (5.105) is that p; is a conditioned
state for an individual system, not the unconditioned state p = E[p;]. Physically, putting
T = 0 fails because the feedback must act after the measurement even in the Markovian
limit. The correct limit can be achieved by the equation

pi(t +dt) = exp[dN(t — DKI{1 + dAN®)G[E] + dt H[—iH — LeTe]}pi(r).  (5.106)

For 7 finite, this reproduces Eq. (5.105). However, if T = 0, expanding the exponential
gives

dor(t) = {dN(O["(GIe1 + 1) — 1] + dt H[—iH — 1eTe]}p, ). (5.107)

In this equation, it is possible to take the ensemble average because dN(¢) can simply be
replaced by its expectation value (5.98), giving

p = Tlelp — Alélp —ilH, p] = Lp. (5.108)
Recall from Eq. (1.80) that 7[A]b = ABAT, while
A[A1B = L ATAB + BATA). (5.109)

Exercise 5.12 Derive Egs. (5.107) and (5.108), and show that the latter is of the Lindblad
form.
Hint: Remember that e~ is an operation.

That is, we have a new master equation incorporating the effect of the feedback. This master
equation could have been guessed from an understanding of quantum jumps. However, the
derivation here has the advantage of making clear the relation of the superoperator /C to
experiment via Eq. (5.102). In the special case in which p = —i[Z , p], the conditioned
SME with feedback can also be expressed as a SSE of the form of Eq. (4.19), with ¢
replaced by e~1Z¢.
Producing nonclassical light. Just as feedback based on absorptive photodetection cannot
create a free squeezed beam (as shown in Section 5.2) by linear optics, so feedback based
on direct detection cannot create a nonclassical state of a cavity mode by linear optics. By
linear optics we mean processes that take coherent states to coherent states: linear damping,
driving and detuning. By a nonclassical state we mean one that cannot be expressed as a
mixture of coherent states. This concept of nonclassicality is really just a statement of what
sort of quantum states are easy to produce, like the concept of the standard quantum limit.
In the present case, we can understand this limitation on feedback by considering the
quantum trajectories. Both the jump and the no-jump evolution for a freely decaying cavity
take a coherent state to a coherent state, in the former case with no change and in the latter
with exponential decay of its amplitude.
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Exercise 5.13 Show this.
Hint: First show that the measurement operators, for a decay rate y, can be written as

M (dr) = /y dra, Mo(dr) = exp(—atay dt/2), (5.110)

and recall Exercise 3.29.

If the post-jump feedback evolution e also takes a coherent state to a coherent state (or to
a mixture of coherent states), it is clear that a nonclassical state can never be produced.

However, just as in the case of beams, feedback can cause the in-loop photocurrent to have
nonclassical statistics. For direct detection the simplest form of nonclassical statistics is
sub-Poissonian statistics. That is, the number of photons detected in some time interval has
a variance less than its mean. For a field in a coherent state, the statistics will be Poissonian,
and for a process that produces a mixture of coherent states (of different intensities) the
statistics will be super-Poissonian.

In the quantum trajectory formalism, the explanation for anomalous (e.g. sub-Poissonian)
in-loop photocurrent statistics lies in the modification of the jump measurement operator
by the feedback as in Eq. (5.107). That is, the in-loop photocurrent autocorrelation function
(from which the statistics can be determined) is modified from Eq. (4.50) to

E[I(t)I ()] = Tr[yaﬁaeﬁ(f’—”e’cy&p(z)aT ] + Ti[yatap®]s@ — 1), (5.111)

where L is as defined in Eq. (5.108) with & = ,/ya.
Exercise 5.14 Show this using the same style of argument as in Section 4.3.2.

It is the effect of the feedback specific to the in-loop current via e, not the overall evolution
including feedback via e“"'~"), that may cause the sub-Poissonian in-loop statistics even if
only linear optics is involved.

5.4.3 Application: protecting Schrodinger’s cat

We now give an application (not yet experimentally realized) for Markovian feedback
based on direct detection that shows the usefulness of the quantum trajectory approach.
This example is due to Horoshko and Kilin [HK97].

In Section 3.9.1 we showed how damping of an oscillator leads to the rapid destruction
of quantum coherence terms in a macroscopic superposition of two coherent states (a
Schrodinger-cat state). Consider the particular cat state defined by

o3 @)ear = [21 + 7 cos $)I7/2 (|} + €| —ar)). (5.112)
Under the damping master equation

p =yDlalp, (5.113)
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the quantum coherence terms in p decay as exp(—2y |a|?t), while the coherent amplitudes
themselves decay as exp(—y¢/2) (see Section 3.9.1).

If we consider a direct-detection unravelling of this master equation, then the no-jump
evolution leads solely to the decay of the coherent amplitudes.

Exercise 5.15 Show this.

Thus it is the jumps that are responsible for the destruction of the superposition. This makes
sense, since the rate of decay of the coherence terms scales as the rate of jumps. We can
see explicitly how this happens from the following:

alo; Phea o< aff) — e |—a)] o |as p — 7T )car. (5.114)

That is, upon a detection the phase of the superposition changes by 7, which leads to the
decoherence.

Exercise 5.16 Show that, for |a| > 1, an equal mixture of |; @) car and |o; ¢ — 70 )cqe has
no coherence, since it is the same as an equal mixture of |o) and |—a).

Of course, if one keeps track of the detections then one knows which cat state the
system is in at all times. (A similar analysis of the case for homodyne detection is done
in Ref. [CKT94].) It would be preferable, however, to have a deterministic cat state. If
one had arbitrary control over the cavity state then this could always be done by feedback
following each detection since any two pure states are always unitarily related. However,
this observation is not particularly interesting unless the feedback can be implemented
with a practically realizable interaction. As Horoshko and Kilin pointed out, for the state
la; w/2) e this is the case, since a simple rotation of the state in phase-space has the
following effect:

e 0 70 /2) o = —illt; 7/2)eur. (5.115)
That is, if one uses the feedback Hamiltonian
Hu(1) = I(H)mata, (5.116)

with I(t) the photocurrent from direct detection of the cavity output, then, following
each detection that causes ¢ to change from m /2 to — /2, the feedback changes ¢ back
to /2. Thus the effect of the jumps is nullified, and the time-evolved state is simply
loe ™2, 71 /2) car.

Exercise5.17 Verify Eq. (5.115)and also that |ae™""/?; 1t /2) cq is a solution of the feedback-
modified master equation

—irata A
imalaz

p =yDle lp.

Practicalities of optical feedback. Physically, the Hamiltonian (5.116) requires the ability
to control the frequency of the cavity mode. Provided that it is done slowly enough, this can
be achieved simply by changing the physical properties of the cavity, such as its length, or
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the refractive index of some material inside it. Here ‘slowly enough’ means slow compared
with the separation of the eigenstates of the Hamiltonian, so that the adiabatic theorem
[BF28] applies. Assuming we can treat just a single mode in the cavity (as will be the case
if it is small enough), this energy separation equals the resonance frequency wp. On the
other hand, the §-function in Eq. (5.116) implies a modulation that is fast enough for one
to ignore any other evolution during its application. As we have seen, the fastest of the two
evolution rates in the problem (without feedback) is 2y |«|?. Thus the time-scale T for the
modulation of the cavity frequency must satisfy

yle? < T7' < wy. (5.117)

Now y <« wy is necessary for the derivation of the master equation (5.113). Moreover, a
typical ratio on these time-scales (the quality factor of the cavity) is of order 108. Thus, if
both « signs in Eq. (5.117) are assumed to be satisfied by ratios of 1072, the scheme could
protect Schrodinger cats with || ~ 100, which is arguably macroscopic. In practice, other
physical limitations are going to be even more important.

First, realistic feedback will not be Markovian, but will have some time delay t. For the
Markovian approximation to be valid, this must be much less than the time-scale for photon
loss: 77! > y|a|*. Even with very fast detectors and electronics it would be difficult to
make the effective delay 1 less than 10 ns [SRO102]. Also, even very good optical cavities
have y at least of order 10* s~!. Again assuming that the above inequality is satisfied by a
factor of 102, the limit now becomes |oz| ~ 10.

Second, realistic detectors do not have unit efficiency, as discussed in Section 4.8.1.
For photon counting, as required here, n = 0.9 is an exceptionally good figure at present.
Taking into account inefficiency, the feedback-modified master equation is

p = ynDle ™ alp + y(1 — n)Dlalp. (5.118)

Even with 7 = 0.9 the decay rate for the coherence terms, 2y (1 — 1)|a|?, will still be greater
than the decay rate for the coherent amplitude, y /2, unless || ~ 1.5 or smaller. In other
words, until ultra-high-efficiency photodetectors are manufactured, it is only Schrodinger
‘kittens’ that may be protected to any significant degree.

5.4.4 Feedback in the Heisenberg picture

The example in the preceding subsection shows how useful the quantum trajectory analysis
is for designing feedback control of a quantum system, and how convenient the Schrodinger
picture (in particular the feedback-modified master equation) is for determining the effect
of the feedback. Nevertheless, it is possible to treat feedback control of a quantum system
in the Heisenberg picture, as we used for the propagating fields in Sections 5.1 and 5.2. In
this section, we present that theory.
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Recall from Eq. (4.35) that the unitary operator generating the system and bath evolution
for an infinitesimal interval is

Uo(t +dt, 1) = exp[¢ dBo(t)' — ¢T dBy(r) — iH dt]. (5.119)

Here d1§0 = Bo(t)dt, where Eo is the annihilation operator for the input field which is in
the vacuum state, so that d B, dég = dr but all other second-order moments vanish. Using
this, we obtain the QLE for an arbitrary system operator corresponding to the master
equation (5.96):

ds = 0ft +dr, 0300t +dr,1) — (5.120)
= i[A, §1dr + (eTse — 1seTe — Letes)dr — [dB] & — et dBy, 51 (5.121)
Similarly, the output field is the infinitesimally evolved input field:

bi(t) = OJ(t + dr, 0)bo()Uo(t + dt, 1)
= by(1) + &(1). (5.122)

The output photon-flux operator (equivalent to the photocurrent derived from a perfect
detection of that field) is I (1) = @I(r)ial(t). This suggests that the feedback consid-
ered in Section 5.4.1 could be treated in the Heisenberg picture by using the feedback
Hamiltonian

Hp(t) = It — ©)2(1), (5.123)

where each of these quantities is an operator. Here, the feedback superoperator K used in
Section 5.4.1 would be defined by Kp = —i[Z, p]. The generalization to arbitrary X would
be possible by involving auxiliary systems.

It might be thought that there is an ambiguity of operator ordering in Eq. (5.123), because
I contains system operators. In fact, the ordering is not important because b, () commutes
with all system operators at a later time as discussed in Section 4.7.1, so [;(¢) does also.
Of course, b;(r) will not commute with system operators for times after  + t (when the
feedback acts), but 7;(7) still will because it is not changed by the feedback interaction. (It
commutes with the feedback Hamiltonian.) This fact would allow one to use the formalism
developed here to treat feedback of a photocurrent smoothed by time-averaging. That is to
say, there is still no operator-ordering ambiguity in the expression

H (1) = Z(1) /Do h(s)I,(t — s)ds, (5.124)
0

or even for a general Hamiltonian functional of the current, as in Eq. (5.100). For a
sufficiently broad response function A(s), there is no need to use stochastic calculus for the
feedback; the explicit equation of motion due to the feedback would simply be

ds(r) = i[Ap (1), §(2)]dt. (5.125)
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However, this approach makes the Markovian limit difficult to find. Thus, as in Section 5.4.1,
the response function will be assumed to consist of a time delay only, as in Eq. (5.123).

In order to treat Eq. (5.123) it is necessary once again to use the stochastic calculus of
Appendix B to find the explicit effect of the feedback. As in Section 3.11.1, the key is to
expand the unitary operator for feedback

Up(t + dt, t) = exp[—iHp(t)dt] (5.126)

to as many orders as necessary. Since this evolution commutes with the no-feedback
evolution (5.121), the feedback simply adds the following extra term to Eq. (5.121):

[d8]p = U1 (¢ + dt, D8 U (t + dt, 1) — §(2), (5.127)
which evaluates to
[d§]p = AN, (f — r)(eizfe*iz - s) (5.128)

Exercise5.18 Show this.
Including the no-feedback evolution and expanding dN(r) using Eq. (5.122) gives

ds = i[A, §1dr + (eTse — Lsete — Letes)dr — [dB] e — ef dBy, §1

F 16T — 1)+ bt — )] (eizse—if - §>[6(r — 1)+ bo(t — T)ldr. (5.129)

Exercise 5.19 Verify that this is a valid non-Markovian QLE. That is to say, that, for
arbitrary system operators §| and $,, d(§15,) is correctly given by (d$;)$ + §1(ds,) +
(d$1)(dsy).

Again, all time arguments are ¢ unless otherwise indicated. This should be compared
with Eq. (5.105). The obvious difference is that Eq. (5.105) explicitly describes direct
photodetection, followed by feedback, whereas the irreversibility in Eq. (5.129) does not
specify that the output has been detected. Indeed, the original Langevin equation (5.121)
is unchanged if the output is subject to homodyne detection, rather than direct detection.
This is the essential difference between the quantum fluctuations of Eq. (5.129) and the
fluctuations due to information gathering in Eq. (5.105).

5.4.5 Markovian feedback in the Heisenberg picture

In Eq. (5.129), the vacuum field operators bo(1) have deliberately been moved to the outside
(using the fact that bi(r — 7) commutes with system operators at time #). This has been
done for convenience, because, in this position, they disappear when the trace is taken over
the bath density operator. Taking the total trace over system and bath density operators
gives

+<5T (t — r)(ei%e*if - §>é(r - r)>dt. (5.130)
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In the limit  — 0, so that ¢(r — t) differs negligibly from ¢&(¢), this gives
(d§) = <i[FI, §1+ (67se — Lsefe — Lates) + ot (eizse—if — §>6>dr. (5.131)
In terms of the system density operator,
(d§) = Tr[§(—i[ﬁ, ol + D[e*ifé]p)dt]. (5.132)

This is precisely what would have been obtained from the Markovian feedback master
equation (5.108) for Kp = —i[Z, p].
Moreover, it is possible to set T = 0 in Eq. (5.129) and still obtain a valid QLE:

d§ = i[A, $1dr — [8, e11(4¢ + bo)dr + (%é* + i)g)[f, é)dr
+@t+ iaf))(ei?fe*i? —§) (@ + boydr. (5.133)

This equation is quite different from Eq. (5.129) because it is Markovian. This implies that,
in this equation, it is no longer possible freely to move b; = (& + by), since it now has the
same time argument as the other operators, rather than an earlier one.

Exercise 5.20 Show that Eq. (5.133) is a valid QLE, bearing in mind that now it is by
rather than by that commutes with all system operators.

This trick with time arguments and commutation relations enables the correct QLE describ-
ing feedback to be derived without worrying about the method of dealing with the t — 0
limit used in Section 5.4.2. There are subtleties involved in using this method in the
Heisenberg picture, as will become apparent in Section 5.5.3.

5.5 Homodyne-mediated feedback control

Although homodyne detection can be considered the limit of a jump process (see Sec-
tion 4.4), it is convenient to develop separately the theory of quantum feedback of currents
with Gaussian white noise. In fact, it is necessary to do so in order to treat feedback based
on homodyne detection in the presence of a broad-band non-vacuum bath, as we will do.

5.5.1 The homodyne feedback master equation
As shown in Section 4.8.1, the SME for homodyne detection of efficiency n is
dpy (1) = —i[H, p;(1)]dt + dr D[], (1) + /7 AW (O)H[E]p, (1) (5.134)

The homodyne photocurrent, normalized so that the deterministic part does not depend on
the efficiency, is

Jhom (1) = (£) ;1) + E(0)/ /1, (5.135)
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where £(t) = dW(t)/df and £ = ¢ + &' as usual. Unlike the direct-detection photocurrent,
this current may be negative because the constant local oscillator background has been
subtracted. This means that, if one were to feed back this current as in Section 5.4.1, with

[0 7] = Jhom(t — T (1), (5.136)

then the superoperator K must be such as to give valid evolution irrespective of the sign of
time. That is to say, it must give reversible evolution with

Kp = —i[F, p) (5.137)

for some Hermitian operator F'.

To treat this feedback we use a similar analysis to that of Section 5.4. The only difference
is that, because the stochasticity in the measurement (5.134) and the feedback (5.136)
is Gaussian white noise, the feedback superoperator exp[XCJhom(f — 7)d?] need only be
expanded to second order. The result for the total conditioned evolution of the system is

py(t+dr) = {1 + Kl(e+eh, ¢ —oydr +dW (@ — 1)/ /0] + [1/2n)IK? dt}
X {1 + H[—iH]dr + D[e]dt + ﬁdW(t)H[@]}pJ(t). (5.138)
For 7 finite, this becomes
dps(t) = dt{H[—im + DIl +{e +¢f), ¢t — K + %Kz}pj(t)
+dW(@E — ©)Kps(2)/ /1 + /AW (@ H[Elp, (2). (5.139)
On the other hand, putting T = 0 in Eq. (5.138) gives
dpy(t) = dt{—i[H, p, ()] + D[Elps (1) — ilF, ép,(t) + ps(1)eT1}
+ dt D[Flp,(t)/n +dW@H[/ne —iF /7 1ps(0). (5.140)

For n =1 and an initially pure state, this can be alternatively be expressed as a SSE.
Ignoring normalization, this is simply

Ay (1)) = dt[—iH — 3(&Te + 21F¢ + F?) + Jhom(®) (¢ — iF)]1¥,@).  (5.141)

Exercise5.21 Verify this, by finding the SME for p; = |V ;) (V| and then adding the terms
necessary to preserve the norm.

The non-selective evolution of the system is easier to find from the SME (5.140). This
is a true Itd equation, so that taking the ensemble average simply removes the stochastic
term. This gives the homodyne feedback master equation

N . . 1 .
p = —ilH, p]+ Dlélp —ilF, ép + pe'l + ;D[F],O- (5.142)
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An equation of this form was derived by Caves and Milburn [CM87] for an idealized
model for position measurement plus feedback, with ¢ replaced by X and  set to 1. The first
feedback term, linear in F , 1s the desired effect of the feedback which would dominate in
the classical regime. The second feedback term causes diffusion in the variable conjugate
to £. It can be attributed to the inevitable introduction of noise by the measurement step in
the quantum-limited feedback loop. The lower the efficiency, the more noise introduced.

The homodyne feedback master equation can be rewritten in the Lindblad form (4.28) as

) . N T
p =—i[H + 1@ F + Fe), p] +Dle —iFlp + T”D[F]p =Lp.  (5.143)

In this arrangement, the effect of the feedback is seen to replace ¢ by & — iF and to add
an extra term to the Hamiltonian, plus an extra diffusion term that vanishes for perfect
detection. In what follows, n will be assumed to be unity unless stated otherwise, since the
generalization is usually obvious from previous examples.

The two-time correlation function of the current can be found from Eq. (5.140) to be

Elhom(t) Jrom(1)] = Tr{(é + eNeLU 0 —iF)p(r) + H.c.]} +8(). (5.144)

Exercise 5.22 Verify this using the method of Section 4.4.4.

Again, note that the feedback affects the term in square brackets, as well as the evolution
by L for time ¢ — ¢. This means that the in-loop photocurrent may have a sub-shot-noise
spectrum, even if the light in the cavity dynamics is classical. From the same reasoning as in
Section 5.4.2, the feedback will not produce nonclassical dynamics for a damped harmonic
oscillator (¢ o< &) if F is a Hamiltonian corresponding to linear optical processes, that is, if
F is linear in & or proportional to afa.

5.5.2 Feedback with white noise

From one point of view, the results just obtained are simply a special case of those of
Section 5.4. Consider the quantum jump SME for homodyne detection with finite local
oscillator amplitude, as in Eq. (4.66). Now add feedback according to

dN(t) — 2 dt

o (Ol = —ilF, ps(1)] WP

(5.145)
where this is understood to be the 7 — 0 limit. Using Section 5.4, the feedback master
equation is

p = —i[H +ik(=¢y +ély) = Fy, p] + D[e /7 + y)]p. (5.146)

Expanding the exponential to second order in 1/y and then taking the limit y — oo
reproduces (5.143). The correlation functions follow similarly as a special case.

Exercise 5.23 Show these results.



5.5 Homodyne-mediated feedback control 249

However, in another sense, feedback based on homodyne detection is more general: it is
possible to treat detection, and hence feedback, in the presence of thermal or squeezed
white noise, as in Section 4.8.2.

The relevant conditioning equation for homodyne detection with a white-noise bath
parameterized by N and M is Eq. (4.253), reproduced here:

dp,(t) = {dr L+ % dW(@H[(N + M* + 1)¢ — (N + M)éT]}pC(r), (5.147)

where L = 2N + M + M* + 1, and the photocurrent is
Jnom(®) = (& + &), (1) + VLE®). (5.148)
Adding feedback as in Eq. (5.136), which is the same as introducing a feedback Hamiltonian
Hip(t) = F Jpom (1), (5.149)
and following the method above yields the master equation
p =N+ D{Dlelp —ilF, ep + pcTl} + N{D[eNp +ilF, ¢Tp + pél}
+M{Let, [t pll +ilF, (2T, pl1} + M* {412, [e, p)] —ilE, [¢, p]1}
+LD[Flp —i[H, p]. (5.150)

For the case N = M = 0, this reduces to Eq. (5.142) with n = 1.

5.5.3 Homodyne feedback in the Heisenberg picture

The quantum Langevin treatment of quadrature flux feedback (corresponding to homodyne
detection) is relatively straightforward, because of the Gaussian nature of the noise. The
homodyne photocurrent is identified with the quadrature of the outgoing field,

Jhom(®) = by(t) + B(6) = &) + 67t + bo(t) + b(e). (5.151)
The feedback Hamiltonian is defined as
Hyy(t) = F(1) Jhom(t — 7). (5.152)

The time delay 7 ensures that the output quadrature operator Jpom(f — ) commutes with
all system operators at time ¢. Thus, it will commute with F(r) and there is no ambi-
guity in the operator ordering in Eq. (5.152). Treating the equation of motion gener-
ated by this Hamiltonian as a Stratonovich (or implicit) equation, the Itd (or explicit)
equation is

[d8(D)]p = iJhom(t — DILF (), $(O1dt — J[F (), [F (), §(1)]1dt. (5.153)
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Adding in the non-feedback evolution gives the total explicit equation of motion
ds = i[H, §]dr +i[eT(t — )dt +dBl (¢t — D)I[F, §]
+i[F, §1[6(t — 7)dt + dBo(t — ©)] — 3[F, [F, §11dt
d

+ (efse — Lséte — Letes)dr — [dB) e — eT dBy, 1. (5.154)

Here, all time arguments are ¢ unless indicated otherwise.

In Eq. (5.154), we have once again used the commutability of the output operators with
system operators to place them suitably on the exterior of the feedback expression. This
ensures that, when an expectation value is taken, the input noise operators annihilate the
vacuum and hence give no contribution. This is the same trick as used in Section 5.4.4,
and putting T = 0 in Eq. (5.154) also gives a valid Heisenberg equation of motion. That
equation is the counterpart to the homodyne feedback master equation (5.143). However,
this trick will not work if the input field is not in the vacuum state, but rather, for exam-
ple, in a thermal state. For direct detection (without filtering), it is necessary to restrict
to a vacuum bath, in which case the operator-ordering trick is perfectly legitimate. How-
ever, for quadrature-based feedback, as explained in Section 5.5.2, it is possible to treat
white noise. Thus, it is necessary to have a method of treating the Markovian (t — 0)
limit that will work in this general case (although we will not present the general the-
ory here). The necessary method is essentially the same as that used with the quantum
trajectories, ensuring that the feedback acts later than the measurement. In applying it to
Heisenberg equations of motion, it will be seen that one has to be quite careful with operator
ordering.

In the T = 0 limit the feedback Hamiltonian (5.152) has an ordering ambiguity, because
the bath operator b, (¢) does not commute with an arbitrary system operator §(¢) at the same
time. This problem would not occur if the feedback Hamiltonian were instead

Al = POhot) + b0, (5.155)

because by(t) does commute with §(r). At first sight it would not seem sensible to use
Eq. (5.155) because bo(t) + iag (¢) is the quadrature of the vacuum input, which is indepen-
dent of the system and so (it would seem) cannot describe feedback. However, Eq. (5.155)
is the correct Hamiltonian to use as long as we ensure that the feedback-coupling between
the system and the bath occurs after the usual coupling between system and bath. That is,
the total unitary operator evolving the system and bath at time ¢ is

Ot +dt, 1) = e B 0N (1 4 dr, 1), (5.156)

where Uy(t + dt, t) is defined in Eq. (5.119). In the Heisenberg picture, the system evolves
via

§t4+d0) =0Tt +dr, N80t +dr, 1) (5.157)
= U} (t + dr, et OU (1) O G (¢ 4 i, 1), (5.158)
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Note that in Eq. (5.158) the feedback appears to act first because of the reversal of the
order of unitary operators in the Heisenberg picture. If desired, one could rewrite Eq. (5.158)
in a (perhaps) more intuitive order as

8t +dr) = e HOU G dr, 03() Dot + dt, H)e O (5.159)

Here
AP) = O) ¢t + dt, n AP @) Oo(t + dt, 1) (5.160)
= F(t + dt) Jhom(?). (5.161)

That is, we regain the output quadrature (or homodyne photocurrent operator), as well as
replacing F(¢) by F(r + dr). This ensures that, once again, there is no operator ambiguity
in Eq. (5.161) because the Jiom represents the result of the homodyne measurement at a
time ¢ earlier (albeit infinitesimally) than the time argument for the system operator F.
Again, this makes sense physically because the feedback must act after the measurement.
Expanding the exponentials in Eq. (5.158) or Eq. (5.159), the quantum It6 rules give

ds

iLA, $1dt — 5, &1 (3¢ dr + dBo) + ($etdr +dB])15. €1
+iletdr + dBJILE, 1 +ilF, $1[édr +dBo] — L[F, [F,51dr.  (5.162)

Exercise 5.24 Verify this, and show that this is a valid Markovian QLE that is equivalent
to the homodyne feedback master equation (5.142).

5.6 Markovian feedback in alinear system

In order to understand the nature of quantum-limited feedback, it is useful to consider a
simple linear system that can be solved exactly. We use the example of Ref. [WM94c]: a
single optical mode in a cavity, so that the two quadratures x and y, obeying [%, ] = 2i, form
a complete set of observables. To obtain linear equations of motion for these observables
it is necessary first to restrict the Hamiltonian A to be a quadratic function of £ and §.
Second, the Lindblad operator ¢ must be a linear function of X and §, which it will be
for cavity damping in which ¢ = d = (X 4 1y)/2. Third, the measured current must be a
linear function of these variables, as in homodyne detection of the cavity output (which is
what we will assume). Finally, the feedback Hamiltonian must be such that F is a linear
function also, as in classical driving of a cavity. These basic ideas will be treated much
more generally in Chapter 6.

5.6.1 The linear system

Since in this chapter we are seeking merely a simple example, we make the further assump-
tion that we are interested only in X and that it obeys a linear QLE independent of y. In
this case, all Markovian linear dynamics (in the absence of feedback) can be composed of
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damping, driving and parametric driving. Damping will be assumed to be always present,
since we will assume homodyne detection of the output field from our system. We there-
fore take the damping rate to be unity. Constant linear driving simply shifts the stationary
state away from (¥) = 0, and will be ignored. Stochastic linear driving in the white-noise
approximation causes diffusion in the x quadrature, at a rate /. Finally, if the strength of
the parametric driving (H « £9 + $£) is x (where x = 1 would represent a parametric
oscillator at threshold), then the master equation for the system is

p = Dlalp + $ID[a" —alp + Lxla* —a'?, p] = Lop. (5.163)

where 4 is the annihilation operator for the cavity mode as above.

Although parametric driving is an example of a nonlinear optical process (which can
generate nonclassical optical states such as squeezed states), it gives linear dynamics in
that the mean and variance of # = & + a' obey linear equations of the following form:

d

E()?) = —k(%), (5.164)
d

EV = —2kV + D. (5.165)

Exercise5.25 Show that for the particular master equation above (the properties of which
will be denoted by the subscript 0) these equations hold, with

ko = 3(1+ x), (5.166)
Dy=1+1. (5.167)

Hint: Remember that d(%)/dr = Tr[%0 | and that d()%z)/dt = Tr[)%zp ]

For a stable system with k > 0, there is a steady state with (x) = 0 and

D

V=
2k

(5.168)

It turns out that the first two moments (the mean and variance) are actually sufficient to
specify the stationary state of the system because it is a Gaussian state. That is, its Wigner
function (see Section A.5) is Gaussian. The probability distribution for x (which is all we
are interested in here) is just the marginal distribution for the Wigner function, so it is
also Gaussian. Moreover, if the distribution is originally Gaussian (as for the vacuum, for
example), then it will be Gaussian at all times. This can be seen by considering the equation
of motion for the probability distribution for x,

p(x) = (x|plx). (5.169)

This equation of motion can be derived from the master equation by considering the operator
correspondences for the Wigner function (see Section A.5). Because here we have [X, §] =
2i, if we identify £ with O then we must identify $ with 2P. On doing this we find that
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g(x) obeys the following Fokker—Planck equation (see Section B.5)

. G] 92
This particular form, with linear drift kx and constant diffusion D > 0, is known as an
Ornstein—Uhlenbeck equation (OUE).

Exercise 5.26 Derive Eq. (5.170) from Eq. (5.163), and show by substitution that it has a
Gaussian solution with mean and variance satisfying Eqs. (5.164) and (5.165), respectively.

In the present case, Vo = (1 4+1)/(1 + x). If this is less than unity, the system exhibits
squeezing of the x quadrature. It is useful to characterize the squeezing by the normally
ordered variance (see Section A.5)

U = (atal +2ata +aa) — (at +a), (5.171)
Exercise 5.27 Show from this definition that U =V — 1.
For this system, the normally ordered variance takes the value

l —
Up= —%. (5.172)
I+ x
Now, if the system is to stay below threshold (so that the variance in the y quadrature does
not become unbounded), then the maximum value for x is unity.

Exercise 5.28 Show this from the master equation (5.163)

At this value, Uy = —1/2 when the x-diffusion rate [ = 0. Therefore the minimum value of
squeezing which this linear system can attain as a stationary value is half of the theoretical
minimum of Uy = —1.

In quantum optics, the output light is often of more interest than the intracavity light.
Therefore it is useful to compute the output noise statistics. For squeezed systems,
the relevant quantity is the spectrum of the homodyne photocurrent, as introduced in
Section 4.4 .4,

S(@) = lim f At Elhom(t + ) Jhom()le . (5.173)

Given the drift and diffusion coefficients for the dynamics, the spectrum in the present case
is

S(w) 1+D_2k (5.174)
w) = —_. .

w? + k2

Exercise 5.29 Show this using the results from Section 4.4.4.

Hint: Remember that, for example, Tr[)?e“ (a pss)] is just the expectation value of X at time
T using the ‘state’ with initial condition p(0) = aps. Thus, since the mean of X obeys the

linear equation (5.164), it follows that this expression simplifies to e ™% Tr[£a ps .
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The spectrum consists of a constant term representing shot noise plus a Lorentzian,
which will be negative for squeezed systems. The spectrum can be related to the intracavity
squeezing by subtracting the vacuum noise:

D -2k
=U. (5.175)
2k

That is, the total squeezing integrated across all frequencies in the output is equal to the
intracavity squeezing. However, the minimum squeezing, which for a simple linear system
such as this will occur at zero frequency,> may be greater than or less than U. It is useful
to define it by another parameter,

% /: do[S(w) — 1] =

R=S0)—1=2U/k. (5.176)
For the particular system considered above,
I—x
Ry=—""—. (5.177)
P I+ x2

In the ideal limit (x — 1,7 — 0), the zero-frequency squeezing approaches the minimum
value of —1.

5.6.2 Adding linear feedback

Now consider adding feedback to try to reduce the fluctuations in x. Restricting the feedback
to linear optical processes suggests the feedback operator

F=—x9/2. (5.178)

As a separate Hamiltonian, this translates a state in the negative x direction for A positive.
By controlling this Hamiltonian by the homodyne photocurrent, one thus has the ability to
change the statistics for x and perhaps achieve better squeezing. Substituting Eq. (5.178)
into the general homodyne feedback master equation (5.142) and adding the free dynamics
(5.163) gives

A A2
p = Lop + E[a—cﬂ,aerpaT]Jr 4—D[& —afp. (5.179)
n

Here n is the proportion of output light used in the feedback loop, multiplied by the
efficiency of the detection. For the x distribution g(x) one finds that it still obeys an OUE,
but now with

k=ko+ A, (5.180)
D = Dy + 21 + A2 /. (5.181)
2 In reality, the minimum noise is never found at zero frequency, because virtually all experiments are subject to non-white noise

of technical origin, which can usually be made negligible at high frequencies, but whose spectrum grows without bound as
w — 0. Often, the spectrum scales at 1/w, or 1/f, where f = w/(27), in which case it is known as 1/f noise.
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Exercise 5.30 Show this.

Provided that A + ko > 0, there will exist a stable Gaussian solution to the master equation
(5.179). The new intracavity squeezing parameter is

)\2
Uy = (ko + )" (koUo + 2—). (5.182)
n

An immediate consequence of this expression is that U, can be negative only if Uj is.

That is to say, the feedback cannot produce squeezing, as explained in Section 5.5. On
minimizing U, with respect to A one finds

Umin = 7771 <_k0+\/k5+27’]k0U0>, (5183)
A = —ko + +/kZ + 2nkoUp. (5.184)

Note that this A has the same sign as Uj. That is to say, if the system produces squeezed
light, then the best way to enhance the squeezing is to add a force that displaces the state
in the direction of the difference between the measured photocurrent and the desired mean
photocurrent. This positive feedback is the opposite of what would be expected classically,
and can be attributed to the effect of homodyne measurement on squeezed states, as will be
explained in Section 5.6.3. Obviously, the best intracavity squeezing will be when n = 1,
in which case the intracavity squeezing can be simply expressed as

Usnin = ko(—l +J/1+ Ro). (5.185)

Although linear optical feedback cannot produce squeezing, this does not mean that it
cannot reduce noise. In fact, it can be proven that Uy, < Uy, with equality only if n =0
or Uy =0.

when

Exercise’5.31 Show this for n = 1 using the result /1 + Ry < 1 4+ Ry/2 (since Ry > —1).
The result for any n follows by application of the mean-value theorem.

This result implies that the intracavity variance in x can always be reduced by homodyne-
mediated linear optical feedback, unless it is at the vacuum noise level. In particular,
intracavity squeezing can always be enhanced. For the parametric oscillator defined orig-
inally in Eq. (5.163), with [ = 0, Upnin = —x /1. For n = 1, the (symmetrically ordered)
x variance is Vi, = 1 — x. The y variance, which is unaffected by feedback, is seen
from Eq. (5.163) to be (1 — x)~!. Thus, with perfect detection, it is possible to produce
a minimum-uncertainty squeezed state with arbitrarily high squeezing as x — 1. This is
not unexpected, since parametric driving in an undamped cavity also produces minimum-
uncertainty squeezed states (but there is no steady state). The feedback removes the noise
that was added by the damping that enables the measurement used in the feedback.

Next, we turn to the calculation of the output squeezing. Here, it must be remembered
that at least a fraction n of the output light is being used in the feedback loop. Thus, the
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fraction 6 of cavity emission available as an output of the system is at best 1 — 7. Integrated
over all frequencies, the total available output squeezing is thus U, . It can be shown that

OUpmin = Uy for Uy < 0. (5.186)
Exercise 5.32 Convince yourself that this is true.

That is, dividing the cavity output and using some in a feedback loop produces worse
squeezing in the remaining output than was present in the original, undivided output. Note,
however, that, if the cavity output is inherently divided (which is often the case, with two
output mirrors), then using one output in the feedback loop would enhance squeezing in
the other output. This is because the squeezing in the system output of interest would have
changed from OUj to 6 Upyip,.

Rather than integrating over all frequencies, experimentalists are often more interested
in the optimal noise reduction at some frequency, which is to say at zero frequency here.
With no feedback, this is given by Ry. With feedback, it is given by

) U, 2koUo+ 22/
ko+xr  (ko+ A2

In all cases, R; is minimized for a different value of A from that which minimizes U, . One
finds

R, = (5.187)

ORy
Rypin = —— (5.188)
14 Ron
when
A = 2nUj. (5.189)

Again, A has the same sign as Uy. It follows immediately from Eq. (5.188) that, since
Rp>—land@ <1 —n,

Rumin = Ry for Ry < 0. (5.190)

That is to say, dividing the cavity output to add a homodyne-mediated classical feedback
loop cannot produce better output squeezing at any frequency than would be available
from an undivided output with no feedback. These ‘no-go’ results are analogous to those
obtained for the feedback control of optical beams derived in Section 5.2.

5.6.3 Understanding feedback through conditioning

The preceding section gave the limits to noise reduction by classical feedback for a linear
system, both intracavity and extracavity. In this section, we give an explanation for the
intracavity results, in terms of the conditioning of the state by the measurement on which
the feedback is based. To find this link between conditioning and feedback it is neces-
sary to return to the selective stochastic master equation (5.138) for the conditioned state
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matrix py (1),
1
dpy(t) =dt (ﬁopj(l) + Klap; (t) + ps(t)a'] + ZICZPJ(I))

+dW @) (VIHIa] + K/ /1) ps (). (5.191)

Here, L, is as defined in Eq. (5.163) and Kp = —i[F, p], where F is defined in Eq. (5.178).
Changing this to a stochastic FPE for the conditioned marginal Wigner function gives

2

9 19 )
dp,(x) = dt[a(k(’ + A)x + 3 W(DO + 21+ A /n)}(m(x)

d d
+ dW(l)[ﬁ(x - X0+ a) + (k/\/ﬁ)a}m(x), (5.192)
where X;(¢) is the mean of the distribution g (x).
Exercise 5.33 Show this using the Wigner-function operator correspondences.

This equation is obviously no longer a simple OUE. Nevertheless, it still has a Gaussian as
an exact solution. Specifically, the mean x; and variance V; of the conditioned distribution
obey the following equations (recall that §(¢) = dW/dt):

Xy = —(ko+ 0, +EO[V1 (Vs = 1) = /D] (5.193)
V; = —2koVy + Dy — n(Vy — 1)%. (5.194)

Exercise 5.34 Show this by considering a Gaussian ansatz for Eq. (5.192).
Hint: Remember that, for any b, 1 + dW (t)b = exp[dW ()b — dt b*/2].

Two points about the evolution equation for V; are worth noting: it is completely determin-
istic (no noise terms); and it is not influenced by the presence of feedback.

The equation for the conditioned variance is more simply written in terms of the condi-
tioned normally ordered variance U; = V; — 1,

Uy = —2koU; — 2ko 4+ Dy — nU2. (5.195)

On a time-scale as short as a cavity lifetime, U; will approach its steady-state value of

Uy ="' <—ko R+ n(=2ko + Do))- (5.196)

Note that this is equal to the minimum unconditioned variance with feedback — the Uy, of
Eq. (5.183). The explanation for this will become evident shortly. Substituting the steady-
state conditioned variance into Eq. (5.193) gives

. 1
%y = —(ko + MEs + S(t)ﬁ [—ko + \/kg + n(—2ko + Do) — ,\] (5.197)

If one were to choose A = —ky + \/ k(% + n(—2kog + Dy) then there would be no noise at
all in the conditioned mean and so one could set X; = 0 in steady state. This value of
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A is precisely that value derived as Eq. (5.184) to minimize the unconditioned variance
under feedback. Now one can see why this minimum unconditioned variance is equal to
the conditioned variance. The feedback works simply by suppressing the fluctuations in the
conditioned mean.

In general, the unconditioned variance will consist of two terms, the conditioned quantum
variance in x plus the classical (ensemble) average variance in the conditioned mean of x:

U, = U; +E[%3]. (5.198)
The latter term is found from Eq. (5.197) to be
2
E[#7]=7n" Y [—(ko +0)+ \/kg + n(—2ko + DO)] . (5.199)
Adding Eq. (5.196) gives
Up=n" m[ﬁ + 1n(—=2ko + Do)]. (5.200)

Exercise5.35 Verify that this is identical to the expression (5.182) derived in the preceding
subsection using the unconditioned master equation.

Using the conditioned equation, there is an obvious way to understand the feedback. The
homodyne measurement reduces the conditioned variance (except when it is equal to the
classical minimum of 1). The more efficient the measurement, the greater the reduction.
Ordinarily, this reduced variance is not evident because the measurement gives a random
shift to the conditional mean of x, with the randomness arising from the shot noise of the
photocurrent. By appropriately feeding back this photocurrent, it is possible to counteract
precisely this shift and thus observe the conditioned variance.

The sign of the feedback parameter A is determined by the sign of the shift which the
measurement gives to the conditioned mean X,. For classical statistics (U > 0), a higher
than average photocurrent reading (£(¢) > 0) leads to an increase in X; (exceptif U = 0, in
which case the measurement has no effect). However, for nonclassical states with U < 0,
the classical intuition fails since a positive photocurrent fluctuation causes x; to decrease.
This explains the counter-intuitive negative value of A required in squeezed systems, which
naively would be thought to destabilize the system and increase fluctuations. However, the
value of the positive feedback required, given by Eq. (5.184), is such that the overall decay
rate ko + A is still positive.

It is worth remarking that the above conclusions are not limited to Markovian feedback,
which is all that we have analysed. One could consider a feedback Hamiltonian proportional
to an arbitrary (even nonlinear) function of the photocurrent J(¢), and the equation for the
conditional variance (5.194) will remain exactly as it is. Only the equation for the mean
will be changed. Although this equation might not be solvable, Eq. (5.198) guarantees that
the unconditioned variance cannot be less than the conditional variance. Moreover, if the
feedback Hamiltonian is a linear functional of the photocurrent then the equation for the
mean will be solvable in Fourier space, provided that the feedback is stable. That is, for
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linear systems one can solve for arbitrary feedback using the theory of quantum trajectories
in exactly the same manner as we did for QLEs in Section 5.2. The interested reader is
referred to Ref. [WM94c].

To conclude, one can state succinctly that conditioning can be made practical by feed-
back. The intracavity noise reduction produced by ‘classical’ feedback can never be better
than that produced (conditionally) by the measurement. Of course, nonclassical feedback
(such as using the photocurrent to influence nonlinear intracavity elements) may produce
nonclassical states, but such elements can produce nonclassical states without feedback,
so this is hardly surprising. In order to produce nonclassical states by feedback with linear
optics, it would be necessary to have a nonclassical measurement scheme. That is to say,
one that does not rely on measurement of the extracavity light to procure information
about the intracavity state. For example, a QND measurement of one quadrature would
produce a squeezed conditioned state and hence allow the production of unconditional
intracavity (and extracavity) squeezing by feedback. Again, the interested reader is referred
to Ref. [WM94c]. This is essentially the same conclusion as that which was reached for
feedback on optical beams in Section 5.3. In the following section we consider feedback
based on QND measurements in an atomic (rather than optical) system.

5.7 Deterministic spin-squeezing

Performing a QND measurement of an optical quadrature, as discussed in the preceding
section and Section 5.3.1, is very difficult experimentally. However, for atomic systems it
should be easier to achieve a QND measurement near the quantum limit. In this section
we apply the theory developed in this chapter to the deterministic production of spin-
squeezing, as proposed in Ref. [TMWO02b]. Here the spin refers to the z component of
angular momentum of atoms. A spin-squeezed state [KU93] is an entangled state of an
ensemble of such atoms, such that the total z component of angular momentum has a
smaller uncertainty than if all atoms were prepared identically without entanglement.

5.7.1 Spin-squeezing

Consider an atom with two relevant levels, with the population difference operator being
the Pauli operator &,. The collective properties of N such atoms prepared identically are
conveniently described by a spin-J system for / = N /2. The collective angular-momentum
operators, J, are J, = ", j®, where & = x, y, z and where J® = 6% /2 is the angular-
momentum operator for the kth atom. J obey the cyclic commutation relations [J,, fy] =
i€xy, fz.

Exercise 5.36 Verify this from the commutation relations for the Pauli matrices. See
Box. 3.1.
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The corresponding uncertainty relations are

(ALY (ALY = 311 (5.201)
plus cyclic permutations. The operator J, represents half the total population difference
and is a quantity that can be measured, for example by dispersive imaging techniques as
will be discussed.

For a coherent spin state (CSS) of a spin-J system, the elementary spins all point in
the same direction, with no correlations. An example of such a state is a J, eigenstate
of maximum eigenvalue J = N /2. Such a state achieves the minimum of the uncertainty
relation (5.201), with the variance of the two components normal to the mean direction
(in this case, J; and J,) equal to J/2. If quantum-mechanical correlations are introduced
among the atoms it is possible to reduce the fluctuations in one direction at the expense
of the other. This is the idea of a squeezed spin state (SSS) introduced by Kitagawa
and Ueda [KU93]. That is, the spin system is squeezed when the variance of one spin
component normal to the mean spin vector is smaller than the standard quantum limit (SQL)
of J/2.

There are many ways to characterize the degree of spin-squeezing in a spin-J system.
We will use the criteria of Sgrensen and co-workers [SDCZ01] and Wang [WanO1], where
the squeezing parameter is given by

N(AJ)
27

g = I
(9 1)

(5.202)

where fn =n-Jand n; fori = 1, 2, 3 are orthogonal unit vectors. Systems with énz < 1are
said to be spin-squeezed in the direction N. It has also been shown that this indicates that the
atoms are in an entangled state [SDCZO01]. This parameter also has the appealing property
that, for a CSS, &2 = 1 for all n [Wan01]. In all that follows, we consider spin-squeezing
in the z direction and hence drop the subscript on 2.

The ultimate limit to £2 (set by the Heisenberg uncertainty relations) is of order 1/N.
Since N is typically very large experimentally (of order 10'!), the potential for noise reduc-
tion is enormous. However, so far, the degree of noise reduction achieved experimentally
has been modest, with £2 ~ 10~! > N~!. The amount of entanglement in such states is
relatively small, so it is a good approximation to assume that the atoms are unentangled
when evaluating the denominator of Eq. (5.202). That is, for example, if the mean spin is
in the x direction, we can say that(J,) = J and that (J,) = (J;) = 0. For squeezing in the
z direction, the squeezing parameter is thus given by

g2 ~(J2)/(J/2). (5.203)

Spin-squeezed states have potential applications in fields such as quantum information
[JKPO1] and high-precision time-keeping [WBI*92].
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5.7.2 Measurement and feedback

Let the two relevant internal states of each atom be the magnetic sublevels of a j = %
state, such as the ground state of an alkali atom. In the absence of a magnetic field, these
levels are degenerate. For such an atom, a probe beam that is suitably polarized and suitably
detuned from a particular excited atomic level will not be absorbed by the atoms. Rather,
it will suffer a phase shift of different size depending upon which state the atom is in. That
is, the phase shift will be linear in the atomic operator J.. If all atoms are coupled equally
to the probe beam then the total phase shift will depend only on the total spin operator J..
The phase shift can then be measured by homodyne detection.

A simple model for this that captures the most important physics of the measurement is
the SME

dpy = MD[J.\py dt + M AW (tYH[J,1py. (5.204)
Here py is the state of the spin system conditioned on the current
Y(t) =2VM(J;)y +dW(1)/dt, (5.205)

where unit detection efficiency has been assumed. We are using Y (¢), rather than J(¢) as
has been our convention, in order to avoid confusion with the total spin J. For a probe beam
in free space, the QND measurement strength (with dimensions of 7~') is

M = Pholy?/(8A Alu))?, (5.206)

where P is the probe power, ® = 2mc/A is the probe frequency, A is the cross-sectional
area of the probe, y is the spontaneous emission rate from the excited state and Iy is
the saturation intensity for the transition, which equals 272hwy /A* for a two-level atom
[Ash70]. Note that Eq. (5.204) ignores spontaneous emission by the atoms — for a discussion
see Ref. [TMWO02a] and for more complete treatments see Refs. [BSSMO07, NMO08].

Using optical pumping, the atomic sample can be prepared such that all the atoms are in
one of their internal states. A fast 7 /2-pulse can then be applied, coherently transferring
all atoms into an equal superposition of the two internal states, which is an eigenstate of
the J, operator with eigenvalue J. As described earlier, the CSS is a minimum-uncertainty
state, so in this case the variances of both J; and J, are J/2.

The dominant effects of the conditioned evolution (5.204) on the initial CSS are a
decrease in the uncertainty of J, (since we are measuring J,) with corresponding noise
increases in J,, and J,, and a stochastic shift of the mean J, away from its initial value
of zero. If we were concerned only with J, then we could think of this shift as arising
from the measurement starting to reveal the ‘true’ initial value of J,, somewhere within
the probability distribution for J, with variance J/2. However, we know that this picture
is not really true, because if J; had a predefined value then J, and J, would be completely
undefined, which is not the case with our state. In any case, the shift can be calculated to be

d(J.)y = 2/M dW ()AL}
= 2V/MY(1)dt(J2),. (5.207)
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Fig. 5.4 Schematic quasiprobability distributions for the spin states, represented by ellipses on the
Bloch sphere of radius J. The initial CSS, spin polarized in the x direction, is given by state 1. State 2
is one particular conditioned spin state after a measurement of J,, while state 3 is the corresponding
unconditioned state due to averaging over all possible conditioned states. The effect of the feedback
is shown by state 4: a rotation about the y axis shifts the conditioned state 2 back to (J;), = 0. The
ensemble average of these conditioned states will then be similar to state 4. This is a reproduction
of Fig. 2 of Ref. [TMWO02a]. Based on Figure 2 from L. K. Thomsen et al., Continuous Quantum
Nondemolition Feedback and Unconditional Atomic Spin Squeezing, Journal of Physics B: At. Mol.
Opt. Phys. 35,4937, (2002), IOP Publishing Ltd.

Exercise 5.37 Show this.
Hint: Initially(J.)y = 0 so that Y(¢) = dW/dr.

Because the mean spin is initially in the x direction, a small shift in the mean J, is equivalent
to a small rotation of the mean spin about the y axis by an angle d¢ ~ d(J;)y/J. This is
illustrated in Fig. 5.4, on a sphere. We call this the Bloch sphere, even though previously
we have reserved this term for the J = 1/2 case.

Conditioning on the results of the measurement reduces the uncertainty in J, below the
SQL of J/2, while the deterministic term in the SME (5.204) increases the uncertainty in
Jy. However, since the mean of J; stochastically varies from zero (as shown in Eq. (5.207)),
the atomic system conditioned on a particular measurement result is a squeezed spin state
with just enough randomness in the direction of the mean spin to mask this spin-squeezing.
The unconditioned system evolution p = MD[J,]p is obtained by averaging over all the
possible conditioned states, and this leads to a spin state with (AJ.)> = J/2, the same as
in a CSS. In other words, the squeezed character of individual conditioned system states is
lost in the ensemble average. This is illustrated by the states 2 and 3 in Fig. 5.4.
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Fig. 5.5 A schematic diagram of an experimental apparatus that could be used for production of spin-
squeezing via feedback. The laser probe passes through the ensemble of atoms and is detected by
balanced homodyne detection. The current Y (¢) is fed back to control the magnetic field surrounding
the atoms.

To retain the reduced fluctuations of J, in the average evolution, we need a way of
locking the conditioned mean spin direction. This can be achieved by feeding back the
measurement results to drive the system continuously into the same squeezed state. The
idea is to cancel out the stochastic shift of (J;), due to the measurement [TMWO02b]. This
simply requires a rotation of the mean spin about the y axis equal and opposite to that
caused by Eq. (5.207). This is illustrated by state 4 in Fig. 5.4.

To make a rotation about the y axis proportional to the measured photocurrent Y (¢), we
require a Hamiltonian of the form

Hw(t) = MY ()], /M = F()Y (1), (5.208)

where F(1) = )\,([)jy / VM and A7) is the feedback strength. We have assumed instan-
taneous feedback because that is the form required to cancel out Eq. (5.207). Such a
Hamiltonian can be effected by modulating the magnetic field in the region of the sample.
This is shown in Fig. 5.5 from the experiment.

Assuming as above that(J;), = 0, this feedback Hamiltonian leads to a shift in the mean
J; of

() ~ =AY (1)d1(J,)y /M. (5.209)
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Since the idea is to produce (J;)y = 0 via the feedback, the approximations above and in
Eq. (5.207) apply, and we can find a feedback strength such that Eq. (5.207) is cancelled
out by Eq. (5.209). The required feedback strength for our scheme is thus

M) =2M(72), /{J.)y- (5.210)

This use of feedback to cancel out the noise in the conditional mean is the same technique
as that which was found to be optimal in the linear system analysed in Section 5.6. The
difference here is that the optimal feedback strength (5.210) depends upon conditional
averages.

For experimental practicality it is desirable to replace the conditional averages in
Eq. (5.210) by a predetermined function A(#) that could be stored in a signal genera-
tor. The evolution of the system including feedback can then be described by the master
equation

_ . _ A Y (3
p = MDLLJp — MO, oo+ p i+ DL 1p. (5.211)
The choice of A(t) was considered in detail in Ref. [TMWO02a], where it was shown that
a suitable choice enables the master equation (5.211) to produce a Heisenberg-limited

spin-squeezing (£ ~ N~ ') atatimer ~ M~

5.7.3 Experimental considerations

For atoms in free space (as opposed to a cavity [NMOS]), as discussed above and illustrated
in Fig. 5.5, it is actually not possible to achieve Heisenberg-limited spin-squeezing by this
method. This is because the decoherence time due to spontaneous emission is much shorter
than the time ~ M ~! required in order to attain the Heisenberg limit [TMWO02a, NM08].
The relevant time-scale for a free-space configuration is in fact of order (M N)~!, for which
the degree of squeezing produced is moderate. In this limit it is possible to obtain a much
simpler expression for the A(¢) that should be used over the shorter time.

First note that the (J,)y in Eq. (5.210) can be approximated by its initial value of J
since the degree of squeezing is moderate. However,(]f) does change over this time, since
this is precisely the squeezing we wish to produce. To find an expression for(JZZ), we
assume that the atomic sample will approximately remain in a minimum-uncertainty state
for J; and J,. This is equivalent to assuming that the feedback, apart from maintaining
(J;) = 0, does not significantly alter the decreased variance of J, that was produced by
the measurement. This gives (J2) & J?/(4(J})), where we have again used (J,) ~ J. This
procedure is essentially a linear approximation represented by replacing J, by J in the
commutator [fy, fz] = ifx. From the above master equation we obtain (under the same
approximation)(J?) ~ J>Mt + J /2.

Exercise 5.38 Verify this.



5.8 Further reading 265

By substituting the approximation for <Jv2> into the expressions for (J Xz) we obtain
M)~ M1+ NMn™. (5.212)
With this choice, a squeezing of
X~ (1 +NMp)™! (5.213)

will be produced at time ¢, and this will be valid as long as Mt < 1. Spontaneous emission,
and other imperfections, are of course still being ignored.

Exercise 5.39 Show that, if A is held fixed, rather than varied, the variance for the
conditioned mean(J)y at time t is

J v
[ = 1+ 2/M07 15 + (1= e (5.214)

Hint: Remember that for linear systems(]f) = <J2>Y + (JZ)?,.

Z

An experiment along the lines described above (with A fixed) has been performed, with
results that appeared to reflect moderate spin-squeezing [GSMO04]. Unfortunately the pub-
lished results were not reproducible and exhibited some critical calibration inconsistencies.
The authors have since concluded that they must have been spurious and have retracted the
paper [GSMO8], saying that ‘analyzing Faraday spectroscopy of alkali clouds at high optical
depth in precise quantitative detail is surprisingly challenging’. High optical depth leads to
significant difficulties with the accurate determination of effective atom number and degree
of polarization (and thus of the CSS uncertainty level), while technical noise stemming
from background magnetic fields and probe polarization or pointing fluctuations can easily
mask the atomic spin projection signal. An additional complication relative to the simple
theory given above is that the experiment was performed by probing cesium atoms on an
optical transition with many coupled hyperfine-Zeeman states, rather than the two levels
considered above. There is still a linear coupling of the probe field to the angular-momentum
operator J. defined on the entire hyperfine-Zeeman manifold, which can in principle be uti-
lized to generate measurement-induced spin-squeezing. However, there is also a nonlinear
atom—probe interaction that can corrupt the Faraday-rotation signals if it is not suppressed
by very careful probe-polarization alignment. For more details see Ref. [Sto06]. Continu-
ing research has led to the development of technical noise-suppression techniques and new
modelling and calibration methods that enable accurate high-confidence determination of
the CSS uncertainty level [MCSM], providing hope for improved experimental results
regarding the measurement and control of spin-squeezing in the future.

5.8 Further reading
5.8.1 Coherent quantum feedback

It was emphasized in Section 5.2 that even when we use an operator to describe the fed-
back current, as is necessary in the Heisenberg picture, we do not mean to imply that the
feedback apparatus is truly quantum mechanical. That is, the feedback Hamiltonians we
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use are model Hamiltonians that produce the correct evolution. They are not to be taken
seriously as dynamical Hamiltonians for the feedback apparatus.

However, there are situations in which we might wish to consider a very small apparatus,
and to treat it seriously as a quantum system, with no classical measurement device taking
part in the dynamics. We could still consider this to be a form of quantum feedback if the
Hamiltonian for the system of interest S and apparatus A were such that the following
applied.

1. S and A evolve for time #,, under a joint Hamiltonian I:ICOHP.
2. § and A may then evolve independently.
3. S and A then evolve for time 7. under another joint Hamiltonian ﬁfb = Fs ®J 4.

The form of I:Ifb ensures that, insofar as § is concerned, the dynamics could have been
implemented by replacing step 3 by the following two steps.

3. The apparatus obervable J, is measured yielding result J.
4. S then evolves for time 7. under the Hamiltonian Hﬂ) =F s x J.

That is, the feedback could have been implemented classically.

Lloyd has called feedback of this sort (without measurement) coherent quantum feed-
back [L1000], and it was demonstrated experimentally [NWCLO0O] using NMR quantum
information-processing techniques. Previously, this concept was introduced in a quantum-
optics context as all-optical feedback (as opposed to electro-optical feedback) [WM94b].
An important feature of coherent feedback is that, although on average the evolution of
system S is the same as for measurement-based feedback, it would be possible to measure
the apparatus A (after the action of Hp) in a basis in which Hy, is not diagonal. This
would produce conditional states of system S incompatible with the conditional states of
measurement-based feedback, in which J really was measured.

Exercise 5.40 Convince yourself of this.

We will consider an example of ‘coherent’ quantum feedback in Section 7.7.

An even more general concept of quantum feedback is to drop the above constraints
on the system—apparatus coupling, but still to engineer the quantum apparatus so as to
achieve some goal regarding the system state or dynamics. Exmples of this from all-optical
feedback were considered in Ref. [WM94b], and there has recently been renewed interest
in this area [Mab08]. This concept is so general that it encompasses any sort of engineered
interaction between quantum systems. However, under some circumstances, ideas from
engineering control theory naturally generalize to the fully quantum situation, in which
case it is sensible to consider this to be an aspect of quantum control. For details see
Ref. [Mab08] and references contained therein.

5.8.2 Other applications of quantum feedback

There are many other instances for the application of Markovian quantum feedback besides
those mentioned in this chapter. Here are a few of them.
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Back-action elimination. Recall from Section 1.4.2 that, for efficient measurements,
any measurement can be considered as a minimally disturbing measurement followed by
unitary evolution that depends on the result. This leads naturally to the idea, proposed
in Ref. [Wis95], of using feedback to eliminate this unnecessary unitary back-action. A
quantum-optical realization of a QND measurement of a quadrature using this technique
was also proposed there. Courty, Heidman and Pinard [CHPO03] have proposed using this
principle to eliminate the radiation-pressure back-action in the interferometric measure-
ment of mirror position. Their work has important implications for gravitational-wave
detection.

Decoherence control. The Horoshko—Kilin scheme (see Section 5.4.3) for protecting a
Schrodinger cat from decoherence due to photon loss works only if the lost photons are
detected (and the information fed back). In the microwave regime lost photons cannot in
practice be detected, so an alternative approach is necessary. Several feedback schemes
have been suggested — see Ref. [ZVTRO3] and references therein. In Ref. [ZVTRO3],
Zippilli et al. showed that the parity of the microwave cat state can be probed by passing
an atom through the cavity. The same atom, containing the result of the ‘measurement’,
can then be used to implement feedback on the mode during the latter part of its passage
through the cavity. This is thus an example of the coherent feedback discussed above. They
showed that the lifetime of the cat state can, in principle, be arbitrarily enhanced by this
technique.

Engineering invariant attractive subsystems. The preparation of a two-level quantum
system in a particular state by Markovian feedback was considered in Refs. [HHMOS,
WWO01, WWMOI] (see also Section 6.7.2). A much more general approach is discussed
in Ref. [TV08], namely engineering attractive and invariant dynamics for a subsystem.
Technically, a subsystem is a system with Hilbert space Hy such that the total Hilbert space
can be written as (Hg ® Hf) @ Hg. Attractive and invariant dynamics for the subsystem
means that in the long-time limit the projection of the state onto Hy is zero, while the
state on Hg ® Hp has the form ps ® pr, for a particular pg. Ticozzi and Viola discuss the
conditions under which such dynamics can be engineered using Markovian feedback, for a
given measurement interaction and Markovian decoherence. This is potentially useful for
preparing systems for quantum information processing (see Chapter 7).

Linewidth narrowing of an atom laser. A continuous atom laser consists of a mode
of bosonic atoms continuously damped, so as to form a beam, and continuously replen-
ished. Such a device, which has yet to be realized, will almost certainly have a spectral
linewidth dominated by the effect of the atomic interaction energy, which turns fluctua-
tions in the condensate atom number into fluctuations in the condensate frequency. These
correlated fluctuations mean that information about the atom number could be used to
reduce the frequency fluctuations, by controlling a spatially uniform potential. Obtaining
information about the atom number by a quantum-non-demolition measurement (similar
to that discussed in Section 5.7) is a process that itself causes phase fluctuations, due
to measurement back-action. Nevertheless, it has been shown that Markovian feedback
based upon such a measurement could reduce the linewidth by many orders of magnitude
[WTO1, TWO02].
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Cooling of a trapped ion (theory and experiment). The motion of a single ion in a Paul
trap [WPW99] can be treated as a harmonic oscillator. By using its internal electronic states
and coupling to external lasers, it can be cooled using so-called Doppler cooling [WPW99].
However, the equilibrium thermal occupation number (the number of phonons of motion)
is still large. It was shown by Steixner, Rabl and Zoller [SRZ05] that in this process some
of the light emitted from the atom can be detected in a manner that allows a measurement of
one quadrature of the ion’s motion (similar to homodyne detection of an optical field). They
then show, using Markovian feedback theory as presented here, that the measured current
can be fed back to the trap electrodes to cool the motion of the ion. Moreover, this theory
has since been verified experimentally by the group of Blatt [BRW'06], demonstrating
cooling by more than 30% below the Doppler limit.

Linewidth narrowing of an atom by squashed light. It has been known for some time
[Gar86] that a two-level atom strongly coupled to a beam of broad-band squeezed light will
have the decay rate of one of its dipole quadratures changed by an amount proportional
to the normally ordered spectrum of squeezing (i.e. the decay rate will be reduced). This
could be seen by observing a narrow feature in the power spectrum of the emission of the
atom into the non-squeezed modes to which it is coupled. It was shown in Ref. [Wis98]
that the same phenomenon occurs for a squashed beam (see Section 5.2.5) as produced by
a feedback loop. Note that an atom is a nonlinear optical element, so that a semiclassical
theory of squashing cannot explain this effect, which has yet to be observed.

Applications of quantum feedback control in quantum information will be considered in
Chapter 7.



6

State-based quantum feedback control

6.1 Introduction

In the preceding chapter we introduced quantum feedback control, devoting most space
to the continuous feedback control of a localized quantum system. That is, we considered
feeding back the current resulting from the monitoring of that system to control a parameter
in the system Hamiltonian. We described feedback both in terms of Heisenberg-picture
operator equations and in terms of the stochastic evolution of the conditional state. The
former formulation was analytically solvable for linear systems. However, the latter could
also be solved analytically for simple linear systems, and had the advantage of giving an
explanation for how well the feedback could perform.

In this chapter we develop further the theory of quantum feedback control using the
conditional state. The state can be used not only as a basis for understanding feedback, but
also as the basis for the feedback itself. This is a simple but elegant idea. The conditional
state is, by definition, the observer’s knowledge about the system. In order to control the
system optimally, the observer should use this knowledge. Of course a very similar idea
was discussed in Section 2.5 in the context of adaptive measurements. There, one’s joint
knowledge of a quantum system and a classical parameter was used to choose future
measurements so as to increase one’s knowledge of the classical parameter. The distinction
is that in this chapter we consider state-based feedback to control the quantum system itself.

This chapter is structured as follows. Section 6.2 introduces the idea of state-based
feedback by discussing the first experimental implementation of a state-based feedback
protocol to control a quantum state. This experiment, in a cavity QED system, was in the
‘deep’ quantum regime, for which there is no classical analogue. By contrast, the remainder
of the chapter is oriented towards state-based control in linear quantum systems, for which
there is a classical analogue. Hence we begin this part with an analysis of state-based
feedback in general classical systems, in Section 6.3, and in linear classical systems, in
Section 6.4. These sections introduce ideas that will apply in the quantum case also, such as
optimal control, stability, detectability and stabilizability. We contrast Markovian feedback
control with optimal feedback control and also analyse a classical Markovian feedback
experiment. In Sections 6.5 and 6.6 we discuss state-based control in general quantum
systems and in linear quantum systems, respectively. As discussed in the preface, these
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sections contain unpublished results obtained by one of us (H. M. W.) in collaboration with
Andrew Doherty and (latterly) Andy Chia. Finally, we conclude as usual with a discussion
of further reading.

6.2 Freezing a conditional state

This section is devoted to the first quantum feedback experiment [SRO102] that imple-
mented a state-based feedback protocol for controlling a quantum system. In calling the
feedback protocol state-based we mean that it would have been infeasible for it to have
been invented without explicitly modelling the quantum trajectories for the conditioned
system state. The quantum feedback protocol discussed here has no classical analogue.
This is unlike the experiments on linear systems discussed in the preceding chapter and
unlike the adaptive phase measurements discussed in Chapter 2 (where the light source was
a coherent state and hence could be treated semiclassically). This jusifies its claim to be the
first continuous (in time) feedback experiment in the the ‘deep’ quantum regime.

The experiment was performed using a cavity QED system, as shown in Fig. 6.1. A small
number of atoms (in this case, in a beam) is made to interact strongly with a cavity mode,
as in the experiment discussed in Section 1.5. In this case, the cavity mode is very weakly
driven (by a laser) and the atoms are initially in their ground state, so that in steady state the
system as a whole (atoms plus field) is always close to the ground state. Moreover, to the
extent that it is excited, it is a superposition (rather than a mixture) of ground and excited
states. That is, the steady state of the system can be approximated by a pure state, |{). We
will show why this is the case later.

Quantum trajectories had previously been applied in this system to calculate and under-
stand the correlation functions of the light emitted from the cavity [CCBFOO00], which have
also been measured experimentally [FMOO00, FSROO02]. The link between correlation func-
tions and conditioned states was explained in Section 4.3.2. Consider the g®(t) correlation
function for the direct detection photocurrent. This is a normalized version of Glauber’s
second-order coherence function, GP(t, t + 7):

Ggg)(t, t+1) _ (It +0)(1))gs
GP(t,t + 00) B (1) .

For t > 0, we can use the approach of Section 4.3.2 to rewrite this in terms of conditional
measurements as

§9(r) = (6.1)

§2(0) =(I1(1)) S1(0)) s, (6.2)

where here the subscript ¢ means ‘conditioned on a detection at time 0, when the system
has reached its steady state’.

That is, g@(7) is the probability of getting a second detection a time 7 after the first
detection (which occurs when the system has reached steady state), divided by the uncon-
ditioned probability for the second detection. From Eq. (6.1), the function for T < 0 can be
found by symmetry.
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Fig. 6.1 A simplified diagram of the experimental set-up of Smith er al., as depicted by Fig. 6 in
Ref. [RSOT04]. Rubidium atoms in a beam are optically pumped into a ground state that couples to
a cavity mode before entering the cavity. Two avalanche photo-diodes (APDs) measure the intensity
of the light emitted by the cavity. The correlation between the detectors is processed using gating
electronics, a time-to-digital converter (TDC) and a histogramming memory and computer. Pho-
todetections at APD 1 trigger a change in the intensity injected into the cavity via an electro-optic
modulator (EOM). The optics shown are relevant for control of the size of the intensity step and the
polarization of the light injected into the cavity. HWP and QWP denote half- and quarter-wave plate,
respectively, and PBS, polarization beam-splitter. Figure 6 adapted with permission from J. E. Reiner
et al., Phys. Rev. A 70, 023819, (2004). Copyrighted by the American Physical Society.

Since the stationary system state is almost a pure state, we know from quantum trajectory
theory that, immediately following the first detection, the conditional state is |¢.(0)) o
alvs), where a is the annihilation operator for the cavity mode. The correlation function
(6.2) can thus be reformulated as

(Ye(@lalalye(r))
(Uslatalys)

Here |.(7)) is the conditional state for T > 0, which relaxes back to |s) as T — oo. In
other words, measuring g'®(t) for T > 0 is directly probing a property (the mean photon
number) of the conditional state.

The next step taken in Ref. [SROT02] was to control the conditional state (prepared by a
photodetection), rather than simply observing it. That is, by altering the system dynamics
subsequent to the first photodetection the conditional state could be altered, and hence
¢@(7) changed for T > 0. Specifically, it was shown that the dynamics of the conditional
state could be frozen for an indefinite time, making g (t) constant. The state could then

§?(r) = (6.3)
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be released to resume its (oscillatory) relaxation to |v). This was done by changing the
coherent driving of the cavity at a suitable time t = T after the first detection.

6.2.1 The system

A simple model that captures the essential behaviour of the experimental system is the N-
atom cavity QED system described by the Tavis—Cummings model [TC68]. This consists
of N two-level atoms symmetrically coupled to a single mode of a cavity with annihilation
operator . Assuming a resonant interaction between the cavity mode and the atoms, the
Hamiltonian in the interaction frame is

H=ig(a'J —alt) +iE@" —a) (6.4)

(compare with Eq. (1.180)). Here we have assumed that all atoms are coupled with equal
strength g, so that

N
F=> "6 (6.5)
k=1

where &y is the lowering operator for atom k. We have also included coherent driving (E)
of the cavity mode by a resonant laser.

Including damping of the atoms (primarily due to spontaneous emission through the
sides of the cavity) and cavity (primarily due to transmission through the end mirrors), we
can describe the system by the master equation (in the interaction frame)

p=[E@ —a) +g@"J —aJh, p] +«Dlalo®) +y Y_DIslo®).  (66)
k
This describes a damped harmonic oscillator (the cavity) coupled to a damped anharmonic
oscillator (the atoms). The anharmonicity is a result of the fact that J and J obey different
commutation relations from @ and at. This is necessary since the maximum number of
atomic excitations is N, which we are assuming is finite.

The evolution generated by Eq. (6.6) is very rich [Ber94]. Much simpler, but still inter-
esting, dynamics results in the limit £ <« k ~ y ~ g [CBRI1]. In particular, in this weak-
driving limit the steady state of the system is approximately a pure state. To understand
why this is the case, consider a more general system consisting of damped and coupled
oscillators, which could be harmonic or anharmonic. Let us denote the ground state by
|Y0), and take the coupling rates and damping rates to be of order unity. For the system
above, define a parameter

E
A= ———, 6.7
Kk +4Q2%/)y ©7
where Q = g+/N is the N-atom single-photon Rabi frequency. For the case of weak
driving, A < 1. In this limit, A is equal to the stationary value for (@), as we will see. We
now show that the steady state of the system pg is pure to order A%. That is, one can use
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the approximation

Pss = |Wss) (Wss| + O3), (6.8)

where

[Vss) = [Wo) + AlYr) + A% [¥a) + O2), (6.9)

where |¢) and |y,) are states with norm of order unity having, respectively, one and two
excitations (in the joint system of atom and cavity mode). Here and in the remainder of this
section we are only bothering to normalize the states to lowest order in A.

Consider unravelling the master equation of the system by unit-efficiency quantum jumps
(corresponding to the emission of photons from the system). It is simple to verify that the
no-jump evolution will take the system into a pure state of the form of Eq. (6.9).

Exercise 6.1 Verify this for the master equation (6.6), by showing that the state
[¥ss) =10, 0) +4(|1,0) —r[0, 1))

o 1o 3
+/\2<—|2,0>—9 1, 1)+ —=10,2) | + 0()%) (6.10)
NG ’ NG
is an eigenstate of —iH — (k/2)ata — (v /2) > 6,jﬁk, which generates the non-unitary
evolution. Here |n, m) is a state with n photons and m excited atoms, whiler = 2Q2/y and

C 2«
5°=§<1_Nx+y)’ (6.11)
Oy = —r¢, (6.12)
no =r’cy/1—1/N, (6.13)
1+2C
¢ = , (6.14)
1+2C[1 = (A/N)x/(k + y)]
C =292/(ky). (6.15)

C is known as the co-operativity parameter. Note for later that, if N — oo with Q2 fixed,
then¢ — landso & — 1,6y — —r and g — 7.

Having established Eq. (6.9) as the stationary solution of the no-jump evolution, we will
have obtained the desired result if we can show that the effect of the jumps is to add to o
terms of order A> and higher. That the extra terms from the jumps are of order A3 can be
seen as follows.

First, the rate of jumps for the system in state (6.9) is of order A2. This comes from the
probability of excitation of the system, which is O(A?), times the damping rates, which are
O(1). That is to say, jumps are rare events.

Second, the effect of a jump will be once more to create a state of the form |y) + O(A).
This is because any lowering operator destroys |1), acts on A|y{) to turn it into |¥g)
times a constant O(A), and acts on A2|v,) to turn it into a state with one excitation O(1?).
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Renormalizing gives the desired result: the state after the jump is different from [y/) only
by an amount of order A at most.

Third, after a jump, the system will relax back to |) at a rate of order unity. This is
because the real part of the eigenvalues of the no-jump evolution operator will be of order
the damping rates, which are of order unity. That is to say, the non-equilibrium state will
persist only for a time of order unity.

On putting these together, we see that excursions from |v) are only of order A, and
that the proportion of time the system spends making excursions is only of order A>. Thus
Eq. (6.8) will hold, and, for the master equation Eq. (6.6), the stationary state is given by
Eq. (6.10).

Exercise 6.2 Convince yourself, if necessary, of the three points above by studying the
particular example.

6.2.2 Conditional evolution

In the actual experiment (see Fig. 6.1) only the photons emitted through one mirror are
detected, and this with less than unit efficiency. The measurement operator for a photon
detection is thus M; = \/yx dt a for n < 1. From the above, we know that prior to a
detection we can take the system to be in state |y). After the detection (which we take to
be at time T = 0) the state is, to O()),

[Ve(7)) = 10,0) + A[E(D)[1, 0) 4+ 6(0)|0, 1)]. (6.16)

Here the conditioned cavity field evolution, £(7), and the conditioned atomic polarization
evolution, 6(t), have the initial values &, and 6, as defined above.

Exercise 6.3 Verify Eq. (6.16) for T = 0.

The subsequent no-jump evolution of £(7) and 6(7) is governed by the coupled differential
equations

E(1) = —(k/2)E(T) + QO(T) + E/(21), (6.17)
6 (v) = —(y/2)0(r) — Q&(1), (6.18)

where £(0) = & and 6(0) = 6y. As the system relaxes to equilibrium, we have from
Eq. (6.10) £(c0) = 1 and 6(c0) = —r. These equations can be found using the no-jump
evolution via the pseudo-Hamiltonian H-— it/2)ata —i(y/2) > 6,jék.

We thus see that, to lowest order in the excitation, the post-jump evolution is equivalent
to two coupled harmonic oscillators with damping and driving (remember that we are in
the interaction frame where the oscillation of each oscillator at frequency w > @, k, y
has been removed). This evolution can be understood classically. What is quantum in this
system is all in the quantum jump that results from the detection.

The quantum nature of this jump can be seen in the atomic polarization. Upon the
detection of a photon from the cavity, this changes from —r to 6. Since the system is
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in a pure state, the only way a measurement upon one subsystem (the cavity mode) can
lead to a change in the state of the second subsystem (the atoms) is if they are entangled.
We have already noted above that, if N — oo, 6y — —r, so there would be no change in
the atomic polarization. That is because in this limit there is no difference between the
atomic system coupled to a harmonic oscillator and two coupled harmonic oscillators. Two
coupled harmonic oscillators, driven and damped, end up in coherent states, and so cannot
be entangled.

Exercise 6.4 Show this by substituting p = |a){a| ® |B){B| into the master equation
p = [(E/2)@" — a)+ Q@'b — ab"), p] + kDlalp + yDIblp, (6.19)
and show that & = ) and B = —rx makep = 0. Here d|a) = o|a) and b|B) = B|B).

In fact, as discussed in Section 5.4.2, there is absolutely no state change in a coherent state
under photodetection, so there would be nothing at all to see in an experiment involving
harmonic oscillators. Everything interesting in this experiment comes from the finite number
of atoms N, which leads to an anharmonicity in the atomic oscillator (at second order in
the excitation), which leads to atom—field entanglement.

The solutions to the differential equations (6.17) and (6.18), for the field and atomic
excitation amplitude, respectively, are much simplified if we take « = y. This is a good
approximation if |¢ — y| < €2, which is the case experimentally since typical values are
(Q,«,y)/(2m) = (48.5,9.8,9.1) MHz [RSO"04]. Under this assumption, both solutions
&(t) and 6(¢) are of the form

f(0) = fis + e AL cos(Qr) + B sin(Q1)], (6.20)

The steady-state values are, as stated above, & = 1 and 6, = —r. The four constants Ag,
Ay, Be and By are given by

AS = %_0 - éss = —By, (621)
Ag =6y — by, = Bg, (6.22)
so that the two functions oscillate exactly out of phase.
Exercise 6.5 Verify the above solutions.

Using Egs. (6.3) and (6.16) it is easy to show that g®(7) is given by
gP(m) =E(r). (6.23)

That is, the correlation function measures the square of the conditioned field amplitude. It
has an initial value of 53, which, from Eq. (6.12), is always less than unity. This in itself
is a nonclassical effect — it is the antibunching discussed in Section 4.6.1. For coherent
light g®(0) = 1, while for any classical light source (which can described as a statistical
mixture of coherent states), g®(0) can only increase from unity, giving bunching.
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Exercise 6.6 Verify Eq. (6.23), and convince yourself that antibunching is a nonclassical

effect.

6.2.3 Quantum feedback control

In this section we outline the feedback protocol used to capture and stabilize the conditional
state. From Eq. (6.16) we note that the evolution of the conditional state (to first order in
A) depends on only the two functions £(t) and 6(t). This state can be stabilized if we can,
via feedback, make £ (r) = 0 and 6 (t) = 0O, putting it into a new steady state. From Eqgs.
(6.17) and (6.18) there are two parameters that are easily controlled in an experiment: the
feedback time T = t and the driving strength E. The feedback protocol simply consists of
applying a different driving strength, E’, from certain feedback times T,,.

To calculate the feedback times we set 6 (1) in Eq. (6.18) to zero. Thatis, we choose a time
such that the magnitude of the atomic polarization is at a maximum or minimum. This is
necessary because changing E directly affects only &(t) (Eq. (6.17)), not 6(t) (Eq. (6.18)).
Doing this gives the feedback time constraint 7, = (n + %) 7w wheren =0,1,2,....

Exercise 6.7 Show this.

The change in the driving strength is then determined by substituting 6(7},) and & () = 0
into Eq. (6.17) and solving for E. Doing this gives

E'JE = £(T,) = | 4 e «Hotl2m/GD g, gy, (6.24)
Exercise 6.8 Show this.

Thus, the size of the feedback (E’ — E) is directly proportional to the jump in the atomic
polarization upon a photodetection, which is due to the entanglement. Without entanglement
in the initial state, there could be no feedback stabilization.

It might seem that the last claim has not been properly justified. We have shown that
for a coherent system (driven, damped harmonic oscillators) there is no change at all in
the system upon a detection, and so nothing to stabilize by feedback. However, if one
introduced classical noise into such a system, then the stationary state could be mixed, with
classical correlations between the two harmonic oscillators. Then the detection of a photon
from the first oscillator could cause a jump in the second, and there would be oscillations
as the system relaxes, which one would think could be stabilized by feedback. It turns out
that this is not the case, because there are not sufficient control parameters to stabilize a
mixed state. This is discussed in detail in Ref. [RSOT04].

6.2.4 Experimental results

The typical experimental values, (2, «,y)/(2w)=(48.5,9.8,9.1) MHz, give a co-
operativity C & 53. It is not possible to measure N, the number of atoms in the cavity
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Fig. 6.2 Measured g (t). T = 0 is defined by a photodetection in APD1. Data are binned into 1.0-ns
bins. Figure 8 adapted with permission from J. E. Reiner et al., Phys. Rev. A 70, 023819, (2004).
Copyrighted by the American Physical Society.

at any given time, directly. Indeed, this concept is not even well defined. First, it will
fluctuate because of the random arrival times and velocities of the atoms in the beam.
Second, the cavity mode is Gaussian, and so has no sharp cut-off in the transverse direction.
The coupling constant g also varies longitudinally in the cavity, because it is a standing-
wave mode. However, an average g can be calculated from the cavity geometry, and was
found to be g/(2w) = 3.7 MHz. This implies an effective N of about 170, which is quite
large.

Recall thatin the limit N — oo (with 2 fixed) there are no jumps in the system. However,
from Eq. (6.11), the jump in the field amplitude scales as C/N, and C is large enough for
this to be significant, with C/N = 0.3. (This parameter is known as the single-atom co-
operativity.) Thus a photon detection sets up a significant oscillation in the quantum state,
which is detectable by g (t). A typical experimental trace of this is shown in Fig. 6.2.
Referring back to Fig. 6.1, two APDs are necessary to measure g®(t) because the dead-
time of the first detector after the detection at T = O (i.e. the time during which it cannot
respond) is long compared with the system time-scales. Since it is very unlikely that more
than two photons will be detected in the window of interest, the dead-time of the second
APD does not matter.

The large value of N has a greater impact on the feedback. From Eq. (6.14), and
using the approximation k = y, the size of the jump in the atomic polarization scales as
V2C/(2N) ~ 0.03. Thus, the size of the change in the driving field in order to stabilize
a conditional state, given by Eq. (6.24), is only a few per cent. Nevertheless, this small
change in the driving amplitude is able to freeze the state, as shown in Fig. 6.3. When the
driving is returned to its original amplitude, the relaxation of the state to |y/) resumes, so
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Fig. 6.3 The measured intensity correlation function with the feedback in operation. The grey box
indicates the application time of the square feedback pulse, which reduced the driving amplitude
by about 0.013. (This is somewhat larger than the value predicted by theory.) The pulse was turned
on at T = 45 ns, in agreement with theory, and turned off 500 ns later. Data are binned into 1.0-ns
bins. Figure 9 adapted with permission from J. E. Reiner et al., Phys. Rev. A 70, 023819, (2004).
Copyrighted by the American Physical Society.

the effect of the feedback is to insert a flat line of arbitrary length, at the value |£(T},)|?, into
the photocurrent autocorrelation function. From Eq. (6.24), this straight line can be at most
of order ~/2C /N = 0.06 below the steady-state value of unity.

The smallness of the feedback signal (and the smallness of the deviation of the frozen
state from the steady state) is exacerbated by the fact that the feedback cannot catch the
system at the earliest time t = T7. This is because of delays in all parts of the feedback loop,
including the APDs themselves, totalling to 43 ns of delay. Since /2 ~ 10 ns, this means
that the earliest time at which the feedback can be applied is 74 & 45 ns, by which time
the envelope of the oscillations has decayed to about 0.25 of its original size (according to
Eq. (6.24)). Even achieving feedback this fast required using electronics designed for data
collection in high-energy physics experiments. This highlights the difficulties in making
the delay time negligible in quantum feedback experiments.

6.3 General classical systems

Before tackling state-based feedback in general quantum systems, it is useful to review
how similar concepts apply in the analogous classical systems.

6.3.1 Notation and terminology

In the remainder of this chapter we are concerned chiefly with linear systems. Hence we will
be making frequent use of matrices, which we will denote by capital letters, and vectors,
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which we will denote by bold-font small letters. This greatly simplifies the equations we
present, but necessitates a change in some of the conventions introduced in Chapter 1. In
particular, there we used a capital letter to denote a random variable, and the correspond-
ing small letter to act as a dummy argument in a probability distribution (or a ket). We
maintain different notation for these distinct concepts, but use a new convention, explained
below.

A precisely known classical system can be described by a list of real numbers that can
be expressed as a vector X' = (x1, X2, ..., x,). Here V' indicates the transpose of vector V.
We require that these variables form a complete set, by which we mean that any property o
of the system is a function of (i.e. can be determined from) X, and that none of the elements
x; can be determined from the remainder of them. (If some of the elements x; could be
determined from the remainder of them, then X would represent an overcomplete set of
variables.) For example, for a Newtonian system with several physical degrees of freedom
one could have X" = (q", p"), where q is the vector of coordinates and p the vector of
conjugate momenta. Taking X to be complete, we will refer to it as the configuration of the
system, so that R” is the system’s configuration space. This coincides with the terminology
introduced in Chapter 1.

We are interested in situations in which X is not known precisely, and is therefore a vector
of random variables. An observer’s state of knowledge of the system is then described by
a probability density function gp(X). Here we use X to denote the argument of this function
(a dummy variable) as opposed to X, the random variable itself. The probability density is
a non-negative function normalized according to

/ d"x p(X) = 1. (6.25)

Here d"X = [],_, dX,,, and an indefinite integral indicates integration over all of configu-

ration space. The state defines an expectation value for any property o(X), by

E[o] = / d"% p(X)o(X). (6.26)

If the notion of expectation value is taken as basic, we can instead use it to define the
probability distribution:

o) = E[8™(x — X)]. (6.27)

As in Chapter 1, we refer to gp(X) as the state of the system. Note that this differs from
usual engineering practice, where X is sometimes called the state or (even more confusingly
for quantum physicists) the state vector. Since we will soon be concerned with feedback
control, there is another potential confusion worth mentioning: engineers use the term
‘plant’ to refer to the configuration X and its dynamics, reserving ‘system’ for the operation
of the combined plant and controller.
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6.3.2 The Kushner-Stratonovich equation

We now consider conditioning the classical state upon continuous monitoring, just as
we have previously done for quantum systems in Chapter 4. In fact, we have already
described such monitoring for a particular case in Section 4.8.4, in the context of a classical
circuit coupled to a detector for a quantum system. There we considered conditioning
upon measurement of a current that contained white noise (i.e. a Wiener process). In this
subsection we generalize that theory to an arbitrary measurement of this type, performed
on a classical system, including back-action. (Recall that the idea of classical back-action
was introduced in Section 1.1.5). Just as in the quantum case, it is also possible to consider
conditioning a classical system upon a point process. However, for linear systems, as we
will specialize to in Section 6.4, conditioning upon a measurement with Wiener noise can
be treated semi-analytically, whereas this is not true for conditioning upon a point process.
Thus we restrict our analysis to the former.

For a system with configuration X, we wish to consider a measurement result that in an
infinitesimal interval [¢, ¢ 4 df) is a real number, defined by

y(t)dt = y(X,)dt + dv(z), (6.28)

where y(X,) is an arbitrary real function of X, and dv(¢) is a Wiener process, defined as
usual by

[dv(1)]* = dt, (6.29)
E[dv(1)] = 0, (6.30)
dv(t)dv(t") = Ofort #1¢. (6.31)

Note that Eqs. (6.29)—(6.30) mean that the result y(¢) has an infinite amount of noise in it,
and so does not strictly exist. However, Eq. (6.31) means that the noise is independent from
one moment to the next so that if y(¢) is averaged over any finite time the noise in it will be
finite. Nevertheless, in this chapter we are being a little more rigorous than previously, and
will always write the product y dz (which does exist) rather than y.

Using the methods of Section 4.8.4, it is not difficult to show that the equation for the
conditioned classical state (commonly known as the Kushner—Stratonovich equation) is

dpX|y) = dw@®){y(X) — E[yX)}p(X). (6.32)

This is a simple example of filtering the current to obtain information about the sys-
tem, a term that will be explained in Section 6.4.3. Remember that E[j(X,)] means
f d*X p(X; 1)¥(X). Here dw(t) is another Wiener process defined by

dw(t) = y(r)dr — E[y(t)d!] (6.33)
= y()dr — E[y(X,)]d¢ (6.34)
= dv(?) + y(X)dr — E[J(X,)]dz. (6.35)
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This dw(t) is known as the innovation or residual. It is the unexpected part of the result
y(#)dz, which by definition is the only part that can yield information about the system.

It may appear odd to claim that dw is a Wiener process (and so has zero mean) when it is
equal to another Wiener process dv plus something non-zero, namely y(X,)dtr — E[¥(X,)]dt.
The point is that the observer (say Alice) whose state of knowledge is g (X) does not know X.
There is no way therefore for her to discover the ‘true’ noise dv. Insofar as she is concerned
¥(X;) — E[J(X,)] is a finite random variable of mean zero, so it makes no difference if this
is added to dv/d¢, which has an unbounded variance as stated above. Technically, dw is
related to dv by a Girsanov transformation [TW89].

In general the system configuration will change in conjunction with yielding the mea-
surement result y(z)ds. Allowing for deterministic change as well as a purely stochastic
change, the system configuration will obey the Langevin equation

dx = a(x)dt + b(x)dv (6.36)
= [a(X) — b(X)y(X)]dr + b(X)y(¢)dz. (6.37)

Note that the noise that appears in this SDE is not the innovation dw, since that is an
observer-dependent quantity that has no role in the dynamics of the system configuration
(unless introduced by a particular observer through feedback as will be considered later).
It can be shown that these dynamics alter the SDE for the system state from the ‘purely
Bayesian’ Kushner—Stratonovich equation (6.32) to the following:

dp(Xly) = dw(t)] $() — Y Vi) — E[300] t 9(X)
k

—dt Y Viar()p)
k

dt
+—= E Vi Vb (X)b (X)(X). (6.38)
2 kk'

Here V,, = 9/0%,, and the derivatives act on all functions of X to their right.
Exercise 6.9 Derive Eq. (6.38) using the methods of Section 4.8.4.

Note that this equation has a solution corresponding to complete knowledge: gp.(X;#) =
8™ (X — x,), where X, obeys Eq. (6.36). This can be seen from the analysis in Section 4.8.4.
For an observer who starts with complete knowledge, dv and dw are identical in this case.

If one were to ignore the measurement results, the resulting evolution is found from
Eq. (6.38) simply by setting dw(¢) equal to its expectation value of zero. Allowing for more
than one source of noise so that dx = Y, b¥dv"), we obtain

d _
dp(0 = —di Y Vea (K90 + 5 Y ViVie D () (6.39)
k

kK
= LpX). (6.40)
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Here V X, D(X) is an arbitrary positive semi-definite (PSD) matrix

D) = Z bP )b 01" (6.41)
!
Equation (6.39) is known as a Fokker—Planck equation. (See Section B.5.)

If one is told that the unconditional evolution of the classical state is given by Eq. (6.39),
how does that constrain the possible conditional evolution? The answer is: not much. Any
‘purely Bayesian’ measurement (i.e. with no back-action) can be added to the unconditional
evolution without invalidating it. The unconditional evolution constrains only terms with
back-action. By contrast, in the quantum case (as we will see), the unconditional evolution
puts strong constraints on the conditional evolution.

6.3.3 Optimal feedback control

Before specializing to linear systems it is appropriate to make some brief comments about
optimal feedback control. Control of a system means that the observer (Alice) can influence
the dynamics of the system in a time-dependent fashion. Optimal control means that she
implements the control so as to minimize some cost function. Feedback control means that
Alice is monitoring the system and taking into account the results of that monitoring in her
control.

Let the dynamical parameters that Alice can control be represented by the vector u(z).
The dimension of U is independent of the dimension of the configuration X. A completely
general cost function would be the expectation value of an arbitrary functional of the time-
functions X(¢) and u(z). Setting a start time #y and a stop time ¢, for the control problem, we
notate such a control cost as

J=E{Z{lum)=. xon=]}- (6.42)

Of course, in the minimization of j it is necessary to restrict U(¢) to being a functional of
the system output for times less than ¢, as well as the initial state

u) =Ulfya}Z L )] (6.43)

Consider the case in which the cost j that Alice is to minimize is of the form

j= E|:/ | h(X(t), u(t), t)dti|, (6.44)

4]

which can also be written as

j= f ELRG), U(), D]dr. 6.45)

fo
Physically this is very reasonable since it simply says that the total cost is additive over
time. In this case it is possible to show that the separation principle holds'. That is,

! In control theory texts (e.g. [Jac93]), the separation principle is often discussed only in the context of LQG systems, in which
case it is almost identical to the concept of certainty equivalence — see Sec. 6.4.4. The concept introduced has therefore been
called a generalized separation principle [Seg77].
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Fig. 6.4 A schematic diagram of the state-based feedback control scheme. The environment is the
source of noise in the system and also mediates the system output into the detector. The controller is
split into two parts: an estimator, which determines the state conditioned on the record y(¢) from the
detector, and an actuator that uses this state to control the system input u(z). The state, here written
as p(t), would be the probability distribution g(X; ¢) in the classical case and the state matrix p(¢) in
the quantum case.

for a given function 4, the optimal control strategy is
uopt(t) = Uy (BOC(X; 1), t)~ (6.46)

In words, Alice should control the system on the basis of the control objective and her
current knowledge of the system and nothing else. The control at time ¢ is simply a
function of the state at time 7, though it is of course still a functional of the measurement
record, as in Eq. (6.43). But all of the information in {y(t’)};:jo is irrelevant except insofar
as it determines the present state g (X; ¢). This is illustrated in Fig. 6.4

This is a very powerful result that gives an independent definition of g (X; t). For obvious
reasons, this type of feedback control is sometimes called state-based feedback, or Bayesian
feedback. Determining the function U, of g.(X;?) is nontrivial, but can be done using the
technique of dynamic programming. This involves a backwards-in-time equation called the
Hamilton—Jacobi-Bellman equation (or just Bellman equation for the discrete-time case)
[Jac93].

6.4 Linear classical systems

In this section we specialize to the case of linear classical systems. This entails two
restrictions, defined in Sections 6.4.1 and 6.4.2. In Section 6.4.3 we introduce the concept
of a stabilizing solution that is important for optimal feedback control, and Markovian
feedback control, which we discuss in Sections 6.4.4 and 6.4.5, respectively. Many of
the results in this section we give without proof. The interested reader is referred to
Ref. [ZDG96] for more details.
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6.4.1 Unconditional dynamics

The first restriction to make the system linear is explicable in terms of the dynamics of the
system configuration, as follows.

(i) The system configuration obeys a linear dynamical equation

dx = Axdr 4+ Bu(r)dt + E dv,(1). (6.47)

Here A, B and E are constant matrices, while U(?) is a vector of arbitrary time-dependent
functions. It is known as the input to the system. Finally, the process noise dv,, is a vector
of independent Wiener processes. That is,

E[dv,] =0,  dv,(dv,) ' =1dr, (6.48)

where [ is the n x n identity matrix. Thus A is square (n x n), and is known as the drift
matrix. The matrices B and E are not necessarily square, but can be taken to be of full
column rank, so w[ B] and w[ E] can be taken to be no greater than n. (See Box 6.1.)

Strictly, the Wiener process is an example of a time-dependent function, so u(¢)d¢ could
be extended to include dv, () and the matrix E eliminated. This is a common convention,
but we will keep the distinction because u(z) will later be taken to be the feedback term,
which is known by the observer, whereas dv,,(¢) is unknown.

As explained generally in Section B.5, we can turn the Langevin equation (6.47) into
an equation for the state g(X). With u() known but dv,(¢) unknown, g(X) obeys a multi-
dimensional OUE (Ornstein—Uhlenbeck equation — see Section 5.6) with time-dependent
driving:

$ %) = {=V[AX+ Bu@)] + 3 V' D V}p(X), (6.49)

where D = EE is called the diffusion matrix. Denote the mean system configuration
by (X), as usual, and the system covariance matrix (XXT) — )T by V. These moments
evolve as

(X) = A(X) + Bu(?), (6.50)
V =AV+ VAT +D. (6.51)

Exercise 6.10 Show this from Eq. (6.49).
Hint: Use integration by parts.

Say the system state is initially a Gaussian state, which can be written in terms of the
moments (X) and V as

PX) = gX;(x), V) (6.52)
= 2 det V)2 exp[—(X —(x) T 2V) L% — (x)]. (6.53)
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Box 6.1 Some properties of matrices

Consider a general real matrix A. We denote the number of columns of A by w[A].
(The vertical ‘prongs’ of the w are meant to suggest columns.) Similarly, we denote
the number of rows of A to be e[A]. The column space of A is the space spanned by its
column vectors, and similarly for the row space. The dimensionalities of these spaces
are equal, and this dimensionality is called the the rank of A. That is, the number of
linearly independent column vectors in A equals the number of linearly independent
row vectors. Clearly

rank[A] < min{w[A], e[A]}.

The matrix A is said to be full column rank iff rank[A] = w[A], and similarly full row
rank iff rank[A] = ¢g[A].

For a square real matrix, we denote the set of eigenvalues by {A(A)}. Note that
{MA)} ={AAT)}. We define

Amax[A] = max{Re[A(A)]}.

If Amax[A] < O then A is said to be Hurwitz, or, as is appropriate in the context
of dynamical systems, strictly stable. We say A is stable if Ayx[A] < 0, marginally
stable if Ayax[A] = 0and unstable if Ayax[A] > 0. In the context of dynamical systems,
we call the eigenvectors {X;: AX; = AX;} the dynamical modes of the system.

For a symmetric real matrix, all A(A) are real. If they are all positive A is called
positive definite, denoted A > 0. If they are non-negative A is called positive semi-
definite (PSD), denoted A > 0. These remarks also apply to an Hermitian complex
matrix. Any matrix P satisfying

P = BOBT,
where Q is PSD and B is an arbitrary matrix, is PSD. Also, any matrix P satisfying
AP +PAT +Q =0,

where Q is PSD and A is stable, is PSD. Conversely, if P and Q are PSD then A is
necessarily stable.

For an arbitrary matrix A, there exists a unique pseudoinverse, or Moore—Penrose
inverse, A™. It is defined by the four properties

1. AA*A=A

2. ATAAT = A+
3. (AAH)T = AA*
4. (ATA)T = ATA.

If A is square and invertible then A* = A~!. If A is non-square, then A™ is also non-
square, with e[A*] = w[A] and w[A*] = ¢[A]. The pseudoinverse finds the ‘best’
solution X to the linear equation set AX = b, in the sense that X = A™b minimizes the
Euclidean norm ||AX — b||%.
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Then it can be shown that the system state will forever remain a Gaussian state, with
the moments evolving as given above. This can be shown by substitution, as discussed in
Exercise 5.26

The moment evolution equations can also be obtained directly from the Langevin equa-
tion for the configuration (6.47). For example, Eq. (6.50) can be derived directly from
Eq. (6.47) by taking the expectation value, while

d(xx") = (dx)x" 4+ x(dx") + (dx)(dx ") (6.54)
= {[Axdt + Bu(t)dt + E dv(t)]X' +m.t.} +dr EE ", (6.55)

where m.t. stands for matrix transpose and we have used Eq. (6.48). Taking the expectation
value and subtracting

d(EO)T) ={dx) 00" +(x)(dxT) (6.56)
= {[A(X) + Bu(®)]d¢(x") + m.t.} (6.57)
yields Eq. (6.51).

Stability. Consider the case U = 0 — that is, no driving of the system. Then the system
state will relax to a time-independent (stationary) state iff A is strictly stable. By this we
mean that Ayx[A] < O — see Box. 6.1. For linear systems we use the terminology for
the dynamics corresponding to that of the matrix A: stable if Ap,(A) < 0, marginally
stable if Ly (A) = 0 and unstable if Ly, (A) > 0. Note, however, that the commonly used
terminology asymptotically stable describes the dynamics iff A is strictly stable. Returning
to that case, the stationary state (ss) is then given by

(X)y = 0, (6.58)
AV + VAT + D = 0. (6.59)

The linear matrix equation (LME) for Vi can be solved analytically for n = 1 (trivially)
or n = 2, for which the solution is [Gar85]
_ (detA)D+(A—Ttr A)D(A — Itr A)T
= 2(tr A)(det A)

) (6.60)

where [ is the 2 x 2 identity matrix. Note that here we are using tr for the trace of ordinary
matrices, as opposed to Tr for the trace of operators that act on the Hilbert space for a
quantum system. For n > 2, Eq. (6.59) can be readily solved numerically. If the dynamics
is asymptotically stable then all observers will end up agreeing on the state of the system:

pss(x) = g(X, Oa Vss)-

Stabilizability and controllability. As explained above, the above concept of stability has
ready applicability to a system with noise (E # 0) but with no driving (u(z) = 0). However,
there is another concept of stability that has ready applicability in the opposite case — that
is, when there is no noise (E = 0) but the driving U(¢) may be chosen arbitrarily. In that
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case, if we ignore uncertain initial conditions, the system state is essentially identical to its
configuration which obeys

X = AX + Bu(). 6.61)

Since uU(t) is arbitrary and X is knowable to the observer, we can consider the case U = FX
so that

X = (A + BF)X. (6.62)

This motivates the following definition.

The pair (A, B) is said to be stabilizable iff there exists an F such that A 4+ BF is
strictly stable.

This ensures that the observer can control the system to ensure that X — O in the long-time
limit. As we will see later, the concept of stabilizability is useful even in the presence of
noise.

Consider, for example, the free particle of mass m, with X" = (g, p). Say the observer
Alice can directly affect only the momentum of the particle, using a time-dependent linear
potential.

Exercise 6.11 Show that this corresponds to the choices

(0 1/m (0
A_<0 0), B_<1). (6.63)

Then, with arbitrary F' = (f,, f,), we have

0 1/m)
A+ BF = : 6.64
* <fq fo (064

This matrix has eigenvalues given by A% — A fp — fq/m = 0. Clearly, for suitable f, and
fp» A+ BF <0, so the system is stabilizable. This is because by affecting the momentum
the observer can also indirectly affect the position, via the free evolution. By contrast, if
Alice can directly affect only the position then B = (1,0)" and

A fe frtl/m
A+BF_(Oq Y ) (6.65)

This always has a zero eigenvalue, so the system is not stabilizable. The zero eigenvalue
arises because the momentum never changes under this assumption.

A stronger property than being stabilizable is for (A, B) to be controllable. This allows
the observer to do more: by suitable choice of U(z), Alice can move the configuration from
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Xp at fp to any X; at any #; > #y. It can be shown that the following holds.

The pair (A, B) is controllable iff for any n x n real matrix O there exists a matrix F
such that{A(A + BF)} ={r(0)}.

An equivalent characterization of controllability is that the controllability matrix
[B AB A’B --- A" 'B] (6.66)

has full row rank (see Box. 6.1). It can be shown that this is also equivalent to the condition
that [(s/ — A)B] has full row rank for all s € C. For proofs see Ref. [ZDG96].

In the above example of a free particle, the stabilizable system is also controllable because
in fact the eigenvalues of Eq. (6.64) are those of an arbitrary real matrix. Note that this does
not mean that A + BF is an arbitrary real matrix — two of its elements are fixed!

6.4.2 Conditional dynamics

The second restriction necessary to obtain a linear system, in addition to Eq. (6.47), relates
to the conditional dynamics.

(ii) The system state is conditioned on the measurement result

y df = Cx dt + dvp(2). 6.67)

This is usually known as the outputr of the system, but we will also refer to it as the
measured current. Here C is not necessarily square, but can be taken to be of full row rank.
The measurement noise dvy, is a vector of independent Wiener processes. That is,

E[dv,,] = O, dvy(dvy,) " = I dr. (6.68)

As explained in Section 6.3.2, the measurement noise need not be independent of the process
noise (although in many control-theory texts this assumption is made). We can describe the
correlations between the measurement and process noises by introducing another matrix I':

Edv,dv, =TT dr. (6.69)

A cross-correlation matrix I" is compatible with a given process noise matrix E iff we can
define a matrix E such that

EE"=EET —-T'T. (6.70)

That is, iff D — I''T" is PSD.
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Using the theory presented in Section 6.3.2, the Kushner—Stratonovich equation appro-
priate to this conditioning is

dpc(®) = {=VT[AX+ Bu()] + 5 V' D V}p.(X)dt
+dw {C(X — (X)) — T V}p.(X). (6.71)

Here the vector of innovations is given by
dw =ydr — C(X).dt = dvy, + C(X —(X).)dz. (6.72)

It can be shown that, like the unconditional equation (6.49), the conditional equation (6.71)
admits a Gaussian state as its solution. This can be shown using the It6 calculus as in
Exercise 5.34. However, it is easier to derive this solution directly from the Langevin
equation (6.47) and the current equation (6.67), as we now show.

The crucial fact underlying the derivation is that, if one has two estimates X; and X,
for a random variable X, and these estimates have Gaussian uncertainties described by
the covariance matrices V| and V,, respectively, then the optimal way to combine these
estimates yields a new estimate X3 also with a Gaussian uncertainty V3, given by

V= 4+ v hH7 (6.73)
X3 = V3(V'%) + V; '%0). (6.74)

Here optimality is defined in terms of minimizing trffMA], where A is the covariance matrix
E[(X3 — X)(X3 — X) "] of the error in the final estimate and M is any PD matrix. This result
from standard error analysis can also be derived from Bayes’ rule, with g(X; X;, V) being
the prior state and g(X; X», V,) the forward probability (or vice versa), and g(X; X3, V3) the
posterior probability. The derivation of this result in the one-dimensional case was the
subject of Exercise 1.5.

Before starting the derivation it is also useful to write the problem in terms of independent
noise processes. It is straightforward to check from Eq. (6.69) that this is achieved by
defining

Edv, =T"dvy, + E dVym, (6.75)

where dv,,.,, is pure process noise, uncorrelated with dvy,. This allows the system Langevin
equation to be rewritten as

dx = Ax dr + Bu(t)dr + FT(y —Cx)dr + E dVpm(2). (6.76)

Now, consider a Gaussian state gp(X, 1) = g(X;(X), V), and consider the effect of the
observation of y(#)d¢. Let X; be an estimate for X + dX, taking into account the dynamical
(back-action) effect of y on X. From Eq. (6.76), this is

X =(X) + (A — T TC)(X)dr + Bu(t)dr + ' Ty dr. (6.77)
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The uncertainty in this estimate is quantified by the covariance matrix

Vi =((X+dx — X)X+ dx — %)) ") (6.78)

=V+d{[(A-TTOV+mt]+EE}, (6.79)

where the final term comes from the independent (and unknown) final noise term in
Eq. (6.76). The estimate X; for X 4 dx does not take into account the fact that y depends
upon X and so yields information about it. Thus from Eq. (6.67) we can form another
estimate. Taking C to be invertible for simplicity (the final result holds regardless),

X, =Cy (6.80)

is an extimate with a convariance matrix
Va =((X 4+ dX — X)X+ dX — %)) (6.81)
=(C'Ccdn! (6.82)

to leading order. Strictly, X, as defined is an estimate for X, not X + dX. However, the infinite
noise in this estimate (6.82) means that the distinction is irrelevant.

Because dvy, is independent of dV,,.n, the estimates X; and X, are independent. Thus we
can optimally combine these two estimates to obtain a new estimate X3 and its variance Vj:

Vs=V+dt[(A-T'OOV+VA-T'O)T+EET —vCTcv], (6.83)
%3 =(X) +dt[(A —TTC)X)+ Bu(t) — VCTCX) ]+ (VCT +THyr)dr.  (6.84)
Exercise 6.12 Verify these by expanding Egs. (6.73) and (6.74) to O(dt).

Since X3 is the optimal estimate for the system configuration, it can be identified with
(X). (t + dt) and V3 with V(¢ 4+ dr). Thus we arrive at the SDEs for the moments which
define the Gaussian state g (X),

d(x). = [A(X)c + Bu®)]dt + (V.CT +T'")dw, (6.85)
Ve=AV.+ VAT +D—(V.CT+T")CV,+T). (6.86)

Note that the equation for V is actually not stochastic, and is of the form known as a Riccati
differential equation. Equations (6.85) and (6.86) together are known as the (generalized)
Kalman filter.

Detectability and observability. The concepts of stabilizability and controllability from
control engineering introduced in Section 6.4.1 are defined in terms of one’s ability to
control a system. There is a complementary pair of concepts, detectability and observability,
that quantify one’s ability to acquire information about a system.

A system is said to be detectable if every dynamical mode that is not strictly stable is
monitored. (See Box. 6.1 for the definition of a dynamical mode.) That is, given a system
described by Eqgs. (6.47) and (6.67), detectability means that, if the drift matrix A leads to
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unstable or marginally stable motion, then ¥ o< CX should contain information about that
motion. Mathematically, it means the following.

The pair (C, A) is detectable iff
CX)» 75 0 VX)bZ AXA = )\.X)L with RC()\.) > 0. (687)

Clearly, if a system is not detectable then any noise in the unstable or marginally stable
modes will lead to an increasing uncertainty in those modes. That is, there cannot be a
stationary conditional state for the system.

A simple example is a free particle for which only the momentum is observed. That is,

0 1I/m
A= , C=(0,0), 6.88
( o o ) (0.¢) (6.88)
for which (C, A) is not detectable since C(1, 0)" = 0 while A(1,0)" = 0(1, 0)". No infor-
mation about the position will ever be obtained, so its uncertainty can only increase with
time. By contrast, a free particle for which only the position is observed, that is,

(0 1/m 3
A_<O 0 ) C =(c,0), (6.89)

is detectable, since (1, 0)T is the only eigenvector of A, and C(1,0)" = c.
A very important result is the duality between detectability and stabilizability:

(C, A) detectable <= (A", C") stabilizable. (6.90)

This means that the above definition of detectability gives another definition for stabiliz-
ability, while the definition of stabilizability in Section 6.4.1 gives another definition for
detectability.

A stronger concept related to information gathering is observability. Like controllability,
it has a simple definition for the case in which there is no process noise and, in this case,
no measurement noise either (although there must be uncertainty in the initial conditions
otherwise there is no information to gather). Thus the system is defined byx = AX + Bu(t)
and Yy = CX, and this is observable iff the initial condition Xy can be determined with
certainty from the measurement record {y(t)}ﬁj(‘) in any finite interval. This can be shown
to imply the following.

The pair (C, A) is observable iff
CX)\ 75 0 VX)hZ AX)L = )\.XA. (691)
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That is, even strictly stable modes are monitored. For the example of the free particle above,
observability and detectability coincide because there are no stable modes.
Like the detectable—stabilizable duality, there exists an observable—controllable duality:

(C, A) observable <= (A", C") controllable. (6.92)

Thus the above definition of observability gives another definition for controllability, while
the two definitions of controllability in Section 6.4.1 give another two definitions for
observability.

6.4.3 Stabilizing solutions

Even if the unconditioned system evolution is unstable (see Section 6.4.1), there may be a
unique stable solution to the Riccati equation (6.86) for the conditioned variance. If such a
solution V* exists, it satisfies the algebraic Riccati equation

AVS 4+ VSAT 4+ EET —vsCTCvs =0, (6.93)
where
A=A-T'C. (6.94)

If V3 does exist, this means that, if two observers were to start with different initial
Gaussian states to describe their information about the system, they would end up with the
same uncertainty, described by V;*.

It might be thought that this is all that could be asked for in a solution to Eq. (6.93).
However, it should not be forgotten that there is more to the dynamics than the conditioned
covariance matrix; there is also the conditioned mean (X).. Consider two observers (Alice
and Bob) with different initial knowledge so that they describe the system by different initial
states, g(X;(x)*, V) and g (X;(x)?, V), respectively. Consider the equation of motion for
the discrepancy between their means d. = (X) ? —(X) f . Assuming both observers know y(t)
and u(z), we find from Eq. (6.85)

dd. = dt[Ad. — VACTC(E + VECTCE] + (VA — VE)CTy)dr.  (6.95)

Now say in the long-time limit VA and V.2 asymptotically approach V5. In this limit the
equation for d. becomes deterministic:

d.= Md., (6.96)

where

M=A-VSCTC=A—-(VSCT +TT)C. (6.97)
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Thus for Alice and Bob to agree on the long-time system state it is necessary to have M
strictly stable.

A solution V* to Eq. (6.93) that makes M strictly stable is known as a stabilizing
solution. Because of their nice properties, we are interested in the conditions under which
stabilizing solutions (rather than merely stationary solutions) to Eq. (6.93) arise. We will
also introduce a new notation W to denote a stabilizing V. Note that, from Eq. (6.93), if
W exists then

—MW —-WMT =EET +wWCTCWw. (6.98)

Now the matrix on the right-hand side is PSD, and so is W. From this it can be shown
that M is necessarily stable. But to obtain a stabilizing solution we require M to be strictly
stable.

It can be shown that a stabilizing solution exists iff (C, A) is detectable, and

ETx, #0Vx,: ATx, = Ax, with Re(A) = 0. (6.99)

Note that this second condition is satisfied if (A, E) is stabilizable (or, indeed, if (— A, E)
is stabilizable), which also guarantees uniqueness.

Exercise 6.13 Show that (C, A) is detectable iff (C, A) is detectable.

Hint: First show that (C, A) is detectable iff (C, A —T'"C) is detectable, and that the
latter holds iff 3L: A — T'TC + LC is strictly stable. Define L' = L —T'T, to show that
this holds iff AL": A + L'C is strictly stable.

The second condition (6.99) above deserves some discussion. Recall that E is related to
the process noise in the system — if there is no diffusion (D = 0) then E = 0. The condition
means that there is process noise in all modes of A that are marginally stable. It might seem
odd that the existence of noise helps make the system more stable, in the sense of having all
observers agree on the best estimate for the system configuration X in the long-time limit.
The reason why noise can help can be understood as follows. Consider a system with a
marginally stable mode x with the dynamicsx = 0 (i.e. no process noise). Now say our
two observers begin with inconsistent states of knowledge, say p%(¥) = §(X¥ — x%) with
a = Aor B and x* # x2. Then, with no process noise, they will never come to agreement,
because the noise in y(#) enables each of them to maintain that their initial conditions are
consistent with the measurement record. By contrast, if there is process noise in x then
Alice’s and Bob’s states will broaden, and then conditioning on the measurement record
will enable them to come into agreement.

For a system with a stabilizing solution W, the terminology ‘filter’ for the equations
describing the conditional state is easy to explain by considering the stochastic equation
for the mean. For simplicity let u = 0. Then, in the long-time limit, Eq. (6.85) turns into

d(x). = M(X)cdt + Fy(t)dr. (6.100)
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Here F (a capital f) is defined as
F=CW+T. (6.101)

Equation (6.100) can be formally integrated to give, in the long-time limit,

(X) () = / eM=IETy(s)ds. (6.102)

Since M < 0, the Kalman filter for the mean is exactly a low-pass filter of the current y.

Possible conditional steady states. For a linear system with a stabilizing solution of the
algebraic Riccati equation, we have from the above analysis a simple description for the
steady-state conditioned dynamics. The conditioned state is a Gaussian that jitters around
in configuration space without changing ‘shape’. That is, V, is constant, while (X). evolves
stochastically. For u(¢) = 0, the evolution of (X).. is

d(x). = A(X).dr + F' dw. (6.103)
Now the stationary variance in X is given by
Vi = B Xx] (6.104)
= Eg[(X — (X)o)(X — (X)) "+ (X)c(X) ] (6.105)
= W + Egxl(X)c (X 1. (6.106)

For a system with strictly stable A, one can find E[(X), (X)CT] from the Ornstein—Uhlenbeck
equation (6.103). By doing so, and remembering that W satsfies

AW +WAT + D =F'F, (6.107)

it is easy to verify that Vs as given in Eq. (6.106) does indeed satisfy the LME (6.59),
which we repeat here:

AV + VAT + D =0. (6.108)
Since Eg [(X)C(X)CT] > (it is clear that
Vi — W > 0. (6.109)

That is, the conditioned state is more certain than the unconditioned state. It might be
thought that for any given (strictly stable) unconditioned dynamics there would always be
a way to monitor the system so that the conditional state is any Gaussian described by
a covariance matrix W as long as W satisfies Eq. (6.109). That is, any conditional state
that “fits inside’ the unconditional state would be a possible stationary conditional state.
However, this is not the case. Since F'F > 0, it follows from Eq. (6.107) that W must
satisfy the linear matrix inequality (LMI)

AW +WAT + D >0, (6.110)
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which is strictly stronger than Eq. (6.109). That is, it is the unconditioned dynamics (A
and D), not just the unconditioned steady state Vi, that determines the possible asymptotic
conditioned states.

The LMI (6.110) is easy to interpret. Say the system has reached an asymptotic con-
ditioned state, but from time ¢ to ¢ + d¢ we ignore the result of the monitoring. Then the
covariance matrix for the state an infinitesimal time later is, from Eq. (6.51),

V(t+dt) =W+ dt(AW + WAT + D). 6.111)

Now, if we had not ignored the results of the monitoring then by definition the conditioned
covariance matrix at time ¢ 4+ dr would have been W. For this to be consistent with the state
unconditioned upon the result y(¢), the unconditioned state must be a convex (Gaussian)
combination of the conditioned states. In simpler language, the conditioned states must ‘fit
inside’ the unconditioned state. This will be the case iff

Vi +dt)— W =0, (6.112)

which is identical to Eq. (6.110).

As well as being a necessary condition on W, Eq. (6.110) is a sufficient condition. That
is, given a W such that AW + WAT 4+ D >0, itis always possible to find a C and I" such
that (CW +T)T(CW +T') = AW + WAT + D. This is easy to see for the case W > 0,
since then I" can be dispensed with.

Exercise6.14 Prove the result for the case in which some of the eigenvalues of W are zero,
remembering that T’ must satisfy D — T''T" > 0. For simplicity, assume D > 0.

6.4.4 LQOG optimal feedback control

LQG problems. Recall from Section 6.3.3 that for a control problem with an additive cost
function (6.44) the separation principle can be used to find the optimal feedback control.
To make best use of the linear systems theory we have presented above, it is desirable to
put some additional restrictions on the control cost, namely that the function 4 in Eq. (6.44)
be given by

h(X;, Uy, t) = 28(t — t)X, Pix; 4+ X PX, +u/ Qu,. (6.113)

Here P; and P are PSD symmetric matrices, while Q is a PD symmetric matrix. In general
P and Q could be time-dependent, but we will not consider that option. They represent
on-going costs associated with deviation of the system configuration X(¢) and control
parameters U(z) from zero. The cost associated with P; we call the terminal cost (recall
that #; is the final time for the control problem). That is, it is the cost associated with not
achieving X(t;) = 0. (The factor of two before the 3-function is so that this term integrates
to X;]r P, X, J)

It is also convenient to place one final restriction on our control problem: that all noise be
Gaussian. We have assumed from the start of Section 6.4 that the measurement and process
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LQG CONTROLLER

Fig. 6.5 A schematic diagram of the LQG feedback control scheme. Compare this with Fig. 6.4. Here
we have introduced Z(t) = V.(t)CT — I'T, where V,(¢) is the conditioned covariance matrix of X and
Edv,dv) =TT dr. The gain K depends upon the control costs for the system and actuator. Note
how the Kalman filter (the equation for d(X)) depends upon u(z), the output of the actuator.

noises are Gaussian, and we now assume that the initial conditions also have Gaussian
noise so that the Riccati equation (6.86) applies. With these restrictions we have defined a
LQG control problem: linear dynamics for X and linear mapping from X and U to output y;
quadratic cost in X and U, and Gaussian noise, including initial conditions.

For LQG problems the principle of certainty equivalence holds. This is stronger than
the separation principle, and means that the optimal input u(¢) depends upon g.(X; t) only
through the best estimate of the system configuration (X(¢))., as if there were no noise
and we were certain that the system configuration was (X(¢)).. Moreover, the optimal u(t)
depends linearly upon the mean:

u() = —K (@) {X()).. (6.114)
The matrix K (¢) is given by
K@) =0 'BTX(). (6.115)

(Recall that Q > 0 so that Q! always exists.) Here X(¢) is a symmetric PSD matrix
with the final condition X(#;) = Pj, which is determined for 7y <t < #; by solving the
time-reversed equation

dx
d(—1)
Note that K is independent of D and C, and so is independent of the size of the process and
measurement noise — this part of the feedback control problem is completely equivalent to
the no-noise control problem (hence ‘certainty equivalence’). The overall feedback control
scheme is shown in Fig. 6.5.

=P+A'X+XA—-XBQ 'BTX. (6.116)
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Table 6.1. Relations between stabilizing solutions of the algebraic Riccati equation (ARE)
for the cases of observing and controlling a linear system. Here ‘s.s.” means ‘stabilizing
solution’, ‘det.” means ‘detectable’ and ‘stab.’ means ‘stabilizable’. The stabilizee is the
quantity which is stabilized, and ‘ss’ means ‘steady state’.

Observing Controlling
The ARE AW+ WAT+EET =wC'cw ATY +YA4+P=YBQ 'B'Y
has a unique s.s. W: AnaxIM] < O, Y: Anax[V] <O,
where M=A-WC'C, NT=AT —YBQ'BT,
iff (C, A) det. and (A, E) stab. (A, B) stab. and (P, A) det.
The stabilizee is de =(x)* —(x)B E[(x).]
since in ss d.= Md.. d(x), = N{x),dr + FT dw.

Asymptotic LOG problems. Note that Eq. (6.116) has the form of a Riccati equation, like
that for the conditioned covariance matrix V.. As in that case, we are often interested in
asymptotic problems in which #; — fy is much greater than any relevant relaxation time.
Then, if the Riccati equation (6.116) has a unique stationary solution X that is PSD, X
will equal X for much the greater part of the control interval, having relaxed there from
P (which is thus irrelevant). In such cases, the optimal control input (6.114) will be time-
dependent through (x), but K will be basically time-independent. It is often convenient to
assume that P is positive definite, in which case X, will also be positive definite.

For such asymptotic problems it is natural to consider the stability and uniqueness of
solutions. There is a close relation between this analysis of stability and uniqueness and
that for the conditioned state in Section 6.4.3. In particular, the concept of a stabilizing
solution applies here as well. We show these relations in Table 6.1, but first we motivate a
few definitions. Just as we denote a stabilizing solution V* of the algebraic Riccati equation
Eq. (6.93) as W, so we will denote a stabilizing solution X of the Riccati equation (6.116)
in steady state by Y. That is, Y is a symmetric PSD matrix satisfying

ATY+YA+P—-YBO 'B'Y =0 (6.117)
such that
NT=AT—-YBQ 'BT (6.118)

is strictly stable. The relevance of this is that, for this optimal control, the conditioned
system mean obeys, in the long-time limit, the linear equation

d(X). = N(X). dr + FT dw, (6.119)

where F = CW + T as before.

Exercise 6.15 Show this from the control law in Eq. (6.114).
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Since{A(N)} = {A(N T)}, a stabilizing solution Y ensures that the dynamics of the feedback-
controlled system mean will be asymptotically stable.

The conditions under which Y is a stabilizing solution, given in Table 6.1, follow from
those for W, using the duality relations of Section 6.4.2. Just as in the case of Section 6.4.3
with the noise E, it might be questioned why putting a lower bound on the cost, by requiring
that (P, A) be detectable, should help make the feedback loop stable. The explanation is
as follows. If (P, A) were not detectable, that would mean that there were some unstable
or marginally stable modes of A to which no cost was assigned. Hence the optimal control
loop would expend no resources to control such modes, and they would drift or diffuse to
infinity. In theory this would not matter, since the associated cost is zero, but in practice any
instability in the system is bad, not least because the linearization of the system will probably
break down. Note that if P > 0 (as is often assumed) then (P, A) is always detectable.

In summary, for the optimal LQG controller to be strictly stable it is sufficient that (A, B)
and (A, E) be stabilizable and that (C, A) and (P, A) be detectable. If we do not require
the controller to be optimal, then it can be shown (see Lemma 12.1 of Ref. [ZDG96]) that
stability can be achieved iff (A, B) is stabilizable and (C, A) is detectable.

The ‘if” part (sufficiency) can be easily shown since without the requirement of optimality
there is a very large family of stable controllers. By assumption we can choose F such that
A + BF is strictly stable and L such that A 4 LC is strictly stable. Then, if the observer
uses a (non-optimal) estimate X for the system mean defined by

dX = AXdt + Budr — L(y — CX)drt (6.120)
(compare this with Eq. (6.85)) and uses the control law
u= Fx, (6.121)

the resulting controller is stable. This can be seen by considering the equations for the
configuration X and the estimation error € = X — X which obey the coupled equations

dx = (A + BF)xdt — BFedt + E dv,, (6.122)
de= (A + LC)edt + L dvy, + E dv,. (6.123)
Exercise 6.16 Derive these.

Strict stability of A + BF and A + LC guarantees that (X) — Oand that €has a bounded
variance, so that V = (xx') is bounded also.

Control costs and pacifiability. For a stable asymptotic problem the stochastic dynamics
in the long-time limit are governed by the Ornstein—Uhlenbeck process (6.119). This has
a closed-form solution, and thus so does the controller u from Eq. (6.114). Hence any
statistical properties of the system and controller can be determined. For example, the
stationary variance of X is given by Eq. (6.106). From Eq. (6.119), it thus follows that

NV —W)+ (Vo= W)NT +FF=0, (6.124)

and hence Vg can be determined since N is strictly stable.
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One quantity we are particularly interested in is the integrand in the cost function, which
has the stationary expectation value

Eqlh] = tr[P Vi ] + trf[ QK (Ve — W)K 1. (6.125)

Here the stationary expectation value means at a time long after £y, but long before |, so
that both the initial conditions on X and the final condition P; on the control are irrelevant.
For ease of notation, we simply use K to denote the stationary value for K (). From the
above results it is not too difficult to show that Eq. (6.125) evaluates to

Eil[h] = tt[YBQ™'BTYW] + t[Y D). (6.126)
Note that this result depends implicitly upon A, C, I" and P through W and Y.
Exercise 6.17 Derive Eq. (6.125) and verify that it is equivalent to Eq. (6.126).

It might be thought that if control is cheap (Q — 0) then the gain K will be arbitrarily
large, and hence N = A — BK will be such that the fluctuations in (X). will be completely
suppressed. That is, from Eq. (6.124), it might be thought that the distinction between the
conditioned W and unconditioned Vi covariance matrix will vanish. However, this will be
the case only if B allows a sufficient degree of control over the system. Specifically, it can
be seen from Eq. (6.124) (or perhaps more clearly from Eq. (6.119)) that what is required
is for the columns of F' to be in the column space of B (see Box 6.1). This is equivalent
to the condition that

rank[ B] = rank[B FT]. (6.127)

We will call a system that satisfies this condition, for F = CW 4 I"' with W a stabilizing
solution, pacifiable.

Note that, unlike the concepts of stabilizability and controllability, the notion of pacifia-
bility relies not only upon the unconditioned evolution (matrices B and A), but also upon
the measurement via C and I" (both explicitly in F and implicitly through W). Thus it
cannot be said that pacifiability is stronger or weaker than stabilizability or controllability.
However, if B is full row rank then all three notions will be satisfied. In this case, for cheap
control the solution ¥ of Eq. (6.117) will scale as Q'/?, and we can approximate Y by the
solution to the equation

YBQ'B'Y =P, (6.128)
which is independent of the system dynamics.
Exercise 6.18 Convince yourself of this.
In this case, the second term in Eq. (6.126) scales as 0'/? so that

Ei[h] — t[PW]. (6.129)

Realistic control constraints. While it seems perfectly reasonable to consider minimizing
a quadratic function of system variables (such as the energy of a harmonic oscillator), it
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might be questioned whether the quadratic cost associated with the inputs U is an accurate
reflection of the control constraints in a given instance. For instance, in an experiment on
a microscopic physical system the power consumption of the controller is typically not a
concern. Rather, one tries to optimize one’s control of the system within the constraints of
the apparatus one has built. For example one might wish to put bounds on E[uu "] in order
that the apparatus does produce the desired change in the system configuration, Bu dt, for
a given input u.? That is, we could require

J—KWV-V)KT >0 (6.130)

for some PSD matrix J. The genuinely optimal control for this physical problem would
saturate the LMI (6.130). To discover the control law that achieves this optimum it would be
necessary to follow an iterative procedure to find the Q that minimizes j while respecting
Eq. (6.130).

Another sort of constraint that arises naturally in manipulating microscopic systems is
time delays and bandwidth problems in general. This can be dealt with in a systematic
manner by introducing extra variables that are included within the system configuration X,
as discussed in Ref. [BMO04]. To take a simple illustration, for feedback with a delay time
7, the Langevin equation would be

dx = Axdr + Bu(r — t)dr + E dvp(1). (6.131)

To describe this exactly would require infinite order derivatives, and hence an infinite
number of extra variables. However, as a crude approximation (which is expected to be
reasonable for sufficiently short delays) we can make a first-order Taylor expansion, to
write

dx = Axdr + B[u(?) — tu (t)]dr + E dvp (). (6.132)

Now we define new variables as follows:
u'(n) = —tu (@), (6.133)
X = u(r), (6.134)

such that U’ is to be considered the new control variable and X' an extra system variable.
Thus the system Langevin equation would be replaced by the pair of equations

dx = [AX + BX']dr + BU'(1)dt + E dv,(t), (6.135)
dx' = B'U'(t)dt, (6.136)
where B’ = —(1/7)1. Note that there is no noise in the equation of X/, so the observer will

have no uncertainty about these variables.

2 Actually, it would be even more natural to put absolute bounds on U, rather than mean-square bounds. However, such non-
quadratic bounds cannot be treated within the LQG framework.
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If there were no costs assigned with either X" or U’ then the above procedure would be
nullified, since one could always choose U’ such that

u'(r) = K(x).(1) = X, (6.137)

which would lead to the usual equation for LQG feedback with no delay. But note that this
equation can be rewritten as

X =X — K{X).(2). (6.138)

This is an unstable equation for X/, so, as long as some suitable finite cost is assigned to
x" and/or U’, the choice (6.137) would be ruled out. Costs on the control U in the original
problem translate into a corresponding cost on X' in the new formulation, while a cost
placed on U’ would reflect limitations on how fast the control signal U can be modified. In
practice there is considerable arbitrariness in how the cost functions are assigned.

6.4.5 Markovian feedback

General principles. As discussed above, for an additive cost function, state-based feedback
(where u(t) is a function of the conditional state g.(X;¢)) is optimal. In this section we
consider a different (and hence non-optimal) sort of feedback: Markovian feedback. By
this we mean that the system input U(¢) is a function of the just-recorded current y(t). We
have already considered such feedback in the quantum setting in the preceding chapter, in
Sections 5.4 and 5.5. This sort of feedback is not so commonly considered in the classical
setting, but we will see that for linear systems much of the analysis of optimal feedback
also applies to Markovian feedback.

The name ‘Markovian feedback’ is appropriate because it leads to Markovian evolution
of the system, described by a Markovian Langevin equation. For example, for the linear
system we have been considering, the control law is

u(r) = Ly(), (6.139)

with L a matrix that could be time-dependent, but for strict Markovicity would not be. The
Langevin equation for the system configuration is then

dx = Axdr + BLydt + E dvy(t) (6.140)
= (A+ BLC)Xdt + BL dVy, + E dv,. (6.141)

Note that for Markovian feedback it is not necessary to assume or derive Eq. (6.139); any
function of the instantaneous current y(¢) that is not linear is not well defined. That is, if one
wishes to have Markovian system dynamics then one can only consider what engineers call
proportional feedback. It should be noted that y(¢) has unbounded variation, so Markovian
control is no less onerous than optimal control with unbounded K (¢), as occurs for zero
control cost, O — 0. In both cases this is an idealization, since in any physical realisation
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both the measured current and the controller response would roll off in some way at high
frequency.

The motivation for considering Markovian feedback is that it is much simpler than
optimal feedback. Optimal feedback requires processing or filtering the current y(¢) in
an optimal way to determine the state g.(X) (or, in the LQG case, just its mean (X).(¢)).
Markovian feedback is much simpler to implement experimentally. One notable example
of the use of Markovian feedback is the feedback-cooling of a single electron in a harmonic
trap (in the classical regime) [DOGO3], which we discuss below. Markovian feedback is
also much simpler to describe theoretically, since it requires only a model of the system
instead of a model of the system plus the estimator and the actuator.

The simplicity of Markovian feedback can be seen in that Eq. (6.141) can be turned
directly into an OUE. The moment equations are as in Egs. (6.50) and (6.51) but with drift
and diffusion matrices

A'= A+ BLC, (6.142)
D' =D+BLL"B" +BLT +T"L"B". (6.143)
Exercise 6.19 Derive these.
Recall that the stationary covariance matrix satisfies
A'Vi+ VAT + D' =0. (6.144)

As for an asymptotic LQG problem with no control costs, the aim of the feedback would be
to minimize tr[ P V] for some PSD matrix P. If B is full row rank and (C, A) is detectable,
then by the definition of detectability it is possible to choose an L such that A’ is strictly
stable. It might be thought that the optimal Markovian feedback would have ||L| large in
order to make the eigenvalues of A’ as negative as possible. However, this is not the case
in general, because L also affects the diffusion term, and if ||L|| — oo then so does D’
(quadratically) so that || V|| — oo also. Thus there is in general an optimal value for L, to
which we return after the following experimental example.

Experimental example: cooling a one-electron oscillator. The existence of an optimal feed-
back strength for Markovian feedback (in contrast to the case for state-based feedback) is
well illustrated in the recent experiment performed at Harvard [DOGO3]. Their system was
a single electron in a harmonic trap of frequency w = 27 x 65 MHz, coupled electromag-
netically to an external circuit. This induces a current through a resistor, which dissipates
energy, causing damping of the electron’s motion at rate y =~ 2w x 8.4 Hz. Because the
resistor is at finite temperature 7' ~ 5.2 K, the coupling also introduces thermal noise into
the electron’s motion, so that it comes to thermal equilibrium at temperature 7'. The damp-
ing rate y is seven orders of magnitude smaller than the oscillation frequency, so a secular
approximation (explained below) is extremely well justified.
We can describe the motion by the complex amplitude

a(t) = e [x(t) — ip(t)]. (6.145)
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Here (for convenience) x is the electron momentum divided by /2m and p is the electron
position divided by /2/(mw?), where m is the electron mass. The complex exponential in
the definition of o removes the fast oscillation from its evolution, so that it should obey the
Langevin equation

do = —%(x dt + /y T[dvi(t) + idva(t)]/V/2, (6.146)

where dv; and dv, are independent Wiener increments. This equation ensures that gg(cr)
is a Gaussian that is independent of the phase of «, has a mean of zero, and has

Eglle|*] = Eg[x* + p*] = 2BE.[x*] = T. (6.147)

This is as required by the equipartition theorem since |« |> equals the total energy (we are
using units for which kg = 1). For cooling the electron we wish to reduce this mean |«|?.

From Eq. (6.146), the steady-state rate of energy loss from the electron due to the damping
(which is balanced by energy gain from the noisy environment) is

P = yEg[la|’] = 2y Eg[x*]. (6.148)

This can be identified with I2R, the power dissipated in the resistor, so if I o« x we must
have

I1=2y/Rx. (6.149)

The voltage drop across the resistor is V = Vj + I R, where V; is Johnson (also known as
Nyquist) noise. Taking this noise to be white, as is the usual approximation, we have in
differential form [Gar85],

Vdt =2y Rxdr +~2TR dvy. (6.150)

But it is this voltage that drives the motion of the electron, giving a term so that the equation
for x is

dx = —wpdt — BV dt (6.151)

for some coupling S.
The damping of « at rate y /2 arises from this coupling of the electron to the resistor.
To derive this we must obtain a damping term —y x df in Eq. (6.151), which requires that

B = +/v/(2R). This gives
dx = —wpdt — yxdt — /yT dvy, (6.152)

together with the position equation dp = wx d¢. On turning these into an equation for o
and making a secular approximation by dropping terms rotating at frequency w or 2w, we
do indeed end up with Eq. (6.146). Note that the secular approximation does not allow us
to drop terms like e’ dvy(t), because white noise by assumption fluctuates faster than any
frequency. Instead, this term gives the complex noise [dvi(¢) + idvy(¢)]/ V2, as can be
verified by making the secular approximation on the correlation function for the Gaussian
noise process el dvy ().
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Exercise 6.20 Verify this derivation of Eq. (6.146), and show that it has the steady-state
solution with the moments (6.147).

Note also that the equilibrium temperature 7 can be obtained by ignoring the free
evolution (that is, deleting the —wp df term in Eq. (6.152)), calculating Eg[x?] and defining

T = 2E[x?]. (6.153)

That is, the same expression holds as when the —wp dt is retained and the secular approx-
imation made as in Eq. (6.147). This happy coincidence will be used later to simplify our
description.

From Eq. (6.152), if the voltage were directly measured, the measurement noise would
be perfectly correlated with the process noise. For the purpose of feedback, it is necessary
to amplify this voltage. In practice this introduces noise into the fed-back signal. Thus, it is
better to model the measured voltage as £/+/y /(2R), where

edt =yxdt +/yT dvy+ /vy Ty dv, (6.154)

Here the temperature 7, (as used in Ref. [DOGO03]) scales the amplifier noise dv,, and is,
in their experiment, much less than 7.

In this experiment it was easy to apply feedback using a second plate to which the electron
motion also couples. Because the relevant system time-scale y ~! ~ 0.02's is so long, the
Markovian approximation (ignoring feedback delay time and bandwidth constraints) is
excellent. It is not necessary to feed back fast compared with the oscillation frequency —
as long as the phase of the fed-back signal is matched to that of the system the effect will
be the same as if there were no time delay. As we will show, the effect of the feedback is
simply to modify the damping rate and noise power in the system. But, rather than deal
with an equation for two real variables (or an equation for a complex variable), we can
instead ignore the —wp dr term in our equation for dx. This is because the equation with
feedback is of the same form as Eq. (6.152), so the same argument as was presented there
applies here too. That is, this procedure leads to the same results as are obtained more
carefully by applying the secular approximation to the full equations of motion. Thus, after
introducing a feedback gain g, the system can be modelled by the following equation for
one real variable:

dx = —yxdt — /yT dvy + gedrt (6.155)
=—(1-glyxdt +/yT dvy] + g/y T dv,. (6.156)

This gives a new system damping rate y, = y(1 — g) and a new equilibrium system

temperature
8 2 Tg
= o

T, = 2E[x*]1 = T(1 — g) + (6.157)

For T, « T, the new temperature T, decreases linearly as g increases towards unity until a
turning point at g >~ 1 — /T, /T, after which it increases rapidly with g. The minimal 7,
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Fig. 6.6 Experimental results for cooling of a single electron by Markovian feedback [DOGO03]. T,
is the equilibrium temperature, while y, is the measured damping rate of the electron’s energy. The
lines or curves are the theoretical predictions. Note the existence of an optimal gain g. Figure 5
adapted with permission from B. D’Urso et al., Phys. Rev. Lett. 90, 043001, (2003). Copyrighted by
the American Physical Society.

at the optimal gain value, is T, ~ 2,/T,T. All of this was seen clearly in the experiment,
with Ty ~ 0.04 K giving a minimum 7, ~ 0.85 K, a six-fold reduction in temperature. This
is shown in Fig. 6.6. The full expression (not given in Ref. [DOGO3]) for the minimum

temperature with feedback is
T, = 2(, |TT, + T2 - Tg). (6.158)

It is interesting to re-examine this system from the viewpoint of conditional dynamics.
Ignoring the —wp dt term in Eq. (6.152), we have a one-dimensional system, so all of
the matrices become scalars. From this equation and Eq. (6.154) it is easy to identify the
following:

(@) = [y(T + T~ e), (6.159)
A=—y, (6.160)
C = [y /T + T)1'?, (6.161)
I = —T[y/(T + T)1"?, (6.162)
A=A—-CT =—yT, /(T +Ty), (6.163)
D=yT, (6.164)

E*=D-T?=yTT,/(T +T,). (6.165)
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It is trivial to verify that this system satisfies the conditions for there to exist a stabilizing
solution W for the stationary conditioned variance equation

AW+ WA+ EET =wcCTcw. (6.166)
By substituting into the above we find
W? +2T,W — TT, =0, (6.167)
giving

W=—T,+ T2+ TT,. (6.168)

Remarkably, this expression, multiplied by two, is identical to the above expression for
the minimum temperature (6.158). This identity is no coincidence. Recall that in steady
state

T = 2Eg[x*] = 2W + 2E[(x)2]. (6.169)

Thus 2W is a lower bound for the temperature 7, of Eq. (6.157). At the optimal value of
feedback gain, the feedback exactly cancels out the noise in the equation for the conditional
mean. We saw the same phenomenon for the one-dimensional quantum system considered
in Section 5.6. Thus with optimal Markovian feedback (x).(f) = O in steady state, and
Ei[x2] = W. Rather than show this explicitly, we show now that this can be done for any
linear system that has a stabilizing solution W.

Understanding Markovian feedback by conditioning. Recall that we can write the condi-
tional mean equation for an arbitrary linear system as

d(x). = [A = Ve()CTC =TT C](X)c dt + Bu(t)dr + [Ve(t)CT 4+ T " ]y(t)dz. (6.170)

Now, if we add Markovian feedback as defined above then the equation for the covariance
matrix is of course unaffected, and that of the mean becomes

d(x). = [A = Ve()CTC =T TC](X)edt + [Ve()CT +T7 + BL]y(r)dt.  (6.171)
Now let us assume that B is such that for all times there exists an L satisfying
BL(t)=—V.(t)CT —T". (6.172)

(Obviously that will be the case if B is full row rank.) Then, for this choice of L, the
equation for the conditioned mean is simply

d(x). = [A = Ve()CTC =TT C{x)c dr. (6.173)
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This is a deterministic equation. All noise in the conditional mean has been cancelled out
by the feedback, so the unconditioned variance and conditioned variance are equal:

V() = Ve(0), (6.174)
Ve=AV.+ VAT + D —(V.CT +TT)CV,+ D). (6.175)

Strictly, the feedback scheme is Markovian only if L is time-independent. This makes
sense if we are concerned with asymptotic problems, for which we should choose

BL=-WC' —I'" = —FT, (6.176)

where W is the stationary conditioned covariance matrix, which we have assumed to be
stabilizing. Such an L will exist provided that rank[ B] = rank[B FT]. That s, provided that
the system is pacifiable (see Section 6.4.4). Then there is a unique (observer-independent)
long-time behaviour for (X)., governed by

d(x). = M(x), dt, (6.177)

where M = A — WC'TC —T'TC. But this M is precisely the matrix defined earlier in
Section 6.4.3: it is the matrix that is strictly stable iff W is a stabilizing solution. Therefore
in the long-time limit (X), = 0 and

V=Ww. (6.178)
In this limit the current is pure noise:
ydr = dw(r). (6.179)

This may be a useful fact experimentally for fine-tuning the feedback to achieve the desired
result when the system parameters are not known exactly, as shown in the experiment
[BRW'06] discussed in Section 5.8.2.

To reiterate, under the conditions

there exists a stabilizing solution W to Eq. (6.175)

there are no control costs (Q — 0)

the system is pacifiable: rank[ B] = rank[ B F'], where F=CW + T
the system costs apply only to the steady state (1, — 00)

bl e

the optimal Markovian feedback scheme is strictly stable and performs precisely as well as
does the optimal state-based feedback scheme.

In fact, we can prove that the above Markovian feedback algorithm can be derived as a
limit of the optimal feedback algorithm that arises when P is positive definite and Q — O.
As discussed in Section 6.4.4, in this case the optimal control is such that BK acts as an
infinite positive matrix on the column space of F'. Recall that for optimal feedback the
conditioned mean obeys

d(X)c(t) = (M — BK){X)(t) + FTy(), (6.180)
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because U(t) = — K (X).(¢). Taking the eigenvalues of BK to positive infinity, the solution
to Eq. (6.180) is simply

Bu(r) = —FTy(1), (6.181)

which is exactly as derived for Markovian feedback.

Exercise 6.21 Derive Eq. (6.181).

Hint: Solve Eq. (6.180) by use of the Laplace transform, and expand in powers of s (the
Laplace variable). Then take the Q — 0 limit to eliminate all terms involving non-zero
powers of s.

The most important message is that the optimal Markovian scheme is intimately con-
nected with the conditioned state . (X; 7). It might be thought therefore that distinguishing
Markovian feedback from state-based feedback is a false dichotomy. However, there is
still an important distinction between the two: Markovian feedback can be described by
Langevin equations for the system configuration X; state-based feedback requires the addi-
tion of (at minimum) the configuration of the estimator, (X).. Moreover, we will see in
Section 6.6.7 that if the system is not pacifiable then Markovian feedback is generally
inferior.

6.5 General quantum systems

This section mirrors Section 6.3 but for quantum systems. That is, we introduce some new
notation and terminology, then consider the diffusive unravelling of general Markovian
master equations, and finally make some general remarks on optimal feedback control.

6.5.1 Notation and terminology

In quantum mechanics the system configuration X = (xy, X3, .. ., X,,) is represented not by
real numbers, but rather by self-adjoint linear operators on a Hilbert space. We write £(IH)
for the set of all linear operators on a Hilbert space H, and ®(H) C £(H) for all self-
adjoint operators. Thus V&, %; € ®(H). To obtain{A(X)} = R it is necessary to consider an
infinite-dimensional Hilbert space. As in the classical case, we assume that X is a complete
set of observables in the sense that any operator in ©(H) can be expressed as a function of
R, but that this is not so if any element %; of X is omitted.

We denote the set of state matrices as G(H) C ©(H). For an observable x with{A(X)} =
R, the quantum state p defines a function

p(X) = Tr[pd(X — )], (6.182)

which is the probability distribution for x. Note that a multi-dimensional (X — &) cannot
be defined as an operator in ©(H) because of the non-commutativity of the elements of X.
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We will also introduce a new notation for the general Lindblad master equation:

hp = —i[H, p] + D[E]p. (6.183)
Here H = H' as before, we have defined a vector of operators € = (¢y, . . ., ¢) 7, and
L
Dlel =Y Dlal. (6.184)
=1

Note that we have introduced Planck’s constant /2~ 1073 Js on the left-hand side of
Eq. (6.183). This is simply a matter of redefinition of units and is necessary in order to
connect quantum operators with their classical counterparts. For example, in this case it is
necessary if H is to correspond to the classical Hamiltonian function. We will see later in
Section 6.6 that keeping / in the formulae, rather than setting 7 = 1 as we have been doing,
is useful for keeping track of what is distinctively quantum about quantum control of linear
systems.

Equation (6.183) can be derived by generalizing the system—bath coupling introduced
in Section 3.11 by introducing L independent baths. Then the Itd stochastic differential
equation for the unitary operator that generates the evolution of the system and bath
observables obeys

hdO (1, 1) = —[dz(éT &/2+if) + (et dB,__, —dBl__, C)]U(t, f).  (6.185)

Note here that &' means the transpose of the vector as well as the Hermitian adjoint of
the operators. The vector of operators dB.__, has all second-order moments equal to zero
except for

dB..__,dB!__, = Indr, (6.186)

where [ is the L x L identity. Note the appearance of & here also.

6.5.2 The Belavkin equation

The master equation (6.183) may be thought of as a quantum analogue of a general Fokker—
Planck equation. If we restrict ourselves to diffusive unravellings (see Section 4.5.2),
the resultant stochastic master equation can be considered an analogue of the Kushner—
Stratonovich equation. This form of the stochastic master equation is sometimes called the
Belavkin equation, since diffusive unravellings were first formulated by Belavkin [Bel88]
in the mathematical physics literature. (He called it a quantum filtering equation.)

We have already presented a general diffusive unravelling in Section 4.5.2. We present
it here again for two reasons. First, we allow for inefficient detection, which we ignored in
Section 4.5.2. Second, we use different notation in order to be consistent with the convention
in this chapter of capital letters for matrices and small bold letters (usually lower case) for
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vectors. The most general Belavkin equation compatible with Eq. (6.183) is
hdp. = dt D[E]p. + H[—iH dt + dz'(1)&]p.. (6.187)

Here we are defining dz = (dzy, ..., dz;) ", a vector of infinitesimal complex Wiener incre-
ments. Like dw, these are c-number innovations and dz' simply means (dz*)". Recall that
‘H is the nonlinear superoperator defined in Eq. (4.24).

The innovations vector dz satisfies E[dZ] = 0, and has the correlations

dzdz' = rH dr, dzdz" = hY dt, (6.188)

where Y is a complex symmetric matrix. Here H (capital 5) allows for inefficient detection.
The set of allowed Hs is

ﬁ:{H:diag(nl,".,nL):Vl, m € [0, 1]}. (6.189)

Here n; can be interpreted as the efficiency of monitoring the /th output channel. This
allows for conditional evolution that does not preserve the purity of states when H # 1.
It is convenient to combine Y and H in an unravelling matrix

_ _ 1 /H+Re[Y] Im[Y]
U=UMH,T)= 2( Im(Y]  H—Re[Y])" (6.190)
The set 31 of valid Us can then be defined by
U={UME,Y:Y="",HeH UHT) >0} (6.191)

Note the requirement that U be PSD.
The output upon which the conditioned state of Eq. (6.187) is conditioned can be written
as a vector of complex currents

Jdr =(€"H +¢r), dr +dz". (6.192)
In the Heisenberg picture, the output is represented by the following operator:
3Tdr = dBT H + dB, T + dATVH — Y*H-IT
+dVTVHI —H) +dViyH T — T 7. (6.193)

This is the generalization of Eq. (4.210) to allow for inefficent detection, with two vectors
of ancillary annihilation operators dA and dV understood to act on other (ancillary) baths
in the vacuum state. Thus, for example,

[dA;, dAT] = hoy; dr. (6.194)

Exercise 6.22 Show that all of the components of 3 and 31 commute with one another, as
required.

Note that the restriction on Y enforced by the requirement U > 0 ensures that the appear-
ances of the matrix inverse H™! in Eq. (6.193) do not cause problems even if H is not
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positive definite. This restriction also implies that all of the matrices under the radical signs
in Eq. (6.193) are PSD, so that the square roots here can be unambiguously defined. Finally,
note also that, for efficient monitoring (H = 1), the ancillary operators dV and dVT are not
needed, but dA still is, as in Eq. (4.210).

6.5.3 Optimal feedback control

The discussion of optimal feedback control for classical systems in Section 6.3.3 applies to
quantum systems with essentially no changes. To re-establish the notation, we will use y(#)
to represent the result of the monitoring rather than J(¢) as above. In the Heisenberg picture,
this will be an operator y(¢) just as J(r)isin Eq. (6.193). Similarly, the feedback signal u(z),
a functional of y(), will be an operator O(¢) in the Heisenberg picture. Given the restrictions
on quantum dynamics, we cannot postulate arbitrary terms in the evolution equation for
the system configuration dependent upon U(z). Rather we must work within the structure of
quantum dynamics, for example by postulating a feedback Hamiltonian that is a function
of u(r):

Hy(t) = F(u(), t). (6.195)

Say the aim of the control is to minimize a cost function that is additive in time. In the
Heisenberg picture we can write the minimand as

j= / (h(%. 0. 1))dr, (6.196)

1o
where X and U are implicitly time-dependent as usual, and the expectation value is taken
using the initial state of the system and bath, including any ancillary baths needed to define
the current such as in Eq. (6.193).

In the Schrodinger picture, the current can be treated as a c-number, and we need only
the system state. However, this state p.(¢) is conditioned and hence stochastic, so we must
also take an ensemble average over this stochasticity. Also, the system variables must still
be represented by operators, X, so that the final expression is

j:/lE{Tr[pc(t)h(X, u, 1)]}dr. (6.197)

fo
As in Section 6.3.3, for an additive cost function the separation principle holds. This was
first pointed out by Belavkin [Bel83], who also developed the quantum Bellman equation
[Bel83, Bel88, Bel99] (see also Refs. [DHIT00, Jam04] and Ref. [BvHO8] for a rigorous
treatment). The quantum separation principle means that the optimal control strategy is
quantum-state-based:

Uope = Un (pe(t). 1). (6.198)

Even in the Heisenberg picture this equation will hold, but with hats on. The conditional
state p.(¢) is a functional (or a filter in the broad sense of the word) of the output y(¢).
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So, in the Heisenberg picture, ¥(¢) begets O.(t), which begets Oy (¢). Note the distinction
between p.(¢) and p (1), the latter being a state conditioned upon a c-number measurement
record.

6.6 Linear quantum systems

We turn now to linear quantum systems. By linear quantum systems we mean the analogue
of linear classical systems as discussed in Section 6.4. This section mirrors that classical
presentation, but there are several differences that it is necessary, or at least interesting, to
discuss. Thus we include additional subsections on the structure of quantum phase-space
and on optimal unravellings.

Before beginning our detailed treatment, we take this opportunity to make the following
point. It is commonly stated, see for example [ADO1], that quantum control is a bilinear
control problem, because even if the time-dependent Hamiltonian is linear in the control
signal, such as Fu(t), the equation of motion for the quantum state is not linear in u(¢).
Rather, taking p(#) and u(¢) together as describing the control loop, we have the bilinear
equation

hp = —iu()[F, p(t)]. (6.199)

However, from our point of view, there is nothing peculiarly quantum about this sit-
vation. The classical control problem, expressed in terms of the classical state, has a
completely analogous form. For example, consider a classical system, with configuration
(g, p), and a classical control Hamiltonian u(¢) F (g, p). Then the equation for the classical
state is

(g, p;t) = u(@®){F(q, p), ©(q, p;t)}ps, (6.200)

where{-, -}pg denotes a Poisson bracket [GPSO01].

The existence of this bilinear description of classical control of course does not preclude
a linear description in terms of the system configuration. Exactly as in the classical case,
a quantum system may have linear dynamics (i.e. a suitable set of observables may have
linear Heisenberg equations of motion), and the measured current may be a linear function
of these observables, with added Gaussian noise (which will be operator-valued). As we
will see, a great deal of classical control theory for such linear systems goes over to the
quantum case.

6.6.1 Quantum phase-space

In order to obtain linear dynamics we require observables with unbounded spectrum. For
example, the position § of a particle has {A(§)} = R. Say our system has N such position
observables, which all commute. To obtain a complete set of such observables, for each
gm we must include a canonically conjugate momentum p,,. It satisfies the canonical
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commutation relation
[Pms Gm] = —ih (6.201)

with its partner, but commutes with all other positions and momenta. To connect with the
classical theory, we write our complete set of observables as

%"= (41, P1, G2s P2y - 4> D). (6.202)
Then the commutation relations they satisfy can be written
Ky Xm] = ihzm/,ms (6.203)

where X isa (2N) x (2N) skew-symmetric matrix with the following block-diagonal form:

N0 o1
>=P So) (6.204)
1

This matrix, called the symplectic matrix, is an orthogonal matrix. That is, it satisfies
>~! = 7 = —3. This means that i¥ is Hermitian. In this situation, the configuration
space is usually called ‘phase-space’ and the term ‘configuration space’ is reserved for the
space in which q resides. However, we will not use ‘configuration space’ with this meaning.

A consequence of the canonical commutation relation is the Schrodinger—Heisenberg
uncertainty relation [Sch30], which for any given conjugate pair (g, p) is

V,Vp, —C;, = (h/2) (6.205)

Here the variances are V, =((ch)2) and V, similarly, while the covariance C,, =
((AQ)AD) + (AG)(AP))/2. Note the symmetrization necessary in the covariance because
of the non-commutation of the deviation terms, defined for an arbitrary observable 6 as
A0 = 0 —(0). The original Heisenberg uncertainty relation (A.10) [Hei27] is weaker, lack-
ing the term involving the covariance. Using the matrix £ and the covariance matrix

Vm’,m = Vmm' = <A)2m’ Afm + Ajem A)’em’>/2a (6206)

we can write the Schrodinger—Heisenberg uncertainty relation as the linear matrix inequality
[Hol82]

V +ihX¥/2 > 0. (6.207)
This LMI can be derived immediately from Eqgs. 6.203 and 6.206, since
V +ih2/2 = ((AN(AR)T), (6.208)

and the matrix on the right-hand side is PSD by construction. Since X is a real matrix, we
can thus also define V by

V = Re[((A(ART)]. (6.209)

Recall that this means the real part of each element of the matrix.
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Exercise 6.23 Show from Eq. (6.207) that V (if finite) must be positive definite.
Hint: First show that, if v and h are the real and imaginary parts of an eigenvector of
V +1hX /2 with eigenvalue A, then

Vv —hE/2\(r\ . (T
(e G e

Then show that this real matrix cannot be positive if V has a zero eigenvalue, using the fact
that  has full rank.

It is convenient to represent a quantum state for this type of system not as a state matrix p
but as a Wigner function W(X) — see Section A.5. This is a pseudo-probability distribution
over a classical configuration corresponding to the quantum configuration X. It is related to
p by

W) = (dw(X —R)) = Tr[pdw (X — X)] (6.211)

(cf. Eq. (6.27)), where
Sw(X — %) = / d*Vk exp[2mik’ (X — R)]. (6.212)

If the observables commuted then 8y (X — X) would become a Dirac §-function 8V (X — K).
Recall from Section 6.5.1 that the latter object does not exist, which is why the state of
a quantum system cannot in general be represented by a true probability distribution over
the values of its observables. The Wigner function evades this because §y (X — R) is not
PSD. Thus, for some states, the Wigner function will take negative values for some X.
Nevertheless, it is easy to verify that for any subset of N commuting observables the
marginal Wigner function is a true probability distribution for those observables. For
example,

so(ql,qz,...,q“m:fd% W, Brs i, ) 6213)

is the true probability density for finding the system positions ¢ to be equal to §. Moreover,
any moments calculated using the Wigner function equal the corresponding symmetrized
moments of the quantum state. For example, with a two-dimensional phase-space,

/ dg dp W(g, p)a*p = Tt[p(@*p + 24 p4 + pa*)/4]. (6.214)

Having defined the Wigner function, we can now define a Gaussian state to be a state
with a Gaussian Wigner function. That is, W(X) is of the form of Eq. (6.53), with mean
vector (R) and covariance matrix V as defined in Eq. (6.206). Such a Wigner function is of
course positive everywhere, and so has the form of a classical distribution function. Thus,
if one restricts one’s attention to the observables symmetrized in X, Gaussian states have
a classical analogue. Note that the vacuum state of a bosonic field, which is the bath state
we assumed in Section 6.5.2, is a Gaussian state (see Section A.3.3). For Gaussian states,
the Schrodinger—Heisenberg uncertainty relation (6.207) is a sufficient as well as necessary
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condition on V for it to describe a valid quantum state. This, and the fact that (6.207) is a
LMI in V, will be important later.

Exercise 6.24 Show that the purity p = Tr[p?] of a state with Wigner function W (X) is
given by
p=Qah)N / d*N)X[W (%1% (6.215)

Hint: First generalize Eq. (A.117) to N dimensions.
Then show that for a Gaussian state this evaluates to

p = det[V1/(h/2)*". (6.216)

6.6.2 Linear unconditional dynamics

Having delineated the structure of quantum phase-space, we can now state the first restric-
tion we require in order to obtain a linear quantum system (in the control theory sense).

(1) The system configuration obeys a linear dynamical equation

d& = ARdr 4 Bu(t)dt + E dU,(¢). (6.217)

This is precisely the same as the classical condition. Unlike in that case, the restrictions
on quantum dynamics mean that the matrices A and E cannot be specified independently.
To see this, we must derive Eq. (6.217) from the quantum Langevin equation generated by
Eq. (6.185). The QLE for R, generalizing that of Eq. (3.172) to multiple baths, is

hd& = de(i[H, 8] + €78¢ — {€7¢/2, %)) + [€ dBin(r), K] — [dB],(1)E, R]. (6.218)

Here &7 ¢ is to be interpreted as Zz 6;5{61, and déin(t) = d@z:,,(t) is the vectorial gener-
alization of Eq. (3.167).

We can derive Eq. (6.217) from Eq. (6.218) if we choose the system Hamiltonian to be
quadratic in X, with the form

H = 1%"GX— K" T Bu(), (6.219)
with G real and symmetric, and the vector of Lindblad operators to be linear in X:
e=Cx. (6.220)
In terms of these we then have
A = 32(G +Im[CTC)), (6.221)
Ed9,(1) = [-idB] (1)CT +idB] (1) C*=]". (6.222)
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The second expression can be interpreted as Gaussian quantum process noise, because of
the stochastic properties of dB;,(¢) as defined by Eq. (6.186).

Exercise 6.25 Derive Egs. (6.221) and (6.222) from Eq. (6.218).

We have not specified separately E and d¥,(¢) because the choice would not be unique.
All that is required (for the moment) is that the above expression for E dV,(r) gives the
correct diffusion matrix:

Ddt = Re[E d¥,(1)d0,(1) ET] (6.223)
= hZ Re[CTCIZ Tdr (6.224)
= h[CTC1Z Tdr. (6.225)

In Eq. (6.223) we take the real part for the same reason as in Eq. (6.209): to determine the
symmetrically ordered moments. In Eq. (6.225) we have introduced a new matrix,

CT =(Re[CT], Im[C ). (6.226)
Using this matrix, we can also write the drift matrix as
A=3%(G+CTS0), (6.227)

where, in terms of the blocks defined by Eq. (6.226),

0 I
sz<_1 0)' (6.228)

Exercise 6.26 Verify that Eq. (6.225) is the correct expression for the diffusion matrix D.
Hint: Calculate the moment equations (6.50) and (6.51) for (X) and V using the Ito
calculus from the quantum Langevin equation (6.218).

The calculations in the above exercise follow exactly the same form as for the classi-
cal Langevin equation. The non-commutativity of the noise operators actually plays no
important role here, because of the linearity of the dynamics. Alternatively, the moment
equations can be calculated (as in the classical case) directly from the equation for the
state:

hip = —i[H, p] + D[Elp. (6.229)

To make an even closer connection to the classical case, this master equation for the state
matrix can be converted into an evolution equation for the Wigner function using the
operator correspondences in Section A.5. This evolution equation has precisely the form
of the OUE (6.49). Thus, the Wigner function has a Gaussian solution if it has a Gaussian
initial state. As explained above, this means that there is a classical analogue to the quantum
state, which is precisely the probability distribution that arises from the classical Langevin
equation (6.47).
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Fluctuation—dissipation relations. If we restrict ourselves to considering symmetrized
moments of the quantum system, then we can go further and say that there is a classi-
cal system that is equivalent to our quantum system. This is because the linearity of the
dynamics means that the quantum configuration ends up being a linear combination of the
initial quantum configuration (assumed to have a Gaussian state) and the bath configuration
(also assumed to have a Gaussian state, the vacuum). Thus any symmetrized function of
the system configuration will be symmetrized in the initial system and bath configuration,
and corresponds to a function of a classical random variable with a Gaussian probability
distribution.

It should not be thought, however, that there are no quantum—classical differences in the
unconditional dynamics of linear systems. As mooted above, the conditions of unitarity
place restrictions on quantum evolutions that are not present classically. Specifically, the
drift and diffusion matrices, A and D, respectively, cannot be specified independently of
one another because both are related to C (or C). This is despite the fact that, considered
on their own, neither A nor D is restricted by quantum mechanics. That is, the drift matrix
A is an arbitrary real matrix. To see this, recall that G is arbitrary real symmetric, whereas
CTSC is an arbitrary real skew-symmetric matrix, and X is invertible. Also, since X is
orthogonal, the diffusion matrix D is an arbitrary real PSD matrix.

The relation between D and A can be seen by noting that

ih
> DY + 15 [E‘IA — (z—lA)T] —hCiE > 0. (6.230)
Here we have used Eqgs. (6.221) and (6.224). Thus
D—in(AX —x"AT)/2>0. (6.231)

As well as being a necessary condition, this LMI is also a sufficient condition on D for a
given drift matrix A. That is, it guarantees that V(¢) + iAX /2 > 0O for all t > £y, provided
thatitis true at# = #y. This is because the invertibility of X allows us to construct a Lindblad
master equation explicitly from the above equations given valid A and D matrices.

The LMI (6.231) can be interpreted as a generalized fluctuation—dissipation relation for
open quantum systems. A dissipative system is one that loses energy so that the evolution is
strictly stable (here we are assuming that the energy is bounded from below; thatis, G > 0).
As discussed in Section 6.4.1, this means that the real parts of the eigenvalues of A must
be negative. Any strictly stable A must have a non-vanishing value of AYX — X TAT and in
this case the LMI (6.231) places a lower bound on the fluctuations D about equilibrium.
Note that in fact exactly the same argument holds for a strictly unstable system (i.e. one for
which all modes are unstable).

By contrast, it is easy to verify that the contribution to A arising from the Hamiltonian
H places no restriction on D. This is because energy-conserving dynamics cannot give
rise to dissipation. To see this, note that ¥~ (2 G)X = GX = —(XG)". This implies that
2 G has the same eigenvalues as the negative of its transpose, which is to say, the same
eigenvalues as the negative of itself. Thus, if A is an eigenvalue then so is —A, and therefore
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it is impossible for all the eignevalues of £ G to have negative real parts. Thatis, A = G
cannot be a strictly stable system.

It might be questioned whether it is appropriate to call Eq. (6.231) a fluctuation—
dissipation relation, because in equilibrium thermodynamics this term is used for a relation
that precisely specifies (not merely bounds) the strength of the fluctuations for a given lin-
ear dissipation [Nyq28, Gar85]. The reason why our relation is weaker is that we have not
made the assumption that our system is governed by an evolution equation that will bring
it to thermal equilibrium at any particular temperature (including zero temperature). Apart
from the Markovicity requirement, we are considering completely general linear evolution.
Our formalism can describe the situation of thermal equilibrium, but also a situation of
coupling to baths at different temperatures, and even more general situations. Thus, just
as the Schrodinger—Heisenberg uncertainty relation can provide only a lower bound on
uncertainties in the system observables, our fluctuation—dissipation relation can provide
only a lower bound on fluctuations in their evolution.

Stabilizability and controllability. The concepts of stabilizability and controllability for
linear quantum systems can be brought over without change from the corresponding clas-
sical definitions in Section 6.4.1. However, the term ‘controllability’ is also used in the
context of control of Hamiltonian quantum systems [RSD195], with a different meaning.
To appreciate the relation, let us write the system Hamiltonian, including the control term,
as

A= H,+ Z Hiuj(1), (6.232)
J
where
1y = 18T GY, (6.233)
H; = —8" T Be;, (6.234)

where the €;s are orthonormal vectors such that u(r) =) juj(t)e;. Note that j in this
section is understood to range from 1 to w[B], the number of columns of B. From these
operators we can form the following quantities:

H; = —(x"%)Be, (6.235)
[Ho, H;1/(h) = —(X" £)ABe;, (6.236)
[Ho, [Ho., H;11/(ih)* = —(X" ©)A’Be; (6.237)

and so on. Here we have used A = X G as appropriate for Hamiltonian systems. The
complete set of these operators, plus Ho, plus real linear combinations thereof, is known
as the Lie algebra generated by the operators {I:I(), I:II, I:IQ, o I:Iw[g]}. (See Box 6.2.) Itis
these operators (divided by / and multiplied by the duration over which they act) which
generate the Lie group of unitary operators which can act on the system. Note that there is
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Box 6.2 Groups, Liegroupsand Lie algebras

A group is a set & with a binary operation ‘-’ satisfying the four axioms

closure: VYA, Be 8, A-Be®

associativity: VA, B,C € 6,(A-B)-C=A-(B-C)

existence of an identity element / € &: VA€ B, A- I =1-A=A
existence of an inverse: VA € ,3JA ' e &: A- A" =A"1 A =1.

Rl S e

For example, the set of real numbers, with - being addition, forms a group. Also, the
set of positive real numbers, with - being multiplication, forms a group. Both of these
examples are Abelian groups; that is, VA, B € &, A- B = B - A. An example of a
non-Abelian group is the set of unitary matrices in some dimensions d > 1, with -
being the usual matrix product.

In physics, it is very common to consider groups that are continuous, called Lie
groups. A common example is a group of matrices (that may be real or complex):

6 ={exp(—iY): Y € g}. (6.238)

Here g is the Lie algebra for the Lie group &. This set is called a Lie algebra because
(i) it forms a vector space with a concept of multiplication (in this case, the usual
matrix multiplication) that is distributive and (ii) it is closed under a particular sort of
binary operation called the Lie bracket (in this case, equal to —i times the commutator
Y, Z1=YZ — ZY). Closure means that

VY, Zeg, —ilY,Z] eg. (6.239)

The generator of a Lie algebra g is a set X ={X,: k} of elements of g that generate
the whole algebra using the Lie bracket. This means the following. We introduce the
recursive definition X" ™! = X" ( J{—i[Y, Z]: ¥, Z € X"}. Then

g = span(X*), (6.240)

where span(S) is the set of all real linear combinations of matrices in the set S. In
many cases (for example when the X; are finite-dimensional matrices) the recursive
definition will cease to produce distinct sets after some finite number of iterations, so
that X*° = X" for some N.

no point in considering commutators containing more than one H i (J # 0) since they will
be proportional to a constant.

Now, the criterion for controllability for a linear system is that the controllability matrix
(6.66) has full row rank. By inspection, this is equivalent to the condition that, out of the
2N x w(B) Hilbert-space operators in the row-vector

(X"Z)[B AB A’B --- A*N71B), (6.241)
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2N are linearly independent combinations of the 2N canonical phase-space variables Xy.
From the above relations, we can thus see that controllability in the sense appropriate to
linear systems can be restated as follows.

A linear quantum system is controllable iff the Lie algebra generated by
{FIO, A 1, ﬂg, e ﬁw[ p1} includes a complete set of observables.

(See Section 6.5.1 for the definition of a complete set of observables.) The significance
of this concept of controllability is that, as defined in Section 6.4.1, the centroid in phase
space(X) can be arbitrarily displaced as a function of time for a suitable choice of u(z). Note
that this concept of controllability does not mean that it is possible to prepare an arbitrary
quantum state of the system.

Having formulated our sense of controllability in Lie-algebraic terms, we can now
compare this with the other sense used in Refs. [Bro73, HTC83, Alt02, RSD"95] and
elsewhere. This sense applies to arbitrary quantum systems, and is much stronger than
the notion used above. We consider a Hamiltonian of the form of Eq. (6.232), but with
no restrictions on the forms of I:IO and the H ;. Then Ref. [RSD*95] defines operator-
controllability as follows.

A quantum system is operator-controllable iff the Lie algebra generated by
{Ho, H, Hs, ..., Hyp) is equal to D(H).

(See Section 6.5.1 for the definition of ©(IH).) The significance of this concept of control-
lability is that any unitary evolution U can be realized by some control vector u(r) over
some time interval [fy, #;]. Hence, operator-controllability means that from an initial pure
state it is possible to prepare an arbitrary quantum state of the system.

6.6.3 Linear conditional dynamics

As for the first restriction of Section 6.6.2, the second restriction necessary to obtain a
linear quantum system is again identical to the classical case (apart from hats on all of the
quantities).

(i1) The system state is conditioned on the measurement result

9dr = CRdt + d0n (). (6.242)

This follows automatically from the assumption (6.220) that we have already made, pro-
vided that we use a Wiener-process unravelling to condition the system. Once again,
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however, quantum mechanics places restrictions on the matrix C and the correlations of
the measurement noise d¥,,(z).

We saw in Section 6.5.2 that the most general output of a quantum system with Wiener
noise is a vector of complex currents J defined in Eq. (6.193). This can be turned into a real
vector by defining

ReJ dv,,
=77 L) =cx+ 22 6.243
y <ImJ) Cx+ dr ( )
with
C =2T"C/h. (6.244)

Here T is, in general, a non-square matrix, with [C] rows and ¢[C] columns, such that
TT' = hU, (6.245)

where U is the unravelling matrix as usual. In Eq. (6.243) T is the pseudoinverse, or
Moore—Penrose inverse [CM91, ZDG96] of T (see Box. 6.1). Note that the numbers of
columns of C and of C are equal: w[C] = w[C] = 2N. The number of rows of C, &[C]
(also equal to the dimension of ¥), is equal to the rank of U. The number of rows of C,
e[C] (also equal to twice the dimension of &), is equal to the number of rows (or columns)
of U. This guarantees that the matrix 7 exists.

In Eq. (6.243) we have defined

Re 86J
_ ot
AUy =T (Im 6j)dt, (6.246)

where (cf. Eq. (6.193))

837 dt = dB] H+dBf Y + dATVH — Y*H-!Y

+dVTVHT —H) +dVIVH - T . (6.247)

The measurement noise operator d¥y,(¢) has the following correlations:
A0y, d0] = Idr, (6.248)
Re[E d¥, d0] = T'"dr, (6.249)

just as in the classical case, where here
r=-7'SCx’. (6.250)
Exercise 6.27 Verify these correlations from the above definitions.

The evolution conditioned upon measuring y(¢) is the same as in the classical case. That
is, the conditioned state is Gaussian, with mean vector and covariance matrix obeying
Egs. (6.85) and (6.86), respectively. In the stochastic equation for the mean, the innovation
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is, as expected,
dw = d¥Upy, + C(R —(X),). (6.251)

These quantum Kalman-filter equations can also be derived from the quantum version of
the Kushner—Stratonovich equation, Eq. (6.187). Indeed, by using the Wigner function
to represent the quantum state, the evolution can be expressed precisely as the Kushner—
Stratonovich equation (6.71), involving the matrices A, B, D, C and I.

Fluctuation—observation relations. The above analysis shows that, even including measure-
ment, there is a linear classical system with all the same properties as our linear quantum
system. As in the case of the unconditioned dynamics, however, the structure of quantum
mechanics constrains the possible conditional dynamics. In the unconditioned case this was
expressed as a fluctuation—dissipation relation. That is, any dissipation puts lower bounds
on the fluctuations. In the present case we can express the constraints as a fluctuation—
observation relation. That is, for a quantum system, any information gained puts lower
bounds on fluctuations in the conjugate variables, which are necessary in order to preserve
the uncertainty relations.

Recall that the Riccati equation for the conditioned covariance matrix can be written as

Ve=AV.+V.AT+EET —V.C'CV,, (6.252)

where in the quantum case
A=A-TTC=3[G+C"SU -2U)C], (6.253)
EE"=D-T'IT=mEC'[I-S"USICT". (6.254)
From Eq. (6.252) we see that £ E T always increases the uncertainty in the system state. This
represents fluctuations. By contrast, the term —V.C T CV, always decreases the uncertainty.

This represents information gathering, or observation. The fluctuation—observation relation
is expressed by the LMI

2
EET — %chczT > 0. (6.255)

Exercise 6.28 Show this, by showing that the left-hand side evaluates to the following
matrix which is clearly PSD:

(1 —H 0 T
hXC ( 0 I—H)CE . (6.256)

The first thing to note about Eq. (6.255) is that it is quantum in origin. If & were zero,
there would be no lower bound on the fluctuations. The second thing to notice is that
observation of one variable induces fluctuations in the conjugate variable. This follows
from the presence of the matrix X7 that postmultiplies C in Eq. (6.255). It is most easily
seen in the case of motion in one dimension (N = 1). Say we observe the position ¢, so
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that
ydr = ﬁ(c})c dr + dw, (6.257)

where here « is a scalar expressing the measurement strength. Then Eq. (6.255) says that

. /0 0
T__
EE 2 <o K) > 0. (6.258)

That is, there is a lower bound of (%/k /2)* on the spectral power of momentum fluctuations.
The third thing to note about Eq. (6.255) is that, since D = EET +T''T, our relation
implies the weaker relation

hZ
D — chTczT > 0. (6.259)

As well as being a necessary condition on E given C, Eq. (6.255) is also a sufficient
condition.

Detectability and observability. The definitions of detectability and observability for lin-
ear quantum systems replicate those for their classical counterparts — see Section 6.4.2.
However, there are some interesting points to make about the quantum case.

First, we can define the notion of potential detectability. By this we mean that, given the
unconditioned evolution described by A and D, there exists a matrix C such that (C, A) is
detectable. Classically this is always the case because C can be specified independently of A
and D, so this notion would be trivial, but quantum mechanically there are some evolutions
that are not potentially detectable; Hamiltonian evolution is the obvious example.

We can determine which unconditional evolutions are potentially detectable from A and
D as follows. First note that from Eq. (6.244) the existence of an unravelling U such that
(C, A) is detectable is equivalent to (C, A) being detectable. Indeed, C C results from
the unravelling U = I/2, so a system is potentially detectable iff the U = I /2 unravelling
is detectable. Now, (C, A) being detectable is equivalent to (CTC, A) being detectable.
But, from Eq. (6.225), CTC = X" DX /h. Since the above arguments, mutatis mutandis,
also apply for potential observability, we can state the following.

A quantum system is potentially detectable (observable) iff (27 DX, A) is detectable
(observable).

The second interesting point to make in this section is that, for quantum systems, if
(C, A) is detectable then (—A, E) is stabilizable.> Consider for simplicity the case of
efficient detection, where H = 1. Then the left-hand side of Eq. (6.255) is zero, and we can

3 Note that in Ref. [WDO05] it was incorrectly stated that (A, E) was stabilizable, but the conclusion drawn there, discussed in
Section 6.6.4, is still correct.
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choose
_ ho -
E=3%C. (6.260)
Moreover, A = G, where
- _ —ImY ReY) -
_ T
G=G+C (RCT ImT)C 6.261)

is a symmetric matrix, so that %RTGX is a pseudo-Hamiltonian that generates the part of
the drift of the system which is independent of the record y. Now, since X is invertible, we
can replace X; by XX, everywhere in the definition (6.87) of detectability. It then follows
that (C, A) detectable is equivalent to (CX T, XAX ) detectable (remember that X! =
EN.ButTAYT = 2262 = —GXT = —AT,while CET o ET. Thus, by virtue of the
detectable—stabilizable duality, we have (—A, E) stabilizable. Now for inefficient detection
the fluctuations in the system are greater, so (—A, E") will also be stabilizable in this
case.

Third, we note that, as was the case for controllability, we can give a Lie-algebraic
formulation for observability, at least for the non-dissipative case in which C can be taken
to be real, so that In[CT€] =0 and A = £G. From Section 6.4.2, observability for the
linear system is equivalent to the matrix

[CT ATCT (AT?CT - (AN 1T (6.262)

having full row rank. Now, for this non-dissipative case (so called because the drift evolution
is that of a Hamiltonian system), the method of Section 6.6.2 can be applied to give the
following new formulation.

A non-dissipative linear quantum system is observable iff the Lie algebra generated by
{I:IO, 01, 02, . .., Og(cy} includes a complete set of observables.

Here H is as above, while 6, = €/ CR.

This definition does not generalize naturally to other sorts of quantum systems in the
way that the definition of controllability does. If Hy and {9;} are arbitrary operators,
then the above Lie algebra does not correspond to the operators the observer obtains
information about as the system evolves conditionally. Moreover, unlike in the linear case,
the observability of a general system can be enhanced by suitable application of the control
Hamiltonians {ﬂ j1. Indeed, Lloyd [L1000] has defined observability for a general quantum
system such that it is achievable iff it is operator-controllable (see Section 6.6.2) and
the observer can make at least one nontrivial projective measurement. (His definition of
observability is essentially that the observer can measure any observable, and he does not
consider continuous monitoring.)



6.6 Linear quantum systems 325

6.6.4 Stabilizing solutions

As in the classical case, for the purposes of feedback control we are interested in observed
systems for which the Riccati equation (6.252) has a stationary solution that is stabilizing.
Again, we will denote that solution by W, so we require that

—~ MWy —WyM" =EE" + WyC'CWy (6.263)
has a unique solution such that
M=A-wyC'C (6.264)

is strictly stable. In the above we have introduced a subscript U to emphasize that the
stationary conditioned covariance matrix depends upon the unravelling U, since all of the
matrices A, E and C depend upon U. We call an unravelling stabilizing if Eq. (6.263) has
a stabilizing solution.

As discussed in Section 6.4.3, a solution is stabilizing iff (C, A) (or (C, A)) is detectable
and condition (6.99) is satisfied. As stated there, the second condition is satisfied if (—A, E)
is stabilizable. But, as we saw in the preceding section, in the quantum case, this follows
automatically from the first condition. That is, quantum mechanically, the conditions for
the existence of a stabilizing solution are weaker than classically. Detectability of (C, A)
is all that we require to guarantee a stabilizing solution.

In the quantum case we can also apply the notion of potential detectability from the
preceding section. It can be shown [WDO5] that if the system is potentially detectable then
the stabilizing unravellings form a dense subset* of the set of all unravellings. Now, for
detectable unravellings, the solutions to the algebraic MRE (6.263) are continuous in A E
and C [LR91]. But these matrices are continuous in U, and hence Wy, is continuous in U.
Thus, as long as (i) one restricts oneself to a compact set of Wy s (e.g. a set of bounded Wy, s);
(ii) one is interested only in continuous functions of Wy ; and (iii) the system is potentially
detectable, then one can safely assume that any such Wy is a stabilizing solution.

Possible conditional steady states. We showed in the classical case that the only restriction
on the possible stationary conditioned covariance matrices that a system described by A
and D can have is the LMI

AWy + Wy AT + D > 0. (6.265)

This is also a necessary condition in the quantum case, by exactly the same reasoning,
although in this case we also have another necessary condition on the covariance matrix
given by the uncertainty relation (6.207), which we repeat here:

Wy +1h2/2 > 0. (6.266)

If Wy is the covariance matrix of a pure state, then Eq. (6.265) is also a sufficient
condition for Wy to be a realizable stationary conditioned covariance matrix. This can

4 If a set A is a dense subset of a set B, then for every element of B there is an element of A that is arbitrarily close, by some
natural metric.
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be seen from the phenomenon of pure-state steering as discovered by Schrodinger (see
Section 3.8.1). This was first pointed out in Ref. [WVO01]. Say the system at time ¢ has a
covariance matrix Wy corresponding to a pure state. Recall, from Eq. (6.216), that this is
true iff

det[Wy1 = (h/2)*". (6.267)

Then, if Eq. (6.265) is satisfied, the system at an infinitesimally later time ¢ 4 dr will be
a mixture of states, all with covariance matrix Wy, and with Gaussian-distributed means,
as explained in Section 6.4.3. We call such an ensemble a uniform Gaussian pure-state
ensemble. Then, by virtue of the Schrodinger—-HJW theorem, there will be some way of
monitoring the environment — that part of the bath that has become entangled with the
system in the interval [z, t 4 dt) — such that the system is randomly collapsed to one of the
pure state elements of this ensemble, with the appropriate Gaussian weighting. That is, a
pure state with covariance matrix Wy can be reprepared by continuing the monitoring, and
therefore Wy must be the stationary conditioned covariance matrix under some monitoring
scheme.

Thus we have a necessary condition (Egs. (6.265) and (6.266)) and a sufficient condi-
tion (Egs. (6.265) and (6.267)) for Wy to be the steady-state covariance matrix of some
monitoring scheme.’ If Wy, is such a covariance matrix, then there is an unravelling matrix
U that will generate the appropriate matrices A, E and C so that Wy is the solution of
Eq. (6.263). Moreover, as argued above, as long as Wy, is bounded and (C, A) is detectable,
this Wy can be taken to be stabilizing.

To find an unravelling (which may be non-unique) generating Wy as a stationary con-
ditioned covariance matrix, it is simply necessary to put the U-dependence explicitly in
Eq. (6.263). This yields the LME for U:

RRTUR =D+ AWy + WyAT, (6.268)

where R = 2CWy /h+ SCX. This can be solved efficiently (that is, in a time polynomial
in the size of the matrices). It does not matter whether this equation has a non-unique
solution U, because in steady state the conditional state and its dynamics will be the same
for all U satisfying Eq. (6.268) for a given Wy, This can be seen explicitly as follows. The
shape of the conditioned state in the long-time limit is simply Wy, . The stochastic dynamics
of the mean (X),, is given by

d(R), = [A(R)c + Bu(t)]dt + F' dw, (6.269)

which depends upon U only through the stochastic term. Recall that F = C Wy + I', which
depends on U through C and I" as well as Wy. However, statistically, all that matters is the

5 In Ref. [WDO05] it was incorrectly stated that Eqs. (6.265) and (6.266) form the necessary and sufficient conditions. However,
this does not substantially affect the conclusions of that work, since other constraints ensure that the states under consideration
will be pure, as will be explained later.
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covariance of the noise in Eq. (6.269), which, from Eq. (6.263), is given by
F'dwdw'F = dr(AWy + Wy AT + D), (6.270)

which depends on U only through Wy .
Consider the case in which A is strictly stable so that for u = 0 an unconditional steady
state exists, with covariance matrix satisfying

AV + VAT + D = 0. (6.271)

As noted in the classical case, there exist states with covariance matrix W satisfying
Vs — W > 0 and yet not satisfying Eq. (6.265). This is also true in the quantum case, even
with the added restriction that W correspond to a pure state by satisfying (6.267). That is,
there exist uniform Gaussian pure-state ensembles that represent the stationary solution pg
of the quantum master equation but cannot be realized by any unravelling. In saying that
the uniform Gaussian ensemble represents pgs we mean that

pu = / YR, (AL 6.272)

where p(‘;; has the Gaussian Wigner function W.(X) = g(X;(R)., W), and the Gaussian
distribution of means is

£(R)e) = 8(R)e; 0, Vis — W). (6.273)

In saying that the ensemble cannot be realized we mean that there is no way an observer
can monitor the output of the system so as to know that the system is in the state p(;‘;c,
such that W remains fixed in time but (&), varies so as to sample the Gaussian distribution
(6.273) over time. On the other hand, there are certainly some ensembles that satisfy both
Eq. (6.265) and Eq. (6.267), which thus are physically realizable (PR) in this sense. This
existence of some ensembles representing pss that are PR and some that are not is an
instance of the preferred-ensemble fact discussed in Section 3.8.2.

Example: on-threshold OPO. To illustrate this idea, consider motion in one dimension with
a single output channel (N = L = 1), described by the master equation

hp = —il@p + p)/2. pl + DIg +iplp, (6.274)

where the output arising from the second term may be monitored. This could be realized in
quantum optics as a damped cavity (a harmonic oscillator in the rotating frame) containing
an on-threshold parametric down-converter, also known as an optical parametric oscillator
(OPO). Here p would be the squeezed quadrature and ¢ the anti-squeezed quadrature. The
monitoring of the output could be realized by techniques such as homodyne or heterodyne
detection.

Exercise 6.29 Show that in this case we have

0 1 ~ .
G:(1 O)’ C=(1,i) (6.275)
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and that the drift and diffusion matrices evaluate to

0 0 10
A:(O _2>, D:h(o 1). (6.276)

Since A is not strictly stable, there is no stationary unconditional covariance matrix.
However, in the long-time limit

oo 0
V —> h( 0 1/2), (6.277)

and we come to no harm in defining this to be V. Writing the conditional steady-state
covariance matrix as

h({« ,B)
Wy = — , 6.278
v=73 ( 5y ( )
the LMIs (6.265) and (6.266) become, respectively,

( “ ’8+’>30, (6.279)

B—i vy

1 —B
(—ﬁ - 2)/) > 0. (6.280)

The first of these implies & > 0, y > 0 and ay > 1 4 B%. The second then implies y <
(1—- /2.

In Fig. 6.7 we show four quantum states p&c that are pure (they saturate Eq. (6.279)) and
satisfy Vi — W > 0. That is, they ‘fit inside’ pss. However, one of them does not satisfy
Eq. (6.280). We see the consequence of that when we show the mixed states that these four
pure states evolve into after a short time T = 0.2 in Fig. 6.8. (We obtain this by analytically
solving the moment equation (6.51), starting with(R) = Ofor simplicity.) This clearly shows
that, for the initial state that fails to satisfy Eq. (6.280), the mixed state at time 7 can no
longer be represented by a mixture of the original pure state with random displacements,
because the original state does not ‘fit inside’ the evolved state. The ensemble formed from
these states is not physically realizable. We will see later, in Section 6.6.6, how this has
consequences in quantum feedback control.

6.6.5 LQG optimal feedback control

We can now consider a cost function (6.197) for the quantum system and controller where A
is quadratic, as in Eq. (6.113), but with X replaced by X. This can be justified in the quantum
case for the same sorts of reasons as in the classical case; for instance, in linear systems,
the free energy is a quadratic function of X. The resulting optimization (cost minimization)
problem has exactly the same solution as in the classical case, so all of the discussion on
LQG control in Section 6.4.4 applies here.
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Fig. 6.7 Representation of states in phase-space for the system described in the text. The horizontal
and vertical axes are g and p, respectively, and the curves representing the states are one-standard-
deviation contours of the Wigner function W (g, p). That is, they are curves defined by the parametric
equation W(g, p) =e~'W(g, ¢), where (g, p)" is the centroid of the state. The stationary uncondi-
tioned state has a p-variance of //2 and an unbounded g-variance. A short segment of the Wigner
function of this state is represented by the lightly shaded region between the horizontal lines at
p = £/h/2. The ellipses represent pure states, with area 7 /i. They are possible conditioned states of
the system, since they ‘fit inside’ the stationary state. For states realizable by continuous monitoring
of the system output, the centroid of the ellipses wanders stochastically in phase-space, which is
indicated in the diagram by the fact that the states are not centred at the origin. The state in the
top-right corner is shaded differently from the others because it cannot be physically realized in this
way, as Fig. 6.8 demonstrates.

One new feature that arises in the quantum case is the following. Classically, for a
minimally disturbing measurement, the stronger the measurement, the better the control.
Consider the steady-state case for simplicity. If we say that C = /k Cy, with C fixed, then
the stationary conditioned covariance matrix W is given by the ARE

AW+ WAT +D=xkWC,"C,W. (6.281)

(Note that we have set I' = 0 as appropriate for a minimally disturbing measurement.)

Exercise6.30 Convince yourselfthat, for A, D and C fixed, the eigenvalues of W decrease
monotonically as k increases.

Thus the integrand in the cost function
Ei[h] = t[YBQ 'BTYW] + tr[Y D] (6.282)

is monotonically decreasing with k. By contrast, in the quantum case it is not possible to
say that D is fixed as « increases. Rather, for a minimally disturbing quantum measurement,
the measurement necessarily contributes to D a term A2« XC; ' C, X" /4, according to the
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P P

Fig. 6.8 Representation of the four pure states from Fig. 6.7, plus the mixed states they evolve into
after atime v = 0.2. For ease of comparison we have centred each of these states at the origin, and we
have omitted the shading for the stationary state, but the other details are the same as for the preceding
figure. Note that, apart from the top-right state, the initial states (heavy shading) all ‘“fit inside’ the
evolved states (light shading). Hence they are all physically realizable (PR). The top-right initial state
is unshaded, as is apparent from the parts that do not ‘fit inside’ the evolved state (light shading), and
so is not PR. (The part that does ‘fit inside’ appears with medium shading, as in Fig. 6.7). The four
initial states that appear here are defined as follows. Top-left: the state with minimum g-variance that
fits inside the stationary state. Bottom-left: the state arising from the U = I /2 unravelling. Top-right:
the state with minimum (g — p)? that fits inside the stationary state. Bottom-right: the state with
minimum (g — p)? that is PR.

fluctuation—observation relation. Thus with Dy fixed we have the ARE
AW+ WAT + Dy+1?c=C,"CiE2" /4 =kWC, C;W. (6.283)

Here, the eigenvalues of W are not monotonically decreasing with «, and neither (in
general) is Eg[4]. The cost may actually monotonically increase with «, or there may be
some optimum « that minimizes Eg[%].

Example: the harmonic oscillator. We can illustrate the above idea, as well as other concepts
in LQG control, using the example of the harmonic oscillator with position measurement
and controlled by a spatially invariant (but time varying) force. This was considered by
Doherty and Jacobs [DJ99], who also discussed a physical realization of this system in
cavity QED. We do not assume that the oscillator frequency is much larger than the
measurement rate x, so it is not appropriate to work in the interaction frame. Indeed, we
take the oscillator frequency to be unity, and for convenience we will also take the particle
mass to be unity. We can model this by choosing

10 8 10
G:(O 1), ¢ =k(1,0), Uz(o o)‘ (6.284)
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Exercise 6.31 Show that this gives T' = 0 and

1
a=("Y ., D=nh 00 , C, = (2,0)/vh. (6.285)
-1 0 0 «
In the above we have assumed that Dy = O (that is, that there are no noise sources apart
from the measurement back-action). This allows a simple solution to the algebraic MRE
(6.283):

W =

h (m v ) (6.286)

4\ v (+vV

where v = +/1 + 42 — 1.

Exercise 6.32 Show that, as well as solving Eq. (6.283), this W saturates the LMI (6.266),
and hence corresponds to a pure state.

When « « 1, the measurement of position is slow compared with the oscillation of the
particle. In this limit, v — 2«2 and W — (h/2)I. That s, the conditioned state is a coherent
state of the oscillator, and the conditioned variance in position is /i/2. In physical units, this
(the standard quantum limit for the position variance) is i/ (2mw).

Now consider feedback control of the oscillator, for the purpose of minimizing the energy
in steady state. That is, we choose the cost function P = I, and (from the control constraint
mentioned above), B = (0, 1)T, so that Q is just a scalar. Then Eq. (6.117) for Y becomes

0 -1 0 1 1 0 0 0
(O (S D)0 L) e

Exercise 6.33 Show that, for Q < 1, this ARE has the approximate solution

1 0 )
Y ~ . (6.288)
(Vo Vo
Also show that it is a stabilizing solution.
Hint: For the second part, show first that
1 /0 O
“1pTy ~ __ -

BO"'B'Y ~ @(1 1). (6.289)

Thus the optimal feedback, which adds to the equations of motion the term

d
5((

(@) ) 1 ( 0 )
’ =—— . | 6.290
P ey VO (D) (6230
is asymptotically stable.
Now for this problem we have

F=CW = \/g(\/ﬂ, V). (6.291)
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Therefore, under the optimal feedback, the approximate (for Q < 1) equation for the
unconditioned variance (6.124) is

0 1 h 2v v/ 2v
{(Q—I/Z Q—1/2)(VSS - W)-I—mt} = _@<v\/ﬂ 1)2 ) (6292)
In order to counter the largeness of oY 2 we must have
Vs =W = e(_ll _11> +0(0'?), (6.293)

for some positive constant €.

Exercise 6.34 Prove this by considering an asymptotic expansion of Vis — W in powers

onl/z.

On substituting Eq. (6.293) into Eq. (6.292), we find from equating the top-left element
of both sides that € = hv/(4k) + O(Q'/?). Thus we have finally (remember that v =
V1442 —1)

h(v—i—\/Zv 0
Vssz_

4k 0 v+ (1+v)4/2v

Note that, even though we have set the control cost Q to zero, Vi does not approach W.
The ‘classical’ fluctuations (6.293) are of the same order (%) as the quantum noise W. This
is because the control constraint, that B = (0, l)T, means that the system is not pacifiable.
This follows from Eq. (6.127), since rank[B] is one, but rank[ B F']is two.

Under this optimal feedback control, the integrand in the cost function (6.126) evaluates
to

) + 0(0'?). (6.294)

Exlh]l = t[YBQ 'BTYW] + tf[Y D] (6.295)

- h@(l + 2+ v/Z) £ hO(0'?). (6.296)

Considered as a function of «, this cost has a minimum of /2 as k — 0 (since then v — «/2).
That is, the optimal measurement strength is zero, and the cost rises monotonically with «.
Of course, the measurement strength must be non-zero in order for it be possible to stabilize
the system at all. Moreover, the time-scale for the conditioned system covariance matrix V,
to reach its equilibrium value W is of order x~!, so in practice « cannot be set too small.
Finally, in a realistic system there will be other sources of noise. That is, Dy will not be
zero. The full solution in that case is considerably more complicated, but it is not difficult
to see that in general there will be an optimal non-zero value of « that depends upon D).

Pacifiability revisited. In the limit x — 0 as we have just been considering, v — 0 and
so Vi3 — W — 0. That is, the feedback-stabilized system has no excess variance above the
conditioned quantum state. This is what we expect for a pacifiable system, but we just
showed above that the system is not pacifiable. There are a couple of ways to understand



6.6 Linear quantum systems 333

this conundrum. First, in the limit « — 0, the matrix F in Eq. (6.291) has one element much
larger than the other. Thus to leading order F ~ (\/ﬁ , 0), so that the measurement-induced
noise in the conditioned mean position is much larger than that for the conditioned mean
momentum. Using this approximation, the system is pacifiable from the definition (6.127).

The second way to understand how the system is effectively pacifiable in the x — 0
limit is to make a rotating-wave (or secular) approximation. The weak measurement limit
is the same as the rapid oscillation limit, so it makes sense to move to a rotating frame at
the (unit) oscillator frequency and discard rotating terms. There are many ways to do this:
using the Langevin equations (as discussed in Section 6.4.5), the Belavkin equation, or the
Kalman filter. Here we do it using the Belavkin equation (the SME), which is

hdpe = —il(G* + p2)/2 + u(t)p, pcldt + k dt D[Glpe + Ve dw(t)H[Glpe. (6.297)
On moving to the interaction frame with respect to Hy = h(§2 + p2)/2 we have

hdp. = —i[u(t)(pcost — g sint), p.]1dt + « dt D[§ cost + psint]p.
+ Ve dw(t)H[§ cost + psint]p.. (6.298)

Under the secular approximation, D[§ cos? + psint] — 1D[§] + 1D[p]. Recall from
Section 6.4.5 that we cannot average oscillating terms that multiply dw(z). Rather, we
must consider the average of the correlation functions of dw;(t) = V2 dw(t)cost and
dw, (1) = /2 dw(t)sin ¢, namely dw;(z) dw;(t) = &;; dr. Similarly, we cannot assume that
u(t) is slowly varying and average over oscillating terms that multiply u(¢). Instead we
should define u(t) = u(t)cost and u,(t) = —u(t)sint (and we expect that these will have
slowly varying parts). Thus we obtain the approximate SME

hdp. = —ilu1(t)p — u2()g, pcldt + (/2)de(D[G] + D[ pDpc
+ v/ hic /2 dwy H[G)pe + v/ B /2 dwy H[plpe. (6.299)

Exercise 6.35 Show that for this system we have C = /2x /h 1, A =0, D = (h«/2)I and
B = I. Thus verify that W = (h/2)I and that the system is pacifiable.

6.6.6 Optimal unravellings

The preceding section showed that, as a consequence of the fluctuation—observation relation,
quantum feedback control differs from classical feedback control in that it is often the case
that it is not optimal to increase the measurement strength without limit. However, even for
a given (fixed) measurement strength, there are questions that arise in quantum control that
are meaningless classically. In particular, given a linear system with dynamics described
by the drift A and diffusion D matrices, what is the optimal way to monitor the bath to
minimize some cost function? Classically, the unconditioned evolution described by A and
D would not proscribe the measurements that can be made on the system in any way. But for
quantum systems the fluctuation—observation relation means that the stationary conditioned
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covariance matrix Wy will be positive definite. Thus the control cost associated with the
system will always be non-zero, and will depend upon the unravelling U.

Consider an asymptotic LQG problem. Then the cost to be minimized (by choice of
unravelling) is

m = Eg[h] = tu[YBQO 'BTYWy]+ t[Y D], (6.300)

where Y, B, Q and D are constant matrices (independent of the unravelling U). If Y is
a stabilizing solution then Y BQ~'BTY will be positive definite — if it were not then the
optimal control could allow the uncertainty in some system modes to grow to infinity.
Because of this the optimal solution Wy will always be found to correspond to a pure state,
since that of a mixed state would necessarily give a larger value for trf[Y BQ~'BTY Wy ].
Thus simply minimizing Eq. (6.300), subject to the condition that Wy correspond to a
quantum state, will guarantee that Wy, corresponds to pure state. Recall that W, corresponds
to a quantum state provided that it satisfies the LMI

Wy +ihE/2 > 0. (6.301)

Recall also from Section 6.6.4 that there is a sufficient condition on a pure-state Wy, for it
to be physically realizable, namely that it satisfy the second LMI

AWy + WyAT + D > 0. (6.302)

Now the problem of minimizing a linear function (6.300) of a matrix (here Wy, ) subject to
the restriction of one or more LMIs for that matrix is a well-known mathematical problem.
Significantly, it can be solved numerically using the efficient technique of semi-definite
programming [VB96]. This is a generalization of linear programming and a specialization
of convex optimization. Note that here ‘efficient’ means that the execution time for the
semi-definite program scales polynomially in the system size n. As pointed out earlier, an
unravelling U that gives any particular permissible Wy can also be found efficiently by
solving the linear matrix equation (6.268).

Example: on-threshold OPO. We now illustrate this with an example. Consider the system
described in Section 6.6.4, a damped harmonic oscillator at threshold subject to dyne
detection (such as homodyne or heterodyne). Since optimal performance will always be
obtained for efficient detection, such detection is parameterized by the complex number v,
such that |v| < 1, with the unravelling matrix given by

1/1+Rev Imv
U‘E( Imv 1—Reu)' (6.303)

Homodyne detection of the cavity output corresponds to v = e?, with 6 the phase of the
measured quadrature,

X9 = gcosf — psinb. (6.304)
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That is, & = 0 corresponds to obtaining information only about ¢, while 6 = /2 corre-
sponds to obtaining information only about p. In heterodyne detection information about
both quadratures is obtained equally, and v = O so that U = [/2.

Now let us say that the aim of the feedback control is to produce a stationary state where
g = p as nearly as possible. (There is no motivation behind this aim other than to illustrate
the technique.) The quadratic cost function to be minimized is thus((c} — 13)2>SS. That is,

-1
P=(_1 1.) (6.305)

In this optical example it is simple to displace the system in its phase space by application
of a coherent driving field. That is, we are justified in taking B to be full row rank, so that
the system will be pacifiable.

Any quadratic cost function will be minimized for a pure state, so we may assume that
Eq. (6.301) is saturated, with ay = 1 + B2. Ignoring any control costs, we have Q — 0.
Thus, from Eq. (6.129), the minimum cost m achievable by optimal control is

m = Eg[h] = tu[PWy], (6.306)

constrained only by 0 < y < (1 — 82)/2. The minimum is found numerically to be m* ~
1.127 at B* &~ 0.248 and y* = [1 — (8*)?]/2. Note that for this simple example we do not
need semi-definite programming to find this optimum, but for larger problems it would be
necessary.

Having found the optimal W, we now use Eq. (6.268) to find the optimal unravelling:

Ut — cos’d  cos@sinf
~ \ cos@siné sin’@

) for 0 ~ 0.2787. (6.307)

This corresponds to homodyne detection with 6 being the phase of the measured quadrature
(6 above). Naively, since one wishes to minimize (¢ — p)?, one might have expected that
it would be optimal to obtain information only about ¢ — p. That is, from Eq. (6.304), one
might have expected the optimal 6 to be 7 /4. The fact that the optimal 6 is different from
this points to the nontriviality of the problem of finding the optimal unravelling in general,
and hence the usefulness of an efficient numerical technique for achieving it.

6.6.7 Markovian feedback

Recall from Section 6.4.5 that classically, under the conditions that there exists a stabilizing
solution W, that there are no control costs, that the system is pacifiable, and that we are
interested in steady-state performance only, the optimal control problem can be solved by
Markovian feedback. Exactly the same analysis holds in the quantum case. The required
feedback Hamiltonian is

Hp(t) = K T9(0), (6.308)
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where
fT = —x"SBL/h. (6.309)

Generalizing the analysis of Section 5.5, the ensemble-average evolution including the
feedback is described by the master equation

hp = —ilH, p] + D[¢tlp + hDI[f1p
n {i[(éT, —ieNTpf + p(e', ieHTf] + Hc} (6.310)

Remember that the matrix T is defined such that TT T = AU. Equation (6.310) is not
limited to linear systems. That is, it is valid for any € with ¢ € £(H), any H e D(H), any
f with f; € ©(H) and any U € 4 given by Eq. (6.190).

Exercise 6.36 Referring back to Section 5.5, convince yourself of the correctness of
Eq. (6.310) and show that it is of the Lindblad form.

For linear systems, the master equation (6.310) can be turned into an OUE for the Wigner
function, as could be done for the original master equation as explained in Section 6.6.2.
However, just as for the original evolution (with no feedback), it is easier to calculate the
evolution of R in the Heisenberg picture, including the feedback Hamiltonian (6.308). The
result is precisely Eq. (6.141), with hats placed on the variables. Thus the classical results
for Markovian feedback all hold for the quantum case.

Under the conditions stated at the beginning of this section, it is thus clear that the
optimal measurement sensitivity (if it exists) and the optimal unravelling are the same
for Markovian feedback as for state-based feedback. The optimal unravelling is found by
solving the semi-definite program of minimizing

m = Eg[h] = u[PWy] (6.311)
subject to the LMIs (6.302) and (6.301). Recall that the feedback-modified drift matrix is
M=A+BLC=A—-WyC'C-TTC. (6.312)

For the example considered in the preceding section,

hC/2=-T=T". (6.313)
Thus M = A — 4WyU/h + 2U. For the optimal unravelling (6.307),
v (—129 —1.53
Mo~ <0.32 —1.62)' (6.314)

Exercise 6.37 Show that this is strictly stable, as it should be.

Although it is natural to consider these ideal conditions under which state-based and
Markovian feedback are equally effective, it is important to note that there are common
circumstances for which these conditions do not hold. In particular, there are good reasons
why the control matrix B might not have full row rank. If the ps and gs correspond
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to momenta and positions of particles, then it is easy to imagine implementing a time-
dependent potential linear in the gs (i.e. a time-dependent but space-invariant force), but
not so for a time-dependent Hamiltonian term linear in the ps. In such circumstances
state-based feedback may be strictly superior to Markovian feedback.

This can be illustrated by the harmonic oscillator with position measurement, as consid-
ered in Section 6.6.5. Say B = (0, DT, describing the situation in which only a position-
dependent potential can be controlled. Taking m = w = 1 as before, the feedback-modified
drift matrix is

A'=A+BLC (6.315)
0 1 0

=<_1 O>+<1>(L)(C 0) (6.316)
0 1

:<—1+LC 0.)' (6.317)

Thus the only effect the feedback can have in this situation is to modify the frequency of
the oscillator from unity to /1 — LC. It cannot damp the motion of the particle at all.

How do we reconcile this analysis with the experimental result, discussed in Section 5.8.2,
demonstrating cooling of an ion using Markovian feedback? The answer lies in the secular
approximation, as used in Section 6.6.5 for this sort of system. The rapid (v = 1 MHz)
oscillation of the ion means that the signal in the measured current y(¢) also has rapid
sinusoidal oscillations. In the experiment the current was filtered through a narrow (B =
30kHz) band-pass filter centred at the ion’s oscillation frequency. This gives rise to two
currents — the cosine and the sine components of the original y(¢). The innovations in
these currents correspond exactly to the two noise terms dw; and dw, in the SME (6.299)
under the secular approximation. As shown in that section, the system in the secular
approximation is pacifiable. Moreover, because the bandwidth B was much greater than
the characteristic relaxation rate of the ion (I" = 400 Hz) it is natural (in this rotating frame)
to regard these current components as raw currents y;(¢f) and y,(¢) that can be fed back
directly, implementing a Markovian feedback algorithm. Thus we see that the limitations
of Markovian feedback can sometimes be overcome if one is prepared to be lenient in one’s
definition of the term ‘Markovian’.

6.7 Further reading
6.7.1 Approximations to LQG quantum feedback

No system is exactly linear, hence the LQG control theory discussed here is an idealization.
Nevertheless, LQG control theory can be simply adapted to deal with even quite nonlinear
systems. The optimal approach with nonlinear systems is to use the full nonlinear filtering
equations (the Kushner—Stratonovich equation and Bellman equations classically, or their
quantum equivalent). This is often not practical, because of the difficulty of solving these
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nonlinear equations in real time. Hence it is attractive to consider a suboptimal approach
based on LQG control. The basic idea is to linearize the system around its mean configura-
tion in phase-space, use LQG theory to control the system and to update one’s estimates of
the mean vector and covariance matrix for a short time, and then relinearize around the new
(approximate) mean configuration. As long as the ‘true’ (i.e. optimal) conditioned system
state remains approximately Gaussian, this procedure works reasonably well. Doherty et al.
[DHJT00] demonstrate theoretically that it can be used to control a quantum particle in a
double-well potential, forcing it to occupy one or the other well.

A more immediate application for quantum feedback control is in the cooling of oscil-
lators subject to position monitoring. When a rotating-wave approximation can be made,
Markovian feedback works well, as discussed in Section 6.6.7. However, for systems with
a relatively low oscillation frequency w, such that the feedback-induced damping rate is
comparable to w, state-based control such as LQG is required. The theory of feedback
cooling of nano-mechanical resonators using a simplified version of LQG control was done
by Hopkins ef al. [HIHSO03], and recent experiments suggest that it should be possible to
implement this scheme [LBCS04].

Another example is the feedback cooling of atoms in a standing wave, as analysed by
Steck et al. [SIMT04]. In this case the dynamics is nonlinear, and linearization was used
to derive approximate equations for the mean vector and covariance matrix as described
above. However, in this case the feedback control signal was derived from considering the
exact equations, and was a function of both the mean and the covariance (unlike with LQG
control, where it is always a function of the mean only). It was shown that the atom could
be cooled to within one oscillator quantum of its ground-state energy.

6.7.2 State-based quantum feedback control in finite-dimensional systems

In a series of papers [KorQ1b, RK02, ZRKO05], Korotkov and co-workers have considered
the use of state-based quantum feedback control in a solid-state setting. They show that,
by such control, Rabi oscillations of a solid-state qubit may be maintained indefinitely
(although imperfectly) even in the presence of environmental noise. The basic idea is
to compare the computed phase of the qubit state (as computed from the measurement
results) with the time-dependent phase required for the desired Rabi oscillations, and to
alter the qubit Hamiltonian in order to reduce the discrepancy. Korotkov has also shown
that a more feasible algorithm, which does not involve computing the conditioned state
from the measurement record, works almost as well [Kor05]. This approach, in which the
observed current is filtered through a simple circuit before being fed back, is more like the
current-based feedback considered in Chapter 5.

State-based control of a different two-level system, an atom, has also been considered.
Here the measurement record is assumed to arrive from the spontaneous emission of the
atom. Markovian feedback in this system was considered first [HHM98, WWO01, WWMO1].
It was shown that, by controlling the amplitude of a coherent driving field, the atom could
be stabilized in almost any pure state (for efficient detection). The exceptions were states
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on the equator of the Bloch sphere, for which the Markovian feedback algorithm produced
a completely mixed state in steady state. This deficiency can be overcome using state-based
feedback [WMWO2]. Moreover, it was proven rigorously (i.e. without reliance on numerical
evidence from stochastic simulations) that state-based feedback is superior to Markovian
feedback in the presence of imperfections such as inefficient detection or dephasing.

A final application of state-based control is in deterministic Dicke-state preparation. As
discussed in Section 5.7, Markovian feedback can (in principle) achieve deterministic spin-
squeezing close to the Heisenberg limit. This is so despite the fact that the approximations
behind the feedback algorithm [TMWO02b], which are based on linearizing about the mean
spin vector and treating the two orthogonal spin components as continuous variables, break
down in the Heisenberg limit. The breakdown is most extreme when the state collapses
to an eigenstate of J, (a Dicke state) with eigenvalue zero. This can be visualized as the
equatorial ring around the spin-J Bloch sphere of Fig. 5.4, for which the spin vector has
zero mean. Without feedback, the QND measurement alone will eventually collapse the
state into a Dicke state, but one that can be neither predicted nor controlled. However,
Stockton et al. show using stochastic simulations that state-based feedback does allow the
deterministic production of a J, = 0 Dicke state in the long-time limit [SVHMO04].

Applications of state-based quantum feedback control in quantum information will be
considered in Chapter 7.

6.7.3 Beyond state-based control

There are reasons to consider cost functions that are not additive in time. Considering
the classical case to start, this means cost functions not of the form of Eq. (6.44) (a
time-integral). One reason is found in ‘risk-sensitive’ control [Whi81, DGKF89], in which
small excursions from the desired outcome are tolerated more, large excursions less. Such
control tends to be more robust with respect to errors in the equations describing the system
dynamics. In such cases it can be shown that g.(X; ) is not sufficient to specify the optimal
control law. Interestingly, sometimes the optimal control law is a function of a different
state, g/ (X; 1). That is, the separation principle still applies, but for a state (a normalized
probability distribution) that is differently conditioned upon {y(t’)}tio, and so is not an
optimal predictor for the properties of the system. An example of a risk-sensitive cost
function that yields such a state is an exponential of a time-integral.

James [JamO04, JamOS5] recently derived a quantum equivalent to this type of control,
involving a differently conditioned quantum state p/(¢). Here care must be taken in defining
the cost function, because system variables at different times will not commute. Considering
the case of no terminal costs for simplicity, James defines the cost function to be (R(T)),
where ﬁ(t) is the solution of the differential equation

dR A
5= wCOR() (6.318)
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satisfying R(0) = 1. Here C(r) = fot h(s)ds, where A(¢) is a function of observables at time
t, while u > 0 is a risk parameter. In the limit © — 0, [R(T) — 1]/u — C(T), so the
problem reduces to the usual (‘risk-neutral’) sort of control problem.

A useful and elegant example of risk-sensitive control is LEQG [Whi81]. This is akin to
the LQG control discussed above (an example of risk-neutral control), in that it involves
linear dynamics and Gaussian noise. But, rather than having a cost function that is the
expectation of a time-integral of a quadratic function of system and control variables, it has a
cost function that is the exponential of a time-integral of a quadratic function. This fits easily
in James’ formalism, on choosing A(s) to be a quadratic function of system observables and
control variables (which are also observables in the quantum Langevin treatment [Jam05]).
Just as for the LQG case, many results from classical LEQG theory follow over to quantum
LEQG theory [YamO06]. This sort of risk-sensitive control is particularly useful because
the linear dynamics (in either LQG or LEQG) is typically an approximation to the true
dynamics. Because risk-sensitive control avoids large excursions, it can ensure that the
system does not leave the regime where linearization is a good approximation. That is, the
risk-sensitive nature of the control helps ensure its validity.

A different approach to dealing with uncertainties in the dynamics of systems is the robust
estimator approach adopted by Yamamoto [Yam06]. Consider quantum LQG control, but
with bounded uncertainties in the matrices A and C. Yamamoto finds a non-optimal linear
filter such that the mean square of the estimation error is guaranteed to be within a certain
bound. He then shows by example that linear feedback based on this robust observer results
in stable behaviour in situations in which both standard (risk-neutral) LQG and (risk-
sensitive) LEQG become unstable. Yet another approach to uncertainties in dynamical
parameters is to describe them using a probability distribution. One’s knowledge of these
parameters is then updated simultaneously, and in conjuction, with one’s knowledge of
the system. The interplay between knowledge about the system and knowledge about its
dynamics leads to a surprising range of behaviour under different unravellings. This is
investigated for a simple quantum system (resonance fluorescence with an uncertain Rabi
frequency) in Ref. [GWOL].
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Applications to quantum information processing

7.1 Introduction

Any technology that functions at the quantum level must face the issues of measurement
and control. We have good reasons to believe that quantum physics enables communication
and computation tasks that are either impossible or intractable in a classical world [NCOO0].
The security of widely used classical cryptographic systems relies upon the difficulty of
certain computational tasks, such as breaking large semi-prime numbers into their two
prime factors in the case of RSA encryption. By contrast, quantum cryptography can be
absolutely secure, and is already a commercial reality. At the same time, the prospect of a
quantum computer vastly faster than any classical computer at certain tasks is driving an
international research programme to implement quantum information processing. Shor’s
factoring algorithm would enable a quantum computer to find factors exponentially faster
than any known algorithm for classical computers, making classical encryption insecure.
In this chapter, we investigate how issues of measurement and control arise in this most
challenging quantum technology of all, quantum computation.

The subjects of information theory and computational theory at first sight appear to belong
to mathematics rather than physics. For example, communication was thought to have been
captured by Shannon’s abstract theory of information [SW49, Sha49]. However, physics
must impact on such fundamental concepts once we acknowledge the fact that information
requires a physical medium to support it. This is a rather obvious point; so obvious, in
fact, that it was only recently realized that the conventional mathematics of information
and computation are based on an implicit classical intuition about the physical world. This
intuition unnecessarily constrains our view of what tasks are tractable or even possible.

Shannon’s theory of information and communication was thoroughly grounded in classi-
cal physics. He assumed that the fundamental unit of information is a classical ‘bit’, which
is definitely either in state ‘zero’ or in state ‘one’, and that the process of sending bits
through channels could be described in an entirely classical way. This focus on the classical
had important practical implications. For example, in 1949 Shannon used his formulation of
information theory to ‘prove’ [Sha49] that it is impossible for two parties to communicate
with perfect privacy, unless they have pre-shared a random key as long as the message they
wish to communicate.

341
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Insofar as Shannon’s theory is concerned, any physical quantity that can take one of two
distinct values can support a bit. One physical instantiation of a bit is as good as any other —
we might say that bits are fungible. Clearly, bits can exist in a quantum world. There are
many quantum systems that are adequate to the task: spin of a nucleus, polarization of a
photon, any two stationary states of an atom etc., but, as the reader well knows, there is a
big difference between a classical bit and a two-level quantum system: the latter can be in
an arbitrary superposition of its two levels.

One might think that such a superposition is not so different from a classical bit in a
mixture, describing a lack of certainty as to whether it is in state zero or one, but actually the
situations are quite different. The entropy of the classical state corresponding to an uncertain
bit value is non-zero, whereas the entropy of a pure quantum superposition state is zero. To
capture this difference, Schumacher coined the term gubit for a quantum bit [Sch95]. Like
bits, qubits are fungible and we can develop quantum information theory without referring
to any particular physical implementation. This theory seeks to establish abstract principles
for communication and computational tasks when information is encoded in qubits. For a
thorough introduction to this subject we refer the reader to the book by Nielsen and Chuang
[NCO00].

It will help in what follows to state a few definitions. In writing the state of a qubit,
we typically use some preferred orthonormal basis, which, as in Chapter 1, we denote
{10), |1)} and call the logical basis or computational basis. The qubit Hilbert space could
be the entire Hilbert space of the system or just a two-dimensional subspace of the total
Hilbert space. In physical terms, the logical basis is determined by criteria such as ease
of preparation, ease of measurement and isolation from sources of decoherence (as in
the pointer basis of Section 3.7). For example, if the qubit is represented by a spin of a
spin-half particle in a static magnetic field, it is convenient to regard the computational
basis as the eigenstates of the component of spin in the direction of the field, since the
spin-up state can be prepared to a good approximation by allowing the system to come to
thermal equilibrium in a large enough magnetic field. If the physical system is a mesoscopic
superconducting system (see Section 3.10.2), the computational basis could be two distinct
charge states on a superconducting island, or two distinct phase states, or some basis in
between these. A charge qubit is very difficult to isolate from the environment and thus it
may be preferable to use the phase basis. On the other hand, single electronics can make
the measurement of charge particularly easy. In all of these cases the qubit Hilbert space
is only a two-dimensional subspace of an infinite-dimensional Hilbert space describing the
superconducting system.

Once the logical basis has been fixed, we can specify three Pauli operators, X, Y and Z,
by their action on the logical states |z), z € {0, 1}:

Z|z) = (—1)*|z), 7.1
Y|z) =i(=1)*|1 — z), (7.2)
Xl|z) = |1 = z). (7.3)
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Here, we are following the convention common in the field of quantum information [NCOO].
Note the different notation from what we have used previously (see Box 3.1) of 6,, 6, and
6. In particular, here we do not put hats on X, Y and Z, even though they are operators.
When in this chapter we do use X and ¥, these indicate operators with continuous spectra,
as in earlier chapters. Another convention is to omit the tensor product between Pauli
operators. Thus, for a two-qubit system, ZX means Z ® X. Note that the square of any
Pauli operator is unity, which we denote 7.

This chapter is structured as follows. Section 7.2 introduces a widely used primitive of
quantum information processing: teleportation of a qubit. This involves discrete (in time)
measurement and feedforward. In Section 7.3, we consider the analogous protocol for
variables with continuous spectra. In Section 7.4, we introduce the basic ideas of quantum
errors, and how to protect against them by quantum encoding and error correction. In
Section 7.5 we relate error correction to the quantum feedback control of Chapter 5 by
considering continuously detected errors. In Section 7.6 we consider the conventional error
model (i.e. undetected errors), but formulate the error correction as a control problem with
continuous measurement and Hamiltonian feedback. In Section 7.7 we consider the same
problem (continuous error correction) but without an explicit measurement step; that is,
we treat the measurement and control apparatus as a physical system composed of a small
number of qubits. In Section 7.8 we turn to quantum computing, and show that discrete
measurement and control techniques can be used to engineer quantum logic gates in an
optical system where the carriers of the quantum information (photons) do not interact.
In Section 7.9, we show that this idea, called linear optical quantum computation, can
be augmented using techniques from continuous measurement and control. In particular,
adaptive phase measurements allow one to create, and perform quantum logic operations
upon, qubits comprising arbitrary superpositions of zero and one photon. We conclude as
usual with suggestions for further reading.

7.2 Quantum teleportation of a qubit

We begin with one of the protocols that set the ball rolling in quantum information: quantum
teleportation of a qubit [BBC93]. This task explicitly involves both quantum measurement
and control. It also requires an entangled state, which is shared by two parties, the sender
and the receiver. The sender, Alice, using only classical communication, must send an
unknown qubit state to a distant receiver, Bob. She can do this in such a way that neither
of them learns anything about the state of the qubit. The protocol is called teleportation
because the overall result is that the qubit is transferred from Alice to Bob even though there
is no physical transportation of any quantum system from Alice to Bob. It is illustrated in
Fig. 7.1 by a quantum circuit diagram, the first of many in this chapter.

7.2.1 The protocol

The key resource (which is consumed) in this quantum teleportation protocol is the bipartite
entangled state. Alice and Bob initially each have one qubit of a two-qubit maximally
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Z X |6)e

Fig. 7.1 A quantum circuit diagram for quantum teleportation of an arbitrary qubit state |¢)c from
Alice to Bob, using an entangled Bell state |1) shared by Alice and Bob. The single lines represent
quantum information in qubits, with time increasing from left to right. The two boxes containing dials
represent a measurement of the operator contained within (ZZ and X X, respectively), with possible
outcomes £1. The double lines represent classical bits: the outcomes of the measurements and the
controls which implement (or not) the quantum gates X and Z, respectively. For details see the text.

entangled state such as

V) = %(|O)A|O>B + 1) all)p). (7.4)
This is often known as a Bell state, because of the important role such states play in Bell’s
theorem [Bel64] (see Section 1.2.1). In addition, Alice has in her possession another qubit,
which we will refer to as the client, prepared in an arbitrary state (it could even be entangled
with other systems). For ease of presentation, we will assume that the client qubit is in a
pure state

lp)c = al0)c + Bll)c. (7.5)

This state is unknown to Alice and Bob; it is known only to the client who has entrusted it
to Alice for delivery to Bob. The total state of the three systems is then
V) = L(OtIO)c + B11)c)(10)410) 5 + [1) 411) ). (7.6)
V2

At this stage of the protocol, Alice has at her location two qubits, the client qubit, in an
unknown (to her) state, and one of an entangled pair of qubits. The other entangled qubit is
held at a distant location by Bob.

The next stage requires Alice to measure two physical quantities, represented by com-
muting operators, on her two qubits. These quantities are joint properties of her two qubits,
with operators Z4 ® Z¢ and X4 ®@ Xc.
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Exercise 7.1 Show that these operators commute, that they both have eigenvalues +1 and
that the simultaneous eigenstates are

V2|45 +) = 100) + [11), (7.7
V2|45 =) = 100) — [11), (7.8)
V2|=;4) = 01) +[10), (7.9)
V2|—; =) = |01) — |10). (7.10)

Here the first £ label refers to the eigenvalue for ZZ and the second =+ label to the
eigenvalue of X X, and the order of the qubits is AC as above.

This is known as a Bell measurement, because the above eigenstates are Bell states.
On rewriting the state of the three qubits, Eq. (7.6), in terms of these eigenstates for
qubits A and C, we find

1
V) = §[|+;+>(a|0)3 + A1) p) + |+: —)(@|0) s — BI1))

+ = H) @) + Bl0)p) + | = —)(—all)z + B|0)p)]. (7.11)

Exercise 7.2 Verify this.

Remember that |+; +) etc. refer to entangled states of the A and C qubits held locally by
Alice. It is now clear that the four possible results for the two joint measurements that Alice
must make are equally probable. The results of Alice’s measurement thus give two bits of
information. Furthermore, we can simply read off the conditional state of Bob’s qubit. For
example, if Alice obtains the result (4; +) then Bob’s qubit must be in the state |¢) 5. That
is, it is in the same state as the original client qubit held by Alice. Of course, until Bob
knows the outcome of Alice’s measurement he cannot describe the state of his qubit in
this way. Meanwhile Alice’s final state is unrelated to the original state of the client qubit
because the Bell measurement is a complete measurement (see Section 1.4.2).

The final step of the protocol requires Alice to send the results of her measurements to
Bob by classical communication (e.g. telephone or email). Once Bob has this information,
he may, using a local unitary transformation conditional on Alice’s results, transform his
qubit into the same state as the original client qubit held by Alice. As we have seen, if
Alice gets the result (4; +), then Bob need do nothing. If Alice gets the result (—; +), then
Bob, upon receiving this information, should act upon his local system with the unitary
transformation X g to change his state into |¢) g. Similarly, if Alice gets (4; —) then Bob
should act with Zg, and if (—; —), then with Yz o< Zg X . At no time does Alice or Bob
learn anything about the state of the client system; as shown above, the results of Alice’s
measurement are completely random. Note also that the communication from Alice to Bob
is limited to the speed of light, so the teleportation protocol does not transfer the quantum
state faster than light.
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Exercise 7.3 Suppose the client state is itself entangled with another system, Q. Convince
yourself that, after teleportation, this will result in Bob’s qubit being entangled in the same
way with Q.

Clearly the teleportation protocol just described is just a rather simple form of
measurement-based control in which the results of measurement upon a part of the total
system are used to effect a local unitary transformation on another part of the system. While
Alice and Bob share entangled qubits they must always be regarded as acting on a single
quantum system, no matter how distant they are in space. Only at the end of the protocol
can Bob’s qubit be regarded as an independent quantum system.

7.2.2 A criterion for demonstrating qubit teleportation

In any real experiment, every part of the teleportation will be imperfect: the preparation
of the entanglement resource, Alice’s measurement and Bob’s control. As a result, the
teleportation will not work perfectly, so Bob will end up with a state p different from the
desired state |¢)(¢|. The quality of the teleportation can be quantified by the fidelity,

F = (|pl®). (7.12)

which is the probability for the client to find Bob’s system in the desired state |¢), if he
were to check.

Exercise 7.4 Show that F = 1 iff p = |¢){(¢|.

How much less than unity can the fidelity be before we stop calling this process quantum
teleportation? To turn the question around, what is the maximum fidelity that can be obtained
without using a quantum resource (i.e. an entangled state).

It turns out that the answer to this question hangs on what it means to say that the
client state is unknown to Alice and Bob. One answer to this question has been given by
Braunstein et al. [BFK00] by specifying the ensemble from which client states are drawn.
To make Alice’s and Bob’s task as difficult as possible, we take the ensemble to weight all
pure states equally.

Exercise7.5 Convince yourselfthat the task of Alice and Bob is easier if any other ensemble
is chosen. In particular, if the ensemble comprises two orthogonal states (known to Alice
and Bob), show that they can achieve a fidelity of unity without any shared entangled state.

We may parameterize qubit states on the Bloch sphere (see Box 3.1) by 2 = (6, ¢) accord-
ing to

0 . %
— i} o
|Q)_cos<2>|0)+e sm<2>|1). (7.13)

The uniform ensemble of pure states then has the probability distribution [1/(47)]d2 =
[1/(47)]d¢p sin 6 dO.
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For this ensemble, there are various ways of achieving the best possible classical telepor-
tation (that is, without using entanglement). One way is for Alice to measure Z, and tell
Bob the result, and for Bob to prepare the corresponding eigenstate. From Eq. (7.13), the
probabilities for Alice to obtain the results &1 are cos?(6/2) and sin*(9/2), respectively.
Thus, the state that Bob will reconstruct is, on average,

po = cos2<§>|0) o] + sin2<§>|l)(l|. (7.14)

Exercise 7.6 Show that the same state results if Alice and Bob follow the quantum tele-
portation protocol specified in Section 7.2.1, but with their entangled state |\r) replaced by
the classically correlated state

1
pap = 5(|00){00] + [L1){TL]). (7.15)

From Eq. (7.14), the average fidelity for the teleportation is

_ dQ
F=/4—<QIPQIQ>~ (7.16)
T

Exercise 7.7 Show that this integral evaluates to 2/3.

Thus if, in a series of experimental runs, we find an average fidelity greater than 0.67, we
can be confident that some degree of entanglement was present in the resource used and
that the protocol used was indeed quantum. This has now been demonstrated in a number of
different experimental settings, perhaps most convincingly using trapped-ion qubits, with
Wineland’s group achieving a fidelity of 0.78 [BCS™04].

As it stands, teleporting qubits, while certainly a fascinating aspect of quantum informa-
tion theory, does not seem enormously useful. After all, it requires shared entanglement,
which requires a quantum channel between the two parties to set up. If that quantum channel
can be kept open then it would be far easier to send the qubit directly down that channel,
rather than teleporting it. However, we will see in Section 7.8.3 that quantum teleportation
has an essential role in the field of measurement-based quantum computing.

7.3 Quantum teleportation for continuous variables

Entangled qubit states are a particularly simple way to see how teleportation works. How-
ever, we can devise a teleportation protocol for quantum systems of any dimension, even
infinite-dimensional ones. In fact, the infinite-dimensional case is also simple to treat
[Vai94], and has also been demonstrated experimentally [FSB*98]. It is usually referred
to as continuous-variable (CV) quantum teleportation, because operators with continuous
spectra play a key role in the protocol. As noted in the introduction, here we denote such
operators as Xor? , with the hats to differentiate these from Pauli operators.
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7.3.1 The ideal protocol

The basic procedure is the same as in the qubit case. Alice has an unknown (infinite-
dimensional) client state |¢)c and she shares with Bob an entangled state |y)4p. For
perfect teleportation of an arbitrary state |¢)¢, the state |y) 45 must contain an infinite
amount of entanglement (see Section A.2.2). Let us define CV quadrature operators X4
and ¥, for Alice, and similarly for Bob and for the client. These obey

[X,,Y,] =2is,, forv, u € {A, B, C}, (7.17)

and are assumed to form a complete set of observables (see Section 6.6). This allows us to
define a particularly convenient choice of entangled state for Alice and Bob:

W) ap = e TA%821X 1= Xq)AlY = Yo)s. (7.18)

Here we are following our usual convention so that |X := X,), is the eigenstate of X4
with eigenvalue X etc.

Exercise 7.8 Show that | ) 4 is a joint eigenstate of)A(A — Xpand Y4 + Vg, with eigen-
values Xy and Y.
Hint: First show that €Y+ X5/2X ye=VaXs/2 = X , 4 Xy, using Eq. (2.109).

For the case Xg = Yy =0 (as we will assume below), this state is known as an EPR
state, because it was first introduced in the famous paper by Einstein, Podolsky and Rosen
[EPR35]. Note that the entanglement in this state is also manifest in correlations between
other pairs of observables, such as number and phase [MB99].

In the protocol for teleportation based on this state, Alice now makes joint measurements
of XC -X 4 and Yc + 7 4 on the two systems in her possession. This yields two real
numbers, X and Y, respectively. The conditional state resulting from this joint quadrature
measurement is described by the projection onto the state e-/¢%4/2|X)¢|Y) 4. Thus the
conditioned state of Bob’s system is

1057V g o (X[ a(Y e XA/ 2 HaXs/2 4y 0| X := 0) 4]V := 0)p. (7.19)
Calculating this in the eigenbasis of X 5 gives
p(xlp* ) oc eV 2 (X + x|o)c. (7.20)

Exercise 7.9 Show this, by first using the Baker—Campbell-Hausdor{f theorem (A.118) to
show that

eif’(«)?A/ze—if’A)?B/Z _ e—i?A)?B/Zeif’cf(,q/Zeif’c}?g/z (7.21)
and then recalling that e_i?"/2|X) =|X + x).

Using the last part of this exercise a second time, we can write Eq. (7.20) in a basis-
independent manner as

|¢XY>B P efiYXH/ZeiXYB/2|¢>B- (722)
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Thus, up to two simple unitary transformations (displacements of the canonical variables),
the conditional state of Bob’s system is the same as the initial unknown client state. If Alice
now sends the results of her measurements (X, Y) to Bob, the two unitary transformations
can be removed by local operations that correspond to a displacement in phase-space of X
by X and of ¥ by Y. Thus the initial state of the client has successfully been teleported
to Bob. Note that in this case an infinite amount of information must be communicated by
Alice, because X and Y are two real numbers. It is not difficult to verify that, just as in the
qubit case, no information about |¢) is contained in this communication.

This whole procedure is actually far simpler to see in the Heisenberg picture. Alice
measures X c— X A= X and I?C + f’A = Y. Note that here we are using the operators X
and Y to denote the measurement results (see Section 1.3.2), but in the EPR state, Xa=Xp
and Y4 = — V. Therefore Alice knows X = X c— Xpand Y = ?c — Y. When she sends
this information to Bob, Bob translates Xz — X, = X3 + X = X¢ and Y3 — ¥V} =
Y5 + Y = Yc. Now, since X 3 and Y are by assumption a complete set of observables, all
operators for Bob’s system can be written as functions of X g and )% g. Thus, since Bob’s
new observables are the same as the original observables for the client, it follows that all
properties of Bob’s system are the same as those of the client’s original system. In other
words, the client’s system has been teleported to Bob.

Exercise 7.10 Perform a similar Heisenberg-picture analysis for the case of qubit telepor-
tation.
Hint: You may find the operation @ (see Section 1.3.3) useful.

7.3.2 A more realistic protocol

The EPR state (7.18) is not a physical state because it has infinite uncertainty in the local
quadratures. Thus, if it were realized as a state for two harmonic oscillators, it would contain
infinite energy. In a realistic protocol we must use a state with finite mean energy. In an
optical setting, an approximation to the EPR state is the two-mode squeezed vacuum state
[WMO94a]. This is an entangled state for two modes of an optical field. It is defined in the
number eigenstate basis for each oscillator as

[W)as =V1—32) A"|n)s @ |n)s, (7.23)
n=0

where A € [0, 1). This state is generated from the ground (vacuum) state |0, 0) by the
unitary transformation

O(r) = er@'b'-ah), (7.24)

where A = tanhr and 4 and b are the annihilation operators for Alice’s and Bob’s mode,
respectively. Compare this with the unitary transformation defining the one-mode squeezed
state (A.103).
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The two-mode squeezed state (7.23) approximates the EPR state in the limit A — 1
(r — 00). This can be seen from the expression for |1) 45 in the basis of X, and Xp:

Y(xa, xg) = alxalp(xpl¥) (7.25)
le 672r
=Qn)~'? exp[—?(xA —xp)* — o (xa +xB)2]. (7.26)

This should be compared with the corresponding equation for the EPR state (7.18),
W(xa, x5) o axalp(xple K 21X 1= 0)4lY = 0) (727)
& 8(xq — xp). (7.28)
From Eq. (7.26) it is not difficult to show that
Var(Xs — Xp) = Var(Y4 + V) = 27, (7.29)

so that in the limit » — oo the perfect EPR correlations are reproduced. This result can be
more easily derived in a pseudo-Heisenberg picture.

Exercise 7.11 Consider the unitary operator U(r) as an evolution operator, with r as a
pseudo-time. Show that, in the pseudo-Heisenberg picture,

a . N A N

a—r(XA — Xp) = —(X4 — Xp), (7.30)
N . N .

a_r(YA +Yp) = —(Ya+Yp). (7.31)

Hence, with r = 0 corresponding to the vacuum state |0, 0), show that, in the state (7.23),
the correlations (7.29) result.

If we use the finite resource (7.23), but follow the same teleportation protocol as for the
ideal EPR state, the final state for Bob is still pure, and has the wavefunction (in the Xp
representation)

oo )

¢ "0 = f dr’ e H Ty (e, 1 )pe(X + 1), (7.32)
—00

where ¢c(x) is the wavefunction for the client state and ¥ (x, x’) is given by Eq. (7.26).
Clearly in the limit r — oo the teleportation works as before.

Exercise 7.12 Show that when the client state is an oscillator coherent state |o), with
o € R, the teleported state at B is

1 ixY
S (x) = ()1 exp|:—Z (x — tanh Qo — X))* — % tanh r]. (7.33)

For finite squeezing the state at B is not (even after the appropriate displacements in
phase space) an exact replica of the client state. We are interested in the fidelity,

F = |(glers e 3eXTnjgX0) 2, (7.34)
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In the ideal teleportation g = 1, but here we allow for the gain g to be non-unity. For finite
squeezing, it is in fact usually optimal to choose g # 1.

Exercise 7.13 Show that for the client state a coherent state, |a), the optimal choice of the
gain is g = tanhr, in which case the fidelity is given by

F =e (=8 lal”, (7.35)

7.3.3 A criterion for demonstrating CV teleportation

In a real experiment, the fidelity is going to be less than Eq. (7.35), because of imperfections
in the preparation, measurement and control. Just as in the qubit case, we are interested
in the following question: what is the minimum average fidelity (over some ensemble of
client states) for the protocol to be considered quantum? In this case, we will consider the
ensemble of all possible coherent states, because these are easy states to generate and it
allows one to obtain an analytical result [BK98].

Suppose A and B share no entanglement at all. In that case the best option for A
is to make a simultaneous measurement of X and Yc, obtaining the results X and Y
[BK98, HWPCO5]. These are then sent to B over a classical noiseless channel. Upon
obtaining the results, B can displace an oscillator ground state to produce the coherent
state |8), with B = (X +iY)/2. Of course, from run to run 8 fluctuates, so the state that
describes experiments over many runs is actually

Py = / @28 9(8)1B) (8. (736)

As discussed in Example 4 in Section 1.2.5,' the probability distribution for 8 when the
client state is a coherent state, |«) is

1

1 .
©(B) = ;I(ozlfﬂl2 = ;e*'“*ﬁ' . (7.37)

From this expression it is clear that the fidelity is the same for all coherent states under this
classical protocol. Thus the average fidelity would then be given by

F = (af [ f B @(ﬂ)lﬂ)(ﬁl] ) (7.38)
2

- / &P riapr, (7.39)
T

Exercise 7.14 Show that this evaluates to give F = %

Hint: For simplicity set « = 0 and write B in polar coordinates.

Thus F = 0.5 is the classical boundary for teleportation of a coherent state. To be useful,
a quantum protocol would need to give an average fidelity greater than 0.5.

! Note the difference in definition of the quadratures by a factor of +/2 between this chapter and the earlier chapter.
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Strictly, it would be impossible to demonstrate an average fidelity greater than 0.5 for
the coherent-state ensemble using the quantum teleportation protocol of Section 7.3.2.
The reason for this is that for that protocol the teleportation fidelity depends upon the
coherent amplitude || as given by Eq. (7.35). Because this decays exponentially with
|a|?, if one averaged over the entire complex («) plane, one would obtain a fidelity close
to zero. In practice (as discussed in the following subsection) only a small part of the
complex plane near the vacuum state (|oe| = 0) was sampled. For a discussion of how
decoherence of the entangled resource due to phase fluctuations will affect Eq. (7.35), see
Ref. [MB99]. For a discussion of other criteria for characterizing CV quantum teleportation,
see Refs. [RL98, GGO1].

7.3.4 Experimental demonstration of CV teleportation

Quantum teleportation of optical coherent states was first demonstrated by the group of
Kimble [FSB*98]. In order to understand the experiment we must consider how some of
the formal steps in the preceding analysis are done in the laboratory. The initial entangled
resource |Y) 45, shared by the sender Alice and the receiver Bob, is a two-mode optical
squeezed state as discussed above. To a very good approximation such states are produced
in the output of non-degenerate parametric down-conversion using a crystal with a second-
order optical polarizability [WM94a].

The joint measurement of the quadrature operators X c— X As ?c + f’A on the client and
sender mode can be thought of as coupling modes A and C using a unitary transformation
followed by a measurement of the quadratures X and Y4. In quantum optics the coupling
can be simply effected using a 50:50 beam-splitter. This is represented by the unitary
transformation

Xa X4 —Xc
70 Y B

UbS XC UbS —_ ﬁ XC + XA . (7.40)
Ye Yo+ 7Y

From this it is clear that the post-beam-splitter quadrature measurements described above
are equivalent to a pre-beam-splitter measurement of X — X 4 and ¥ + ¥4. These quadra-
tures can be measured using homodyne detection, as discussed in Section 4.7.6. Such mea-
surements of course absorb all of the light, leaving Alice with only classical information
(the measurement results). In a realistic device, inefficiency and dark noise introduce extra
noise into these measurements, as discussed in Section 4.8.

On receipt of Alice’s measurement results, Bob must apply the appropriate unitary
operator, a displacement, to complete the protocol. Displacements are easy to apply in
quantum optics using another mode, prepared in a coherent state with large amplitude, and
a beam-splitter with very high reflectivity for mode B. This is is discussed in Section 4.4.1.
In the experiment the two modes used were actually at different frequencies, and the role
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of the beam-splitter was played by an electro-optic modulator (EOM), which coherently
mixes light at the two frequencies. The phase and amplitude of the modulation in the EOM
were determined appropriately using Alice’s results.

The experiment included an additional step to verify to what extent the state received by
Bob faithfully reproduced the state of the client field. In this experiment the state of the
client was a coherent state. In essence another party, Victor, is verifying the fidelity of the
teleportation. This was done using homodyne detection to monitor the quadrature variances
of the teleported state. Since the experiment dealt with broad-band fields the single-mode
treatment we have discussed must be extended to deal with this situation. Without going
into details, the basic technique is simple to understand. The noise power spectrum of the
homodyne current obtained by Victor directly measures the quadrature operator variances
as a function of frequency. (See Section 5.2.1.) Thus at any particular frequency Victor
effectively selects a single mode.

The key feature that indicates success of the teleportation is a drop in the quadrature
variance seen by Victor when Bob applies the appropriate displacement to his state. This
is done by varying the gain g. If Bob does nothing to his state (g = 0), Victor gets one
half of a two-mode squeezed state. Such a state has a quadrature noise level well above
the vacuum level of the coherent state that the parties are trying to teleport. As Bob varies
his gain, Victor will see the quadrature noise level fall until at precisely the right gain
the teleportation is effected and the variance falls to the vacuum level of a coherent state
(in the limit of high squeezing). In reality, the finite squeezing in the entangled state as
well as extra sources of noise introduced in the detectors and control circuits will make
the minimum higher than this. Furusawa et al. [FSB198] observed a minimum quadrature
variance of 2.23 #+ 0.03 times the vacuum level. This can be shown to correspond to a
fidelity of F' = 0.58 4 0.02. As discussed previously, this indicates that entanglement is an
essential part of the protocol.

7.4 Errorsand error correction

Information storage, communication and processing are physical processes and are subject
to corruption by process noise. In the quantum case, this corruption can be identified with
decoherence, as has been discussed in detail in Chapter 3. We say that noise or decoherence
introduces errors into the information. A major part of the field of quantum information is
methods to deal with such errors, most notably quantum error correction. In this section
we introduce some of the basic concepts of quantum errors and error correction.

7.4.1 Types of quantum errors

To begin, consider errors in a classical bit B. To introduce errors, we couple the bit to another
system also described by a binary variable E, which we will refer to as the environment.
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SYSTEM QUBIT —p—

ENVIRONMENT
QUBIT

Fig. 7.2 Circuit diagram for a C-NOT interaction, which here represents the interaction of a two-state
system with a two-state environment. In this case the value of the environment bit controls (-) a bit-flip
error (@) on the target (the system bit). That is, if the environment bit has value 1, the value of the
system bit changes, otherwise nothing happens. As discussed later, the same interaction or ‘gate’ can
be applied to quantum bits, and this figure follows the conventions of Fig. 7.1.

Let the nature of the coupling be such as to transform the variables according to
B — B® E, (7.41)
E — &. (7.42)
The state of the environment is specified by the probability distribution
pE=D=pn=1-pE:=0), (7.43)

while the state of the system{g(b)} is arbitrary. (See Section 1.1.2 for a review of notation.)
This interaction or ‘logic gate’ is depicted in Fig. 7.2. Distinct physical systems (bits or
qubits) are depicted as horizontal lines and interactions are depicted by vertical lines. In
this case the interaction is referred to as a controlled-NOT or C-NOT gate, because the state
of the lower system (environment) controls the state of the upper system according to the
function defined in Eq. (7.41). The environment variable E is unchanged by the interaction;
see Eq. (7.42).

This model becomes the binary symmetric channel of classical information theory
[Ash90] when we regard B as the input variable to a communication channel with output
variable B @ E. The received variable B @ E will reproduce the source variable B iff
E = 0. Iff E = 1, the received variable has undergone a ‘bit-flip’ error. This occurs with
probability u, due to the noise or uncertainty in the environmental variable.

The same model can be used as a basis for defining errors in a qubit. The system variable
B is analogous to (I + Z)/2, where Z is the system Pauli operator Zg. Likewise the
environment variable E is analogous to (I + Z)/2, where here Z is the environment Pauli
operator Zg. The state of the environment is then taken as the mixed state

pe = (1 = w)[0)(0] + [ 1)(1]. (7.44)

A Dbit-flip error on the system is analagous to swapping the eigenstates of Z, which can
be achieved by applying the system Pauli operator X. Thus we take the interaction to be
specified by the unitary transformation

-Z I+7Z

. 1 1
U=X®T+I®T=E(XI—XZ+II+IZ). (7.45)
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SYSTEM QUBIT ?

ENVIRONMENT D
QUBIT

Fig. 7.3 Quantum circuit diagram for a C-NOT interaction that represents the interaction of a two-state
system with a two-state environment. In this case the environment acts to produce (or not) a phase-flip
error on the system qubit. Like all our quantum circuit diagrams, this figure follows the conventions
of Fig. 7.1.

Here the order of operators is system then environment, and in the second expression we
have dropped the tensor product, as discussed in Section 7.1.

Exercise 7.15 Show that the state (7.44) of the environment is left unchanged by this
interaction, in analogy with Eq. (7.42).

The system qubit after the interaction is given by

ps = Tre [U(ps ® pp)U"] (7.46)
= uXpsX + (1 = wps, (7.47)

where ps is the state of the system qubit before the interaction.

Exercise 7.16 Show this, and show that it also holds if the environment is prepared in the

pure state /1 — (1 10) + /u |1).

In this form the interpretation of the noisy channel as an error process is quite clear: pg
is the ensemble made up of a fraction u of qubits that have suffered a bit-flip error and a
fraction 1 — w that have not.

Exercise 7.17 Show that the unitary operator in Eq. (7.45) can be generated by the
system—environment interaction Hamiltonian

b= %(1 —X)I+2) (7.48)

for times kt = .

From the discussion so far, it might seem that there is no distinction between errors for
classical bits and qubits. This is certainly not the case. A new feature arises in the quantum
case on considering the example depicted in Fig. 7.3. This is the same as the previous
example in Fig. 7.2, except that the direction of the C-NOT gate has been reversed. In a
classical description this would do nothing at all to the system bit. The quantum case is
different. The interaction is now described by the unitary operator

1
0=30X~ZX+11+Z2). (7.49)
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As in the previous example, we can take the initial state of the environment to be such that
it is left unchanged by the interaction,

pe = (1 = W) {(+] + pu|=) (=, (7.50)

where X|+) = +1|=£). Equivalently (for what follows) we could take it to be the superpo-

sition /1 — w |+) + /i |=).

The reduced state of the system at the output is now seen to be

ps = nZpsZ + (1 — wps. (7.51)

We can interpret this as describing an ensemble in which a fraction 1 — p of systems
remains unchanged while a fraction p suffers the action of a Z-error. We will call this a
phase-flip error since it changes the relative phase between matrix elements in the logical
basis. In the logical basis the transformation is

/ < £00 (1 —2u)por )

= 7.52
Ps (I —=2uw)pi1o o1 (752)

where py; = (k|ps|l). The diagonal matrix elements in the logical basis are not changed by
this transformation. This is a reflection of the classical result that the state of the system
bit is unchanged. However, clearly the state is changed, and, for 0.5 < u < 1, decoherence
occurs: the magnitudes of off-diagonal matrix elements in the logical basis are decreased
between input and output. Indeed, when p = 0.5, the state in the logical basis is completely
decohered, since the off-diagonal matrix elements are zero at the output.

Having seen bit-flip errors, and phase-flip errors, it is not too surprising to learn that we
can define a final class of qubit error by a channel that transforms the input system qubit
state according to

ps = uYpsY + (1 — wps, (7.53)

where Y = —iXZ (here this product is an ordinary matrix product, not a tensor product).
This error is a simultaneous bit-flip and phase-flip error. All errors can be regarded as some
combination of these elementary errors. In reality, of course, a given decoherence process
will not neatly fall into these categories of bit-flip or phase-flip errors. However, the theory
of quantum error correction shows that if we can correct for these elementary types of
errors then we can correct for an arbitrary single-qubit decoherence process [NCOO0].

7.4.2 Quantum error correction

The basic idea behind quantum error correction (QEC) is to encode the state of a logical
qubit into more than one physical qubit. This can be understood most easily in the case of
a single type of error (e.g. bit-flip errors). In that case, an encoding system that is similar
to the simple classical redundancy encoding may be used. In the classical case, we simply
copy the information (X = 0 or 1) in one bit into (say) two others. Then, after a short
time, a bit-flip error may have occurred on one bit, but it is very unlikely to have occurred
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Table 7.1. The three-qubit bit-flip code

ZZl 1ZZ Error Correcting unitary
+1 +1 None None
—1 +1 Onqubitl XI/
+1 -1 Onqubit3 11X
-1 -1 Onqubit2 71X/

on two and even less likely to have occurred on all three. (A crucial assumption here is
the independence of errors across the different bits. Some form of this assumption is also
necessary for the quantum case.) The occurrence of an error can be detected by measuring
the parity of the bit values, that is, whether they are all the same or not. If one is different,
then a majority vote across the bits as to the value of X is very likely to equal the original
value, even if an error has occurred on one bit. This estimate for X can then be used to
change the value of the minority bit. This is the process of error correction.

These ideas can be translated into the quantum case as follows. We encode the qubit
state in a two-dimensional subspace of the multi-qubit tensor-product space, known as the
code space. The basis states for the code space, known as code words, are entangled states
in general. For a three-qubit code to protect against bit-flip errors we can choose the code
words to be simply

|0) = |000), 1)L = [111). (7.54)

An arbitrary pure state of the logical qubit then has the form |¢); = «|000) 4+ 8|111).

Suppose one of the physical qubits undergoes a bit-flip. It is easy to see that, no matter
which qubit flips, the error state is always orthogonal to the code space and simultaneously
orthogonal to the other two error states.

Exercise 7.18 Show this.

This is the crucial condition for the error to be detectable and correctable, because it makes it
possible, in principle, to detect which physical qubit has flipped, without learning anything
about the logical qubit, and to rotate the error state back to the code space. Unlike in the
classical case, we cannot simply read out the qubits in the logical basis, because that would
destroy the superposition. Rather, to detect whether and where the error occurred, we must
measure the two commuting operators ZZ1 and I ZZ. (We could also measure the third
such operator, Z1Z, but that would be redundant.) The result of this measurement is the
error syndrome. Clearly there are two possible outcomes for each operator (£1) to give
four error syndromes. These are summarized in Table 7.1.

The above encoding is an example of a stabilizer code [Got96]. In general this is defined
as follows. First, we define the Pauli group for n qubits as

P ={£1,+i} @ {1, X, Y, Z}®". (7.55)
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METER
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STABILIZER CORRECTION

ENCODING ERROR DUE TO

ENTANGLEMENT
WITH ENVIRONMENT
[0y ——— I
ENVIRONMENT
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Fig. 7.4 The conventional error-correction protocol using the stabilizer formalism. After the state
has been encoded, an error occurs through coupling with the environment. To correct this error,
the encoded state is entangled with a meter in order to measure the stabilizer generators, and then
feedback is applied on the basis of those measurements. Figure 1 adapted with permission from C.
Ahn et al., Phys. Rev. A 67, 052310, (2003). Copyrighted by the American Physical Society.

That is, any member may be denoted as a concatenation of letters (such as ZZ[ above
for n = 3) times a phase factor of 1 or %i. Note that this is a discrete group (here a set
of operators closed under mutiplication), not a Lie group — see Box 6.2. It can be shown
that there exist subgroups of 2"~* commuting Pauli operators & € B, for all n > k > 0.
Say that —1 is not an element of G and that k > 1. Then it can be shown that & defines
the stabilizer of a nontrivial quantum code. The code space C(S) is the simultaneous +1
eigenspace of all the operators in &. Then the subspace stabilized is nontrivial, and the
dimension of C(&) is 2*. Hence this system can encode k logical qubits in n physical
qubits. In the above example, we have n = 3 and k = 1.

The generators of the stabilizer group are defined to be a subset of this group such that
any element of the stabilizer can be described as a product of generators. Note that this
terminology differs from that used to define generators for Lie groups — see Box 6.2. It
can be shown that n — k generators suffice to describe the stabilizer group &. In the above
example, we can take the generators of S tobe ZZ [ and I ZZ, for example. As this example
suggests, the error-correction process consists of measuring the stabilizer. This projection
discretizes whatever error has occurred into one of 2" ¥ error syndromes labelled by the
2"~k possible outcomes of the stabilizer generator measurements. This information is then
used to apply a unitary recovery operator that returns the state to the code space. A diagram
of how such a protocol would be implemented in a physical system is given in Fig. 7.4.

To encode a single (k = 1) logical qubit against bit-flip errors, only three (n = 3) physical
qubits are required. However, to encode against arbitrary errors, including phase-flips, a
larger code must be used. The smallest universal encoding uses code words of lengthn = 5
[LMPZ96]. Since this has k = 1, the stabilizer group has four generators, which can be
chosen to be

XZZXI1,IXZZX, XIXZZ,ZXIXZ. (7.56)
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However, unlike the above example, this is not based on the usual classical codes (called
linear codes), which makes it hard to generalize. The smallest universal encoding based on
combining linear codes is the n = 7 Steane code [Ste96].

7.4.3 Detected errors

It might be thought that if one had direct knowledge of whether an error occurred, and
precisely what error it was, then error correction would be trivial. Certainly this is the case
classically: if one knew that a bit had flipped then one could just flip it back; no encoding
is necessary. The same holds for the reversible (unitary) errors we have been considering,
such as bit-flip (X), phase-flip (Z) or both (Y). For example, if one knew that a Z-error had
occurred on a particular qubit, one would simply act on that qubit with the unitary operator
Z. This would completely undo the effect of the error since 7P =1; again, no encoding is
necessary. From the model in Section 7.4.1, one can discover whether or not a Z-error has
occurred simply by measuring the state of the environment in the logical basis.

However, we know from earlier chapters to be wary of interpreting the ensemble resulting
from the decoherence process (7.47) in only one way. If we measure the environment in
the |%) basis then we do indeed find a Z-error with probability w, but if we measure the
environment in a different basis (which may be forced upon us by its physical context, as
described in Chapter 3) then a different sort of error will be found. In particular, for the case
© = 1/2 and the environment initially in a superposition state, we reproduce exactly the
situation of Section 1.2.6. That is, if we measure the environment in the logical basis (which
is conjugate to the |£) basis), then we discover not whether or not the qubit underwent a
phase-flip, but rather which logical state the qubit is in.

Exercise 7.19 Verify this.

Classically such a measurement does no harm of course, but in the quantum case it changes
the system state irreversibly. That is, there is no way to go back to the (unknown) pre-
measurement state of the qubit. Moreover, there are some sorts of errors, which we will
consider in Section 7.4.4, that are inherently irreversible. That is, there is no way to detect
the error without obtaining information about the system and hence collapsing its state.

These considerations show that the effect of detected errors is nontrivial in the quantum
case. Of course, we can correct any errors simply by ignoring the result of the measurement
of the environment and using a conventional quantum error correcting protocol, as explained
in Section 7.4.2. However, we can do better if we use quantum encoding and make use of
the measurement results. That is, we can do the encoding using fewer physical qubits. The
general idea is illustrated in Fig. 7.5. A simple example is Z-measurement as discussed
above. Since this is equivalent to phase-flip errors, it can be encoded against using the
three-qubit code of Eq. (7.54). However, if we record the results of the Z-measurements,
then we can correct these errors using just a two-qubit code, as we now show. This is not
just a hypothetical case; accidental Z-measurements are intrinsic to various schemes for
linear optical quantum computing [KLMO1].
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Fig. 7.5 A modified error-correction protocol using the stabilizer formalism but taking advantage of
the information obtained from measuring the environment. That is, in contrast to Fig. 7.4, the error
and measurement steps are the same. The correction is, of course, different from Fig. 7.4 also. Figure 1
adapted with permission from C. Ahn et al., Phys. Rev. A 67, 052310, (2003). Copyrighted by the
American Physical Society.

We can still use the stabilizer formalism introduced above to deal with the case of
detected errors. For Z-measurements, we have n =2 and k = 1, so there is a single
stabilizer generator, which can be chosen to be X X. This gives a code space spanned
by the code words

V210), = 100) + [11), (1.57)
V2[1), = |01) + [10). (7.58)

Exercise 7.20 Show that in this case & = {X X, 11} and verify that the code words are +1
eigenstates of both of the operators in G.

Suppose now that we have an arbitrary qubit state, |) = «|0), + B|1) .. If the first qubit
is accidentally measured in the logical basis, with result 0, the conditional state is «|00) +
B101) = |0)(x|0) 4+ B|1)). Thus the logical qubit state is still preserved in the state of the
second qubit.

Exercise 7.21 Show that the state with this error is rotated back to the correct encoded
state using the operator

1
V2

In general, if an accidental measurement of qubit 1 or 2 gives result x, the encoded state is
recovered if we apply the respective corrections

U=—(XX+ZI). (7.59)

. 1
09 = —(XX + (=D*ZD), 7.60
1 ﬁ( +(—1DZI) (7.60)
oy = i(xx +(=1)12). (7.61)

V2
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7.4.4 Dynamical decoherence

The discussion so far has been largely unconcerned with dynamics. QEC arose in connection
with quantum computing where the dynamics is reduced to a set of unitary operations
(gates), applied at discrete times, with no dynamics in between. In the early studies of
error correction, errors were modelled as occurring, probabilistically, at discrete times.
The detection of a syndrome and subsequent correction were also applied, like gates, at
discrete times. That is, the measurement of the error syndrome was assumed to be ideal
and instantaneous. This is not a very realistic scenario. Errors are often due to continuous
interactions with other systems and thus are dynamical stochastic processes occurring
continously in time. Likewise the measurement of an error syndrome must take some time
and is a dynamical process that may have extra noise. Finally, one might expect that an
error-correction operation may itself take some time to implement.

We have discussed in Chapter 3 how decoherence can be described as a dynamical
process, the simplest model being a Markov master equation. For any particular physical
implementation of quantum computation a detailed experimental study of the likely sources
of decoherence needs to be made and an appropriate model defined. This is easier for some
schemes than for others. Ion-trap implementations have well-characterized decoherence
processes [Ste07], as do quantum-optical schemes [LWP*05], while for many solid-state
schemes these studies have only just begun [SAB*T06, TMB*06]. In this chapter we will
consider a simple model of continuous errors that leads directly to a Markov master
equation.

Consider the case of phase-flip errors. Let us suppose that, at Poisson-distributed times,
the state of the system is transformed according to p — ZpZ. That s, the rate of the process
is a constant, say y, that is independent of the state of the system. Then, in an infinitesimal
interval of time dt, the change in the state is given by the mixture of states that have been
so transformed and those that have not:

p(t+dt)y=ydt Zp(t)Z + (1 — y dt)p(z), (7.62)
from which it follows that
p =y(ZpZ —p)=yDIZ]p. (7.63)

Exercise 7.22 Show that this equation also describes monitoring of whether the system is
in logical state 0, for example.

Hint: Note that Z + I = 2m, with g = |0)(0|, and show that Eq. (7.63) can be unravelled
using the measurement operators

M, = /4y dt n, (7.64)
My =1—2ydtm. (7.65)

Another example of continuously occurring errors — which cannot be thought of as
Poisson-distributed unitary errors — is spontaneous emission. Consider a register of n
qubits, each coupled to an independent bath. The measurement operator for a spontaneous
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emission event on the jth qubit, in an infinitesimal time interval, takes the form
Mi(dr) = Jic;dt (X; —iY})/2 = \Ji;dr L, (7.66)

where «; is the decay rate for the jth qubit, and we have defined the lowering operator
L; = [1);(0];. The corresponding no-jump measurement operator is

Mo(dr) = 1= (k;/2)LIL; dr —iH dt, (7.67)
J

where, as in Section 4.2, we have allowed for the possibility of some additional Hamiltonian
dynamics. The master equation for the n-qubit system is thus

p = ZKjD[Lj]p —i[H, p]. (7.68)
J

Exercise 7.23 Show that, for H =0, the coherence of the jth qubit, as measured by
(X)) or (Y;(1)), decays exponentially with lifetime T, = 2/« ;, while the probability of
its occupying logical state |0), as measured by(Z i)+ 1) /2, decays exponentially with
lifetime Ty = 1/k ;. Here the lifetime is defined as the time for the exponential to decay
toe .

In the following section we will show that the techniques of correcting detected errors
introduced in Section 7.4.3 can be adapted to deal with continuous detections, whether
non-demolition, as in Eq. (7.64), or demolition, as in Eq. (7.66).

7.5 Feedback to correct continuously detected errors

In this section we consider monitored errors, that is, continuously detected errors. We
assume initially that there is only one error channel for each physical qubit. We show that,
for any error channel and any method of detection (as long as it is efficient), it is possible to
correct for these errors using an encoding that uses only one excess qubit. That is, using n
physical qubits it is possible to encode n — 1 logical qubits, using the stabilizer formalism.
This section is based upon Ref. [AWMO3].

7.5.1 Feedback to correct spontaneous emission jumps

Rather than considering encoding and error correction for an arbitrary model of continu-
ously detected errors, we begin with a specific model and build up its generality in stages.
The simple model we begin with is for encoding one logical qubit against detected spon-
taneous emission events. This was considered first by Mabuchi and Zoller [MZ96], for
a general physical system, and subsequently by several other authors in the context of
encoding in several physical qubits [PVK97, ABCT01, ABC*03]. The model we present
here gives the most efficient encoding, because we allow a constant Hamiltonian in addition
to the feedback Hamiltonian. Specifically, we show that by using a simple two-qubit code
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we can protect a one-qubit code space perfectly, provided that the spontaneously emitting
qubit is known and a correcting unitary is applied instantaneously.

The code words of the code were previously introduced in Egs. (7.57) and (7.58). If
the emission is detected, such that the qubit j from which it originated is known, it is
possible to correct back to the code space without knowing the state. This is because the code
and error fulfil the necessary and sufficient conditions for appropriate recovery operations
[KL97]:

(MIETE|v) = Apdp. (7.69)

Here E is the operator for the measurement (error) that has occurred and A g is a constant.
The states | ) form an orthonormal basis for the code space (they could be the logical states,
such as |0), and |1), in the case of a single logical qubit). These conditions differ from
the usual condition only by taking into account that we know a particular error £ = L ; has
occurred, rather than having to sum over all possible errors.

Exercise 7.24 Convince yourself that error recovery is possible if and only if Eq. (7.69)
holds for all measurement (error) operators E to which the system is subject.

More explicitly, if a spontaneous emission on the first qubit occurs, |0);, — |01) and
[1). — |00). Since these are orthogonal states, this fulfills the condition given in (7.69),
S0 a unitary exists that will correct this spontaneous emission error. One choice for the
correcting unitary is

U, = XI+ZX)/V2, (7.70)
U, =X+ XZ)/V2. (7.71)

Exercise 7.25 Verify that these are unitary operators and that they correct the errors as
stated.

As discussed above, in this jump process the evolution between jumps is non-unitary, and
so also represents an error. For this two-qubit system the no-jump infinitesimal measurement
operator Eq. (7.67) is

Mo(dr) = 1 — "—Z‘LTL1 dr — %Lngdz —iA dt (1.72)

=11 —dt[(k) + k)T + 1 Z] + k21 Z +iH]. (7.73)

The non-unitary part of this evolution can be corrected by assuming a driving Hamiltonian
of the form

H=—(YX 4+ :XY). (7.74)

This result can easily be seen by plugging (7.74) into (7.73) with a suitable rearrangement
of terms:

Mo(dt) = TI[1 — (k1 + k2)dt] — k1 dt ZIUTT — XX) — ko dt IZ(TT — XX).  (7.75)
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Exercise 7.26 Verify this.

Since 11 — X X acts to annihilate the code space, M, acts trivially on the code space.
Including the unitary feedback and the driving Hamiltonian, we then have the following
master equation for the evolution of the system:

2
dp = Mo(d)pM(dr) — p+dt Y k;0;L;pLt0T. (7.76)
j=1
On writing this in the Lindblad form, we have
2
p = k;DIULi1p +ilk1 Y X + kXY, pl. (7.77)
j=1
From Section 5.4.2, the unitary feedback can be achieved by a feedback Hamiltonian of
the form

Hp = LV, + LE)Vs. (7.78)

Here I;(t) = dN;(t)/dt is the observed photocurrent from the emissions by the jth qubit,
while Vj is an Hermitian operator such that exp(—iVj) =0 e

Exercise 7.27 Show that choosing Vj = (n/Z)Uj works.
Hint: Show that sz = 1, like a Pauli operator.

This code is optimal in the sense that it uses the smallest possible number of qubits
required to perform the task of correcting a spontaneous emission error, since we know that
the information stored in one unencoded qubit is destroyed by spontaneous emission.

7.5.2 Feedback to correct spontaneous-emission diffusion

So far we have considered only one unravelling of spontaneous emission, by direct detection
giving rise to quantum jumps. However, as emphasized in Chapter 4, other unravellings
are possible, giving rise to quantum diffusion for example. In this subsection we consider
homodyne detection (which may be useful experimentally because it typically has a higher
efficiency than direct detection) and show that the same encoding allows quantum diffusion
also to be corrected by feedback.

As shown in Section 4.4, homodyne detection of radiative emission of the two qubits
gives rise to currents with white noise,

Ji(t)dt = k(e L; + ei¢-ij>dr + K dW;(0). (7.79)

Choosing the Y-quadratures (¢; = 7/2 Vj) for definiteness, the corresponding conditional
evolution of the system is

2 2
dpj(t) = —ilH. pjldt + > kDL 1pjdt + Y JrHI—L;lp;dW;(r).  (7.80)

j=1 j=1
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We can now apply the homodyne mediated feedback scheme introduced in Section 5.5.
With the feedback Hamiltonian

Hpy = K1 B 11 (1) + i B (1), (7.81)

the resulting Markovian master equation is

2

p = —ilH, p] —i ZK‘,.{[i(Ljﬁj — F;L;)/2, p]+ DIiL; — iﬁj]p]. (7.82)
j=1

This allows us to use the same code words, and Egs. (7.70) and (7.71) suggest using the
following feedback operators:

Fy=XI+2X,

B=IX+XZ. (7.83)
Using also the same driving Hamiltonian (7.74) as in the jump case, the resulting master
equation is

o =k DIYI —iZX)p + kDY —iXZ]p. (7.84)

Exercise 7.28 Verify this, and show that it preserves the above code space.
Hint: First show that YI —iZX =YI(II — XX).

7.5.3 Generalization to spontaneous emission of n qubits

We will now demonstrate a simple n-qubit code that allows correction of spontaneous-
emission errors, while encoding n — 1 qubits. Both of the above calculations (jump and
diffusion) generalize. The master equation is the same as (7.68), and the index j runs from
1 to n. Again we need only a single stabilizer generator, namely X®". The number of code
words is thus 2", enabling n — 1 logical qubits to be encoded. Since it uses only one
physical qubit in excess of the number of logical qubits, this is again obviously an optimal
code.

First, we consider the jump case. As previously, a spontaneous-emission jump fulfils the
error-correction condition (7.69) (this will be shown in an even more general case in the
following subsection). Therefore there exists a unitary that will correct for the spontaneous-
emission jump. Additionally, it is easy to see by analogy with (7.75) that

H =, Z X®i-ly x®n-j (7.85)
J

protects against the nontrivial no-emission evolution. Therefore the code space is protected.

Next, for a diffusive unravelling, we again choose homodyne measurement of the Y-
quadrature. The same driving Hamiltonian (7.85) is again required, and the feedback
operators generalize to

Fy=1%71X1%" 4 X®I~1zXx®" . (7.86)
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The master equation becomes

o = ZK,D[1®-/'—‘Y1®"—-"(1®" — XM, (7.87)

J

which manifestly has no effect on states in the code space.

7.5.4 Generalization to arbitrary local measurements on n qubits

In this section, we generalize the above theory to n qubits with arbitrary local (that is,
single-qubit) measurements. We find the condition that the stabilizers of the code space
must satisfy and show that it is always possible to find an optimal code space (that is,
one with a single stabilizer group generator). We give the explicit feedback protocol for a
family of unravellings parameterized by a complex number y, as introduced in Section 4.4.
A simple jump unravelling has y = 0, while the diffusive unravelling requires |y | — oo,
with the measured quadrature defined by ¢ = arg(y).

Consider a Hilbert space of n qubits obeying (7.68), but with the lowering operators L ;
replaced by arbitrary single-qubit operators ¢; and with «; = 1 (which is always possible
since these rates can be absorbed into the definitions of ¢;). Let us consider a single jump
operator ¢ acting on a single qubit. We may then write ¢ in terms of traceless Hermitian
operators A and B as

e W=yl +A+iB=yl+d-5+ib-5, (7.88)

where x is a complex number, @ and b are real vectors, and 0 = (X, Y, Z)'.

We now use the standard condition (7.69), where here we take £ = ¢ + y (see Sec-
tion 4.4). Henceforth, y is to be understood as real and positive, since the relevant phase
¢ has been taken into account in the definition (7.88). From Eq. (7.69), we need to
consider

E'VE=(x+y?+a*+b)I +Re(x +y)A+Im(x + y)iB+@xb) &
=(x+yl+a+b>I+D, (7.89)

where D is Hermitian and traceless.

Now the sufficient condition for error correction for a stabilizer code is that the stabilizer
should anticommute with the traceless part of E TE [Got96]. This condition becomes
explicitly

0= {8, D). (7.90)

As long as this is satisfied, there is some feedback unitary e~V that will correct the error.
As usual, even when the error with measurement operator /dzr E does not occur, there
is still non-unitary evolution. As shown in Section 4.4, it is described by the measurement
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operator
My=1—E'Edr — %(e*% —e%éhydr — 1A dr. (7.91)
Now we choose the driving Hamiltonian
H=iDS + ”7’"((;1% —elvehy. (7.92)

This is an Hermitian operator because of (7.90).

Exercise 7.29 Show that, with this choice, My is proportional to the identity plus a term
proportional to D(1 — §), which annihilates the code space.

Thus, for a state initially in the code space, the condition (7.90) suffices for correction of
both the jump and the no-jump evolution.

We now have to show that a single S exists for all qubits, even with different operators
¢;. Since D ; (the operator associated with ¢; as defined in (7.89)) is traceless, it is always
possible to find some other Hermitian traceless one-qubit operator §;, such that {$;, D;} = 0
and §12 = [. Then we may choose the single stabilizer generator

~

S=3I® -8 (7.93)
so that the stabilizer group? is {1, §}. Having chosen S, choosing H as

A=Y i0,3+ W eivrey — el (7.94)
J

will, by our analysis above, provide a total evolution that protects the code space, and the
errors will be correctable; furthermore, this code space encodes n — 1 qubits in n.

Exercise 7.30 Show that the n-qubit jump process of Section 7.5.1 follows by choosing,
y =0and § = X®", and that D; = «,Z;.

Exercise7.31 Show that the n-qubit diffusion process in Section 7.5.1 follows by choosing,
Vj, lyjl = oocand ¢; = m /2.
Hint: See Ref. [AWMO3].

7.5.5 Other generalizations

In the above we have emphasized that it is always possible to choose one stabilizer, and so
encode n — 1 qubits in n qubits. However, there are situations in which one might choose
a less efficient code with more than one stabilizer. In particular, it is possible to choose
a stabilizer S; for each error channel ¢;, with S; # §; in general. For example, for the
spontaneous emission errors ¢; = X; — i¥; one could choose S; as particular stabilizers

2 Strictly, this need not be a stabilizer group, since § need not be in the Pauli group, but the algebra is identical, so the analysis is
unchanged.
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of the universal five-qubit code. This choice is easily made, since the usual generators of
the five-qubit code are {(XZZXI,IXZZX,XIXZZ,ZXIXZ} as discussed above. For
each qubit j, we may pick from this set a stabilizer S ; that acts as X on that qubit, since X
anticommutes with D; = Z;.

In this case, since there are four stabilizer generators, only a single logical qubit can be
encoded. However, this procedure would be useful in a system where spontaneous emission
is only the dominant error process. If these errors could be detected (with a high degree of
efficiency) then they could be corrected using the feedback scheme given above. Then other
(rarer) errors, including missed spontaneous emissions, could be corrected using standard
canonical error correction, involving measuring the stabilizer generators as explained in
Section 7.4.2. The effect of missed emissions from detector inefficiency is discussed in
Ref. [AWMO3].

Another generalization, which has been investigated in Ref. [AWJ04], is for the case in
which there is more than one decoherence channel per qubit, but they are all still able to
be monitored with high efficiency. If there are at most rwo error channels per qubit then
the encoding can be done with a single stabilizer (and hence n — 1 logical qubits) just as
above. If there are more than two error channels per qubit then in general two stabilizers are
required. That is, one can encode n — 2 logical qubits in n physical qubits, requiring just
one more physical qubit than in the previous case. The simplest example of this, encoding
two logical qubits in four physical qubits, is equivalent to the well-known quantum erasure
code [GBP97] which protects against qubit loss.

7.6 QEC using continuous feedback

We turn now, from correction of detected errors by feedback, to correction of undetected
errors by conventional error correction. As explained in Section 7.4.2, this usually consists
of projective measurement (of the stabilizer generators) at discrete times, with unitary
feedback to correct the errors. Here we consider a situation of continuous error correction,
which may be more applicable in some situations. That is, we consider continual weak
measurement of the stabilizer generators, with Hamiltonian feedback to keep the system
within the code space. This section is based upon Ref. [SAJIMO04].

For specificity, we focus on bit-flip errors for which the code words are given in Eq. (7.54),
and we assume a diffusive unravelling of the measurement of the stabilizer generators. These
measurements will have no effect when the system is in the code space and will give error-
specific information when it is not. However, because the measurement currents are noisy, it
is impossible to tell from the current in an infinitesimal interval whether or not an error has
occurred in that interval. Therefore we do not expect Markovian feedback to be effective.
Rather, we must filter the current to obtain information about the error syndrome.

The optimal filter for the currents in this case (and more general cases) has been deter-
mined by van Handel and Mabuchi [vHMO5]. Since the point of the encoding is to make the
quantum information invisible to the measurements, the problem reduces to a classical one
of estimating the error syndrome. It is known in classical control theory as the Wonham filter
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[Won64]. Here we are using the word ‘filter’ in the sense of Chapter 6: a way to process the
currents in order to obtain information about the system (or, in this case, about the errors).
The filtering process actually involves solving nonlinear coupled differential equations in
which the currents appear as coefficients for some of the terms. As discussed in Chapter 6,
it is difficult to do such processing in real time for quantum systems. This motivates the
analysis of Ref. [SAJMO04], which considered a non-optimal, but much simpler, form of
filtering: a linear low-pass filter for the currents.

In this section we present numerical results from Ref. [SAJMO04] showing that, in a
suitable parameter regime, a feedback Hamiltonian proportional to the sign of the filtered
currents can provide protection from errors. This is perhaps not surprising, because, as
seen in Section 7.4, the information about the error syndrome is contained in the signatures
of the stabilizer generator measurements (that is, whether they are plus or minus one), a
quantity that is fairly robust under the influence of noise.

The general form of this continuous error-correcting scheme is similar to the discrete
case. It has four basic elements.

1. Information is encoded using a stabilizer code suited to the errors of concern.

2. The stabilizer generators are monitored and a suitable smoothing of the resulting currents deter-
mined.

3. From consideration of the discrete error-correcting unitaries, a suitable feedback Hamiltonian that
depends upon the signatures of the smoothed measurement currents is derived.

4. The feedback is added to the system dynamics and the average performance of the QEC scheme
is evaluated.

Given m stabilizer generators and d errors possible on our system, the stochastic master
equation describing the evolution of a system under this error correction scheme is

d

dpe(t) =Y wDIEx]pe(1)dt
k=1

+ D . DIM o) + iR HIM 1 pe()AWi (1)

=1

d
+ > =GO Fi., pe(n)]dt. (7.95)
k=1

Note that we have set the system Hamiltonian, H (which allows for gate operations on the
code space) to zero in (7.95). The first line describes the effects of the errors, where /v Ex
is the Lindblad operator for error k, with y; a rate and £; dimensionless. The second line
describes the measurement of the stabilizers M;, with « the measurement rate (assumed for
simplicity to be the same for all measurements). We also assume the same efficiency » for
all measurements so that the measurement currents dQ;/dt can be defined by

dQ; = 2k Tr[ pc M; ]dt + /i /0 AW, (7.96)
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The third line describes the feedback, with I:"k a dimensionless Hermitian operator intended
to correct error Ek. Each Gy is the feedback strength (a rate), a function of the smoothed
(dimensionless) currents

R(t)=(1—e"T)! f re " A0t/ (2K). (7.97)

=T
Here the normalization of this low-pass filter has been defined so that R;(¢) is centred
around £1. We take T to be moderately large compared with 1/r.

In a practical situation the y;s are outside the experimenters’ control (if they could be
controlled, they would be set to zero). The other parameters, «, r and the characteristic size
of G; (which we will denote by A), can be controlled. The larger the measurement strength
k, the better the performance should be. However, as will be discussed in Section 7.6.1,
in practice « will be set by the best available measurement device. In that case, we expect
there to be a region in the parameter space of r and A where this error-control scheme will
perform optimally. This issue can be addressed using simulations.

To undertake numerical simulations, one needs to consider a particular model. The
simplest situation to consider is protecting against bit-flips using the three-qubit bit-flip
code of Section 7.4.2. We assume the same error rate for the three errors, and efficient
measurements. This is described by the above SME (7.95), with y, = y, n = 1, and

E, = XII, E, = IXI, Ey=11X, (7.98)
M, =2Z7I, M, =177. (7.99)

A suitable choice for Fk is to set them equal to Ek. Because the smoothed currents R;
correspond to the measurement syndrome (the sign of the result of a strong measurement
of M,), we want G, to be such that the following apply.

If Ri(t) < 0and Ry(¢) > 0, apply X11.
If Ri(r) > 0 and R, () < O, apply 11 X.
If Ri(r) < 0and Ry(¢t) <O, apply I X1.
If Ri(t) > 0 and R,(¢) > 0, do not apply any feedback.

B

These conditions can be met by the following (somewhat arbitrary) choice:

Gi(t) = AR(1) if Rl(t). < 0and Ry(t) > 0, (7.100)
0 otherwise,

Go(t) = ARy (1) if Rl(t). > 0 and R,(t) < 0, (7.101)
0 otherwise,

Gs(t) = AR (t) if Rl(t). < 0and Ry(t) < 0, (7.102)
0 otherwise.

Recall that A is the characteristic strength of the feedback.
A numerical solution of the above SME was presented in Ref. [SAJMO04]. As expected,
it was found that the performance improved as « increased. Also it was found that the
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Fig. 7.6 Fidelity curves with and without error correction for several error rates y. The thick solid
curve is the average fidelity F3(¢) of the three-qubit code with continuous error correction. The
parameters used were df = 10™* s,k = 150s™', A = 1505, » =20s ' and T = 0.15s. The dotted
curve is the average fidelity F;(¢) of one qubit without error correction. The thin solid curve is the
fidelity Fi,(t) achievable by discrete QEC when the duration between applications is 7. Figure 2
adapted with permission from M. Sarovar et al., Phys. Rev. A 69, 052324, (2004). Copyrighted by
the American Physical Society.

optimum values of r and A increase with «, for y fixed. This is as expected, because the
limit where «, r and XA are large compared with y should approximate that of frequent
strong measurements with correction. It was found that the best performance was achieved
for A > k. However, as will be discussed in Section 7.6.1, in practice A may (like «) be
bounded above by the physical characteristics of the device. This would leave only one
parameter () to be optimized.

The performance of this error-correction scheme can be gauged by the average fidelity
F5(t) between the initial encoded three-qubit state and the state at time t [SAJMO04]. This
is shown in Fig. 7.6 for several values of the error rate y (the time-units used are nominal;
a discussion of realistic magnitudes is given in Section 7.6.1). Each plot also shows the
fidelity curve F)(t) for one qubit in the absence of error correction. A comparison of
these two curves shows that the fidelity is preserved for a longer period of time by the
error-correction scheme for small enough error rates. Furthermore, for small error rates
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(y < 0.3 s7!) the F3(¢) curve shows a great improvement over the exponential decay in
the absence of error correction. However, we see that, past a certain threshold error rate,
the fidelity decay even in the presence of error correction behaves exponentially, and the
two curves look very similar; the error-correcting scheme becomes ineffective. In fact, well
past the threshold, the fidelity of the (supposedly) protected qubit becomes lower than that
of the unprotected qubit. This results from the feedback ‘corrections’ being so inaccurate
that the feedback mechanism effectively increases the error rate.

The third line in the plots of Fig. 7.6 is of the average fidelity achievable by discrete
QEC (using the same three-qubit code) when the time between the detection-correction
operations is ¢. The value of this fidelity (F34(¢)) as a function of time was analytically
calculated in Ref. [ADLO02] as

1
Fa= 72+ 3e ! — 70T, (7.103)

A comparison between F3(¢) and F34(¢) highlights the relative merits of the two schemes.
The fact that the two curves cross each other for large ¢ indicates that, if the time between
applications of discrete error correction is sufficiently large, then a continuous protocol will
preserve fidelity better than a corresponding discrete scheme.

All the F3(¢) curves show an exponential decay at very early times, r < 0.1s. This is
an artefact of the finite filter length and the specific implementation of the protocol in
Ref. [SAJMO04]: the simulations did not produce the smoothed measurement signals R;(t)
until enough time had passed to get a full buffer of measurements. That is, feedback started
only at r = T. We emphasize again that this protocol is by no means optimal.

The effect of non-unit efficiency 1 was also simulated in Ref. [SAJMO04], as summarized
by Fig. 7.7. The decay of fidelity with decreasing 1 indicates that inefficient measurements
have a negative effect on the performance of the protocol as expected. However, the curves
are quite flat for 1 — » small. This is in contrast to the correction of detected errors by
Markovian feedback as considered in Section 7.5, where the rate of fidelity decay would be
proportional to 1 — n. This is because in the present case the measurement of the stabilizer
generators has no deleterious effect on the encoded quantum information. Thus a reduced
efficiency simply means that it takes a little longer to obtain the information required for
the error correction.

7.6.1 Practical considerations for charge qubits

Several schemes for solid-state quantum computing using the charge or spin degree of
freedom of single particles as qubits, with measurements to probe this degree of freedom,
have been proposed. Here we examine the weak measurement of one such proposed qubit:
a single electron that can coherently tunnel between two quantum dots [HDW104]. The
dots are formed by two P donors in Si, separated by a distance of about 50 nm. Surface gates
are used to remove one electron from the double-donor system leaving a single electron
on the P-P* system. This system can be regarded as a double-well potential. Surface gates
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Fig. 7.7 Average fidelity after a fixed amount of time as a function of inefficiency 1 — n for several error
rates. The parameters used were df = 107*s,k =50s7', A = 505!, =10s7! and T = 0.15s.
Figure 3 adapted with permission from M. Sarovar et al., Phys. Rev. A 69, 052324, (2004). Copyrighted
by the American Physical Society.

can then be used to control the barrier between the wells, as well as the relative depth of the
two wells. It is possible to design the double-well system so that, when the well depths are
equal, there are only two energy eigenstates below the barrier. These states, |+) and |—),
with energies E; and E_, are symmetric and antisymmetric, respectively. The localized
states describing the electron on the left or right of the barrier can thus be defined as

1

L) = — -y, 7.104

|L) ﬁ(|+>+| ) ( )
1

R) = —(|4) — |-)). 7.105

|R) ﬁ(H_) =) ( )

An initial state localized in one well will then tunnel to the other well at the frequency
A=(Ei—E.).

Using |L) and |R) as the logical basis states |0) and |1), respectively, we can define Pauli
matrices in the usual way. Then the Hamiltonian for the system can be well approximated
by

y_ o0, A0
H = > Z+ > X. (7.106)
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A (time-dependent) bias gate can control the relative well depth w(¢) and similarly a barrier
gate can control the tunnelling rate A(#). Further details on the validity of this Hamiltonian
and how well it can be realized in the P-P* in Si system can be found in Ref. [BMO03].

A number of authors have discussed the sources of decoherence in a charge qubit system
such as this one [BMO03, FF04, HDW*04]. For appropriate donor separation, phonons can
be neglected as a source of decoherence. The dominant sources are fluctuations in voltages
on the surface gates controlling the Hamiltonian and electrons moving in and out of trap
states in the vicinity of the dot. The latter source of decoherence is expected to dominate at
low frequencies (long times), as for so-called 1/f noise. In any case, both sources can be
modelled using the well-known spin—boson model (see Section 3.4.1) The key element of
this model for the discussion here is that the coupling between the qubit and the reservoir
is proportional to Z.

If the tunnelling term proportional to A(¢) X in Eq. (7.106) were not present, decoherence
of this kind would lead to pure dephasing. However, in a general single-qubit gate operation,
both dephasing and bit-flip errors can arise in the spin—boson model. We use the decoherence
rate calculated for this model as indicative for the bit-flip error rate in the toy model used
above in which only bit-flips occur. Hollenberg et al. [HDW*04] calculated that, for a device
operating at 10K, the error rate would be y = 1.4 x 10°s~!. This rate could be made a
factor of ten smaller by operating at lower temperatures and improving the electronics
controlling the gates.

We now turn to estimating the measurement strength « for the P-P* system. In order to
read out the qubit in the logical basis, we need to determine whether the electron is in the
left or the right well quickly and with high probability of success. The technique of choice
is currently based on radio-frequency single-electron transistors (RF-SETs) [SWK198]. A
single-electron transistor is a very sensitive transistor whose operation relies upon single-
electron tunneling onto and off a small metallic island (hence its name). That is, the
differential resistance of the SET can be controlled by a very small bias voltage, which
in this case arises from the Coulomb field associated with the qubit electron. Depending
on whether the qubit is in the L or R state, this field will be different and hence the SET
resistance will be different. In the RF configuration (which enables 1/f noise to be filtered
from the signal) the SET acts as an Ohmic load in a tuned tank circuit. The two different
charge states of the qubit thus produce two levels of power reflected from the tank circuit.

The electronic signal in the RF circuit carries a number of noise components, including
amplifier noise, the Johnson noise of the circuit and ‘random telegraph’ noise in the SET
bias conditions due to charges hopping randomly between charge trap states in or near the
SET. The quality of the SET is captured by the minimum charge sensitivity per root hertz,
S. In Ref. [BRST05] a value of S & 5 x 107¢/ +/Hz was measured, for the conditions of
observing the single-shot response to a charge change Ag = 0.05¢. Here e is the charge
on a single electron, and Ag means a change in the bias field for the SET corresponding
to moving a charge of Aqg from its original position (on the P-P* system) to infinity. This
is of order the field change expected for moving the electron from one P donor to the
other. Thus the characteristic rate for measuring the qubit in the charge basis is of order
(Aq/S)* = 10°Hz. Thus we take kn = 10°s~!. For definiteness we will say that n = 1
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(that is, a quantum-limited measurement), even though that is almost certainly not the case
(see for example Refs. [WUST01, Goa03]). Note also that we are ignoring the difficulties
associated with measuring stabilizers such as ZZ . That is, we simply use the one-qubit
measurement rate for this joint multi-qubit measurement.

We next need to estimate typical values for the feedback strength. The feedback Hamilto-
nian is proportional to an X operator, which corresponds to changing the tunnelling rate A
for each of the double-dot systems that comprise each qubit. In Ref. [BMO03], the maximum
tunnelling rate was calculated to be about 10° s, for a donor separation of 40 nm. We take
this to be the upper bound on A.

To summarize, in the P-P"-based charge qubit, with RF-SET readout, we have y ~ k ~
10°s~"and A < 10° s~1. The fact that the measurement strength and the error rate are of the
same order of magnitude for this architecture is a problem for our error-correction scheme.
This means that the rate at which we gain information is about the same as the rate at which
errors happen, and it is difficult to operate a feedback correction protocol in such a regime.
Although it is unlikely that the measurement rate could be made significantly larger in the
near future, as mentioned above it is possible that the error rate could be made smaller by
improvements in the controlling electronics.

7.7 Continuous QEC without measurement

So far, both for discrete (as discussed in Section 7.4.2) and for continuous (as discussed in
the preceding section) QEC, we have treated the measurement and control steps as involving
a classical apparatus. However, as discussed in Section 1.3.1, measurement results can be
stored in quantum systems and represented by quantum operators. Similarly, as discussed
in Section 5.8.1, this information can be used to control the quantum systems that were
measured by application of a suitable Hamiltonian. This suggests that it should be possible
to implement the QEC process using only a few additional qubits, known as ancilla qubits.
In other words, the entire process of detection and correction can be done with Hamiltonian
dynamics and thus can be implemented with a quantum circuit.

A circuit that implements the three-qubit error-correction protocol without measurement
is given in Fig. 7.8. In this circuit, the first three controlled-NOT gates effectively calculate
the error syndrome (for the encoded state in the top three qubits), storing the result in the
two ancilla qubits. Then the correction is done by direct coupling between the ancillae and
the encoded qubits using Toffoli gates (doubly controlled-NOT gates). It is important to
note that the ancilla qubits must be reset to the |0) state after each run of the circuit. This is
a consequence of the fact that the entropy generated by the errors is moved into the ancilla
subsystem and must be carried away before the next run of the circuit.

This circuit illustrates the essential ideas behind implementing error correction without
measurement: introduction of ancilla qubits, their direct coupling to the encoded qubits, and
the resetting of these ancilla qubits after each cycle. If this cycle comprising detect, correct
and reset is performed often enough, and the only errors in our system are independent
bit-flip errors at randomly distributed times, then one can preserve the value of a logical
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Fig. 7.8 A circuit for implementing error correction using the three-qubit bit-flip code without
measurement. The top three qubits form the encoded logical qubit and the bottom two form the
ancilla. The first four gates are C-NOT gates as described in Section 7.4.1. The last three are Toffoli
gates, which are similar but have two controls (shown by the open or filled circles). The target (large
encircled cross) undergoes a bit-flip iff the controls have the appropriate value (zero for an open
circle, one for a filled circle). Note that, to repeat the error-correction procedure, the ancilla qubits
must be replaced or reset to the |0) state at the end of each run (at the far right of the circuit). Figure
1 adapted with permission from M. Sarovar and G. J. Milburn, Phys. Rev. A 72, 012306, (2005).
Copyrighted by the American Physical Society.

qubit indefinitely. Note that we are assuming that the operations involved in the circuit — the
unitary gates and the ancilla reset — are instantaneous. In this section we address the obvious
question: can we replace these instantaneous discrete operations by continuous processes?
That is, can we use a finite apparatus to obtain a continuous version of ‘coherent’ QEC (see
Section 5.8.1) just as there are continuous versions of conventional QEC with measurement
as discussed in Section 7.6?

The answer to this question is yes, as shown in Ref. [SMO05]. Following that reference,
we need to modify two components of the circuit model.

1. The unitary gates which form the system—ancilla coupling are replaced by a finite-strength, time-
independent Hamiltonian. This Hamiltonian will perform both the detection and the correction
operations continuously and simultaneously.

2. The ancilla reset procedure is replaced by the analogous continuous process of cooling. Each
ancilla qubit must be independently and continuously cooled to its ground state |0).

These changes lead to a continuous-time description of the process in terms of a Markovian
master equation, under the assumption that both open-system components — the errors and
the ancilla cooling — are Markovian processes.
We illustrate this continuous-time implementation for the three-qubit bit-flip code exam-
ple used previously. The continuous time description of the circuit of Fig. 7.8 is
d
d—'? =y(@DIXIIIII+DUXIIIN+DIIXII])p
+AMD[IIIL I+ DUIIILY)p —ix[H, p]. (7.107)

Here, the ordering of the tensor product for all operators in the equation runs down the
circuit as shown in Fig. 7.8 (i.e. the first three operators apply to the encoded qubit and
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the last two to the ancilla), while L = %(X +1Y) = |1){(0] is a qubit lowering operator as
before. The parameters are y, the bit-flip error rate; «, the strength of the coherent detection
and correction (the Hamiltonian operator His dimensionless); and A, the rate of the cooling
applied to the ancilla qubits.

To construct the dimensionless Hamiltonian in Eq. (7.107), we first determine Hamilto-
nians Hp and H¢ that perform the detection and correction operations, respectively. The
detection Hamiltonian is given by

Hp =D, (XI)+ D, ® (XX)+ D; @ (IX). (7.108)

Here, D; = |100)(100| 4 |011)(011] is the projector onto the subspace where there has
been a bit-flip error on the first physical qubit, and D, and Ds similarly for the second and
third physical qubits. These operators act on the three qubits encoding the logical qubit,
while the Pauli operators cause the appropriate bit-flips in the ancilla qubits. Similarly, the
correction Hamiltonian is

He=C,(PH+C,(PP)+C3® (IP). (7.109)

Here P = (1 — Z)/2 = |1)(1], the projector onto the logical one state of a qubit. We have
also defined €; = X ® (|00)(00] 4+ |11)(11]), an operator that corrects a bit-flip on the first
physical qubit (assuming that the second and third remain in the code space), and C, and
C; similarly for the second and third physical qubits.

The operation in Fig. 7.8 of detection followed by correction can be realized by the
unitary Upc = exp(—iﬂcn/Z)exp(—iﬁDn/Z).

Exercise 7.32 Verify this.

Now, by the Baker—Campbell-Hausdorff theorem (A.118), it follows that the unitary Up¢
has a generator of the form

A = Hp + He +ialHp, Hcl, (7.110)
for some «. That is, In(Upc) o —iH.

Exercise 7.33 Verify this.
Hint: Show that {I:Ic, ﬁD, i[IfID, I:IC]}form a Lie algebra (see Box 6.2).

Although it would be possible to determine « from the above argument, it is more fruitful to
consider it as a free parameter in H . That is because the above argument is just a heuristic to
derive a suitable H, since the circuit model does not have the cooling process simultaneous
with the detection and correction. It was shown in Ref. [Sar06] that good results were
obtained with @ = 1, and this is the value used in Ref. [SMO5].

Note that in Eq. (7.107) the error processes are modelled only on qubits that form the
encoded state. One could extend the error dynamics on to the ancilla qubits. However, in the
parameter regime where the error correction is effective, A >> y, the cooling will dominate
all other ancilla dynamics. Thus we can ignore the error dynamics on the ancilla qubits.
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Fig. 7.9 Fidelity, after a fixed period of time (7 = 10), of an encoded qubit (three-qubit code)
undergoing continuous error correction using cooled ancillae. Here time is measured in arbitrary
units, with y = 1/20. The curves are for different Hamiltonian strengths («) and the horizontal axis
shows how the cooling rate is scaled with «; i.e. A = sk, where s is varied along the horizontal axis.
Figure 2 adapted with permission from M. Sarova and G. J. Milburn, Phys. Rev. A 72,012306, (2005).
Copyrighted by the American Physical Society.

In Ref. [SMO5], Eq. (7.107) was solved by numerical integration and the fidelity F(¢) =
(¥|p(?)|Y) determined. Here p(f) is the reduced state of the encoded subsystem and
p(0) = |¥) (] is the initial logical state. For a given error rate y we expect there to be an
optimal ratio between the Hamiltonian strength « and the cooling rate A. Figure 7.9 shows
the fidelity after a fixed period of time 1/(2y) for several values of these parameters, and it
is clear that the best performance is when A =~ 2.5«. This optimal point is independent of
the ratio of k to y and of the initial state of the encoded qubits. The following results were
all obtained in this optimal parameter regime.

Figure 7.10 shows the evolution of fidelity with time for a fixed error rate and several
values of k. This clearly shows the expected improvement in performance with an increase
in the Hamiltonian strength. Large values of k and X are required in order to maintain fidelity
at reasonable levels. To maintain the fidelity above 0.95 up to time 7 = 1/(2y) requires
k/y > 200. However, a comparison with the unprotected qubit’s fidelity curve shows
a marked improvement in coherence, due to the error-correction procedure. Therefore,
implementing error correction even in the absence of ideal resources is valuable. This
was also evident in the scenario of error correction with measurement in the preceding
section.
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Fig. 7.10 Fidelity curves for several Hamiltonian strengths versus time. Time is measured in arbitrary
units, with y = 1/20. The solid curves are the fidelity of an encoded qubit (three-qubit code) with
continuous error correction. The dashed curve is the fidelity of one qubit undergoing random bit-flips
without error correction. Figure 3 adapted with permission from M. Sarovar and G. J. Milburn,
Phys. Rev. A 72, 012306, (2005). Copyrighted by the American Physical Society.

Aside from describing a different implementation of error correction, the scheme above
casts error correction in terms of the very natural process of cooling; it refines the view-
point that error correction extracts the entropy that enters the system through errors. Error
correction is not cooling to a particular state such as a ground state, but rather a subspace of
Hilbert space, and the specially designed coupling Hamiltonian allows us to implement this
cooling to a (nontrivial) subspace by a simple cooling of the ancilla qubits to their ground
state.

7.8 Linear optical quantum computation
7.8.1 Measurement-induced optical nonlinearity

One of the earliest proposals [Mil89] for implementing quantum computation was based on
encoding a single qubit as a single-photon excitation of an optical field mode. The qubits
were assumed to interact via a medium with a nonlinear refractive index, such as discussed
in Section 5.3. However, it is extremely difficult to implement a significant unitary coupling
between two optical modes containing one or two photons. In 2001, Knill ez al. [KLMO1]
discovered an alternative approach based on how states change due to measurement. They
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Fig. 7.11 A general conditional linear optical gate.

showed that non-deterministic photonic qubit gates are possible with linear optical networks
when some of the input modes (referred to as ancilla modes) are prepared in single-
photon states before the optical network and directed to photon counters at the network
output. The conditional state of all non-ancilla modes (the signal modes), conditioned on a
particular count on the output ancilla modes, is given by a non-unitary transformation of the
input signal state and can simulate a highly nonlinear optical process. This transformation
is defined in terms of a conditional measurement operator acting on the signal modes
alone.

Consider the situation depicted in Fig. 7.11. In this device N + K modes pass through
a linear optical device, comprising only mirrors and beam-splitters. We describe this by
a unitary transformation (that is, we ignore losses through absorption etc.) so that the
total photon-number is conserved. The K ancilla modes are prepared in photon-number
eigenstates. At the output, photon-number measurements are made on the ancilla modes
alone. We seek the conditional state for the remaining N modes, given the ancilla photon-
number count.

The linear optical device performs a unitary transformation on all the input states:

U(G) = exp[—i&' G 4], (7.111)
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where & 1is a vector of annihilation operators,

a=\| ay |, (7.112)

an 1

AN+K
and G is an Hermitian matrix (not an operator). This transformation induces a unitary
transform on the vector &:

UT(6)al(G) = S(G)a. (7.113)

One should not confuse the unitary transformation U (G) (an operator) with the induced
unitary representation S(G) = exp(—iG) (a matrix). Because S(G) is unitary, the transfor-
mation leaves the total photon number invariant:

Uf(Gatat(G) = a's(G)SG)fa= afa. (7.114)

Remember that, as in Chapter 6, &' = (&IT, e fz]T\HK), sothatafa=7y", a,ﬁak.

Exercise 7.34 Verify that S(G) = exp(—iG).
Hint: Show that, for a Hamiltonian alGa da/dr = —iGa

The conditional state of the signal modes, |1/')s, is determined by

, 1
Wf)sz =

M(m|n)|y)s. (7.115)
p(m)

Here the observed count is represented by the vector of values 7, and the probability for
this event is g (). The measurement operator is

M (i) = ane 1] 0 (G)]i)ane (7.116)
with
[M)ane = M) N1 ® [M2)ni2 ® ... ® mp)nyk- (7.117)
As an example consider a three-mode model defined by the transformation

sie Sz sz [
S@Ga=|su sn 523 ) | (7.118)
531 Sn 533 3

D D

We will regard a, and a3 as the ancilla modes, prepared in the single-photon state |1, 0).
That is, n, = 1 and n3 = 0. We will condition on a count of m, = 1 and m3 = 0. We want
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the two-mode conditional measurement operator M (1,0]1, 0) acting on mode a;. Since

photon number is conserved, the only non-zero elements of this operator are
(n|M(1,0[1,0)|n) = (n, 1,0[U(G)In, 1,0)

N b at (7.119)

= () 10,0, 0lajia,U(G)(a,)"a,10, 0, 0).

This expression simplifies to
1 .
;(0, 0,0[(s11a1 + $12d42 + $1383)" (52141 + 52282 + 523)43(@])"4510,0,0).  (7.120)

Exercise 7.35 Show this, and also show that, since &;r does not appear in Eq. (7.120),
further simplification is possible, namely to

(n)710,0, 01(s11&1 + s1282)" (52141 + 52282)(@])" @310, 0, 0). (7.121)

Hint: First show that (0,0,0/U%(G)=(0,0,0|, and so replace a'a,U(G) by
Ut(G)ara,U(G).

From this it can be shown that a formal expression for M(10]10) is
M(1,0[1,0) = sp2501a| Ay + spA, (7.122)

where A = Z;o:o (s — D" (&I)” at /n!. We will not use this expression directly. However,
it does serve to emphasize the optical nonlinearity in the measurement, since it contains all
powers of the field operator.

7.8.2 Two-qubit gates

The above non-deterministic transformations can be used for universal quantum computa-
tion. This scheme and others like it are called linear optical quantum computation (LOQC)
schemes. Universal quantum computation [NCO0O] can be achieved if one can perform
arbitrary single-qubit unitaries, and implement a two-qubit entangling gate (such as the
C-NOT gate), between any two qubits. In order to see how these one- and two-qubit gates
are possible in LOQC, we need to specify a physical encoding of the qubit. In this section
we use a ‘dual-rail’ logic based on two modes and one photon:

0} = 1)1 ® [0)2, (7.123)
D =10); ® [1)>. (7.124)

The modes could be distinguished spatially (e.g. a different direction for the wave vector),
or they could be distinguished by polarization.

One single-qubit gate that is easily implemented uses a beam-splitter (for spatially distin-
guished modes) or a wave-plate (for modes distinguished in terms of polarization). These
linear optical elements involving two modes can be described by the unitary transformation

00) = exp[—ie(afaz +aal ] (7.125)
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which coherently transfers excitations from one mode to the other. Another simple single-
qubit gate is a relative phase shift between the two modes, which can be achieved sim-
ply by altering the optical path-length difference. For spatially distinguished modes this
can be done by altering the actual length travelled or using a thickness of refractive
material (e.g. glass), whereas for polarization-distinguished modes, a thickness of bi-
refringent material (e.g. calcite) can be used. This gate can be modelled by the unitary

0(¢) = exp| —i(¢/2)@]as — alar) .

Exercise7.36 Show that X = ala, + a1al and Z = ala, — ala, act as the indicated Pauli
operators on the logical states defined above.

By concatenating arbitrary rotations around the X and Z axes of the Bloch sphere of the
qubit, one is able to implement arbitrary single-qubit gates.

Exercise 7.37 Convince yourself of this.

Hint: For the mathematically inclined, consider the Lie algebra generated by X and Z
(see Section 6.6.2). For the physically inclined, think about rotating an object in three-
dimensional space.

A simple choice for an entangling two-qubit gate is the conditional sign-change (CS)
gate. In the logical basis it is defined by

IX) 21y = €™ x)L]y) L. (7.126)

This was the sort of interaction considered in Ref. [Mil89], in which the logical basis
was the photon-number basis. It is then implementable by a so called mutual-Kerr-effect
nonlinear phase shift:

Ukerr = explimal ajalas). (7.127)

This requires the photons to interact via a nonlinear medium. In practice it is not possible
to get a single-photon phase shift of 7, which this transformation implies, without adding
a considerable amount of noise from the medium. However, as we now show, we can
realize a CS gate non-deterministically using the dual-rail encoding and the general method
introduced in the preceding subsection.

With dual-rail encoding, a linear optical network for a two-qubit gate will have, at most,
two photons in any mode. As we will show later, the CS gate can be realized if we can
realize the following transformation on a single mode in an arbitrary superposition of no,
one and two photons:

1) = aol0) + i |1); + 2]2) = 1Y) = l0); + o1[1); — 2]2)1, (7.128)

with success probability independent of «,,. We will refer to this as a nonlinear sign-change
gate (NS gate).
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Fig. 7.12 The NS gate |¢) — |¢’) constructed from three beam-splitters with reflectivities of r; =
sin6; with 6, = 6; = 22.5°, 6, = 114.47°. Adapted by permission from Macmillan Publishers Ltd:
Nature, E. Knill et al., 409, 46, Figure 1, copyright 2001.

The NS gate can be achieved using the measurement operator M(10, 10) of Eq. (7.122).
From Eq. (7.121), for n €{0, 1, 2}, we require

522 = A,

522811 + 512821 = A,

2 2= 1
811812821 + §2287] = )

for some complex number A. The phase of A corresponds to an unobservable global phase
shift, while |A|? is the probability of the measurement outcome under consideration. One
solution is easily verified to be

1— 2]/2 2—1/4 (3/21/2 _ 2)1/2
S = 2-1/4 1/2 1217212 | (7.129)
(3212 — )12 12— 1212 21212

Here A = 1/2, so the success probability is 1/4. This is the best that can be achieved in a
linear optical system via a non-deterministic protocol without some kind of feedforward
protocol [EisO5]. An explicit linear optical network to realize this unitary transformation S
using three beam-splitters is shown in Fig. 7.12.

In Fig. 7.13, we show how two non-deterministic NS gates can be used to implement a
CS gate in dual-rail logic. Here the beam-splitters are all 50: 50 (6 = 7 /4). Since success
requires both the NS gates to work, the overall probability of success is 1/16. A simplifi-
cation of this scheme that uses only two photons was proposed by Ralph et al. [RLBWO02].
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Fig. 7.13 A CS two-qubit gate implemented using two non-deterministic NS gates. This gate has no
effect on the two-qubit input state, except to change the sign of the |1)|1) component, as indicated.
Adapted by permission from Macmillan Publishers Ltd: Nature, E. Knill et al., 409, 46, Figure 1,
copyright 2001.

It is simplified first by setting the beam-splitter parameters 7| and r3 to zero in the NS gate
implementation (Fig. 7.12), and second by detecting exactly one photon at each logical
qubit output. The device is non-deterministic and succeeds with probability of 1/9, but is
not scalable insofar as success is heralded by the coincident detection of both photons at
distinct detectors: failures are simply not detected at all. It is this simplified gate that was
the first to be experimentally realized in 2003 [OPW 03], and it has become the work-horse
for LOQC experiments [KMN'07].

7.8.3 Teleporting to determinism

A cascaded sequence of non-deterministic gates is useless for quantum computation because
the probability of many gates working in sequence would decrease exponentially. This
problem may be avoided by using a protocol based on qubit teleportation as described in
Section 7.2. In essence we hold back the gate until we are sure it works and then teleport it
on to the required stage of the computation.

The idea that teleportation can be used for universal quantum computation was first
proposed by Gottesman and Chuang [GC99]. The idea is to prepare a suitable entangled
state for a teleportation protocol with the required gate already applied. We illustrate the idea
for teleporting a C-NOT gate in Fig. 7.14. Consider two qubits in an unentangled pure state
la) ® |B) as shown in Fig. 7.14. Now, to teleport these two qubits one can simply teleport
them separately, using two copies of the Bell state |¢) with measurements and feedforward
as introduced in Section 7.2. Now say that, before performing the teleportation protocol,
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Fig. 7.14 Quantum teleportation of a C-NOT gate on to the state |«) ® |8) (with |B) being the
control). The C-NOT at the start of the circuit can be considered part of the preparation of the
entangled resource used in the teleportation, which can be discarded and reprepared if this C-NOT
fails. Other details are as in Fig. 7.1.

we implement a C-NOT gate between two qubits in the four-qubit state |V) ® [) — the
two qubits that will carry the teleported state. The result is to produce an entangled state
(in general) at the output of the dual-rail teleporter, rather than the product state o) ® |B).
Moreover, by modifying the controls applied in the teleportation protocol the device can be
made to output a state that is identical to that which would have been obtained by applying
a C-NOT gate directly on the state |o) ® |8) (with |8) being the control).

Exercise 7.38 Verify that the circuit in Fig. 7.14 works in this way.

This teleportation of the C-NOT gate works regardless of the initial state of the two
qubits. As dicussed above, the C-NOT gate can be realized using a non-deterministic NS
gate. The point of the teleportation protocol is that, if it fails, we simply repeat the procedure
with another two entangled states [{) ® |v), until the preparation succeeds. When it has
succeeded, we perform the protocol in Fig. 7.14. Note that the entangled state |i) can also
be prepared non-deterministically using a NS gate.

There is one remaining problem with using teleportation to achieve two-qubit gates in
LOQC: it requires the measurement of the operators X X and ZZ on a pair of qubits. This
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Fig. 7.15 A simple non-deterministic teleportation protocol. The protocol works whenever the total
count at the output photon counters is unity.

can be achieved with these two qubits alone, using only single-qubit unitaries, single-qubit
measurements in the logical basis and two applications of a C-NOT gate.

Exercise 7.39 Try to construct the circuit that achieves this using the resources described.

The problem is that the C-NOT itself is a two-qubit gate! It would seem that this would
lead to an infinite regress, with an ever-decreasing probability of success. However, it
can be shown that, by using the appropriate entangled resource, the teleportation step can
be made near-deterministic. This near-deterministic teleportation protocol requires only
photon counting and the ability to perform local quantum control on the basis of these
measurement results.

Figure 7.15 shows the basic LOQC quantum teleportation protocol. Note that the states |0)
and |1) here are photon-number states, not the dual-rail encoded logical states introduced in
Section 7.8.2. That is, the teleporter actually works on a ‘single-rail’ qubit |¢) = «|0)¢ +
Bl1)g, transferring it from mode @y to mode a,. A dual-rail qubit can be teleported by
teleporting the two single-rail qubits in its two modes. In Section 7.9 we will consider
LOQC based on single-rail qubits, for which the teleportation scheme of Fig. 7.15 can be
used directly.

The teleportation scheme begins by preparing the ancilla state |[¢¥) = (|01) +
110)12)/+/2. In terms of single-rail qubits in modes 1 and 2, this is an entangled state.
We denote it |t1)12, because it is a teleportation resource that can be created by sharing
one photon between modes 1 and 2, simply using a beam-splitter as shown in Fig. 7.15.
A second beam-splitter then mixes modes O and 1, and the number of photons in each of
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these modes is counted. The teleportation works whenever the total count on modes 0 and
1 is unity. To see this, it is instructive to consider what happens in the other cases. If the
total count at the output is 0, then we can infer that initially mode ay must have been in the
vacuum state. Likewise, if the total count is 2 then we can infer that initially mode ay must
have contained a single photon. In both cases the output photon count serves to measure
the number of photons in the input mode, destroying the quantum information there. This
is a failure of the teleportation, but a so-called ‘heralded’ failure because we know it has
occurred.

Exercise 7.40 Show that the probability of this heralded failure is 1/2, independently
of ).

Hint: First show that, for this purpose, mode a| entering the second beam-splitter can be
considered as being in either state |0) or state |1), each with probability 1/2.

If the teleporter does not fail as just described, then it succeeds. That is, the input state
appears in mode 2 up to a simple transformation without having interacted with mode 2
after the preparation of the initial ancilla state.

Exercise 7.41 Tuking the beam-splitter transformations to be

1 1
01 —(|01 10)), 10 —(|10) —|01)), 7.130
101) — ﬁ(l ) +110)) [10) — ﬁ(l ) —101)) ( )

show that the conditional states at mode a, when k + 1 = 1 are given by

a|0)y + B|1), fork=1,1=0,

V)2 = {o¢|0>2—ﬁ|1>2 fork =0,1=1. (7.131)

In the second case, the state can be corrected back to |¢) by applying the operator Z. In
this single-rail case, this corresponds simply to an optical phase shift of 7.

The probability of success of the above teleporter is 1/2, which is not acceptable.

However, we can improve the probability of successful teleportation to 1 — 1/(n + 1) by
generalizing the initial entangled resource from |#;) > to an n-photon state

a1y = Y 1D |0) 2D 10) 1)) [/ + 1. (7.132)

j=0

Here the notation |a)®/ means j copies of the state |a): |a) ® |a) ® - - - ® |a). The modes
are labelled 1 to 2n, from left to right. Note that this could be thought of as a state of 2n
single-rail qubits, or n dual-rail qubits (with the kth qubit encoded in modes n + k and
k). States of this form can be prepared non-deterministically ‘off-line’ (i.e. prior to being
needed in the quantum computation itself).

To teleport the state «|0)g + B|1)o using |t,), we first couple the modes O to n by a
unitary tranformation |, which implements an (n + 1)-point Fourier transform on these
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modes:
1 n
vn+1 oy

Since this is linear, it can be implemented with passive linear optics; for details see
Ref. [KLMO1]. After applying £, we measure the number of photons in each of the
modes 0 to 7.

Suppose this measurement detects k photons altogether. It is possible to show that,
if 0 < k < n + 1, then the teleported state appears in mode n + k and only needs to be
corrected by applying a phase shift. The modes 2n — [ are in state |1) for 0 <[ < (n — k)
and can be reused in future preparations requiring single photons. The remaining modes
are in the vacuum state |0). If k = O the input state is measured and projected to |0)o,
whereas if k = n 4 1 it is projected to |1)o. The probability of these two failure events is
1/(n + 1), regardless of the input. Note that both the necessary correction and which mode
we teleported to are unknown until after the measurement.

G 2Tkl /D), (7.133)

Exercise 7.42 Consider the above protocol for n = 3. Show that
1
V3

Say the results of photon counting on modes 0, 1 and 2 are r, s and t, respectively. Show that
the teleportation is successful iff 0 < r + s +t < 3. Compute the nine distinct conditional
states that occur in these instances and verify that success occurs with probability of 2/3.

|ty) = —=(]0011) + [1001) + [1100)). (7.134)

The problem with the approach presented above is that, for large n, the obvious networks
for preparing the required states have very low probabilities of success, but to attain the
stringent accuracy requirements for quantum computing [NC00] one does require large 7.
However, it is possible to make use of the fact that failure is detected and corresponds to
measurements in the photon-number basis. This allows exponential improvements in the
probability of success for gates and state production with small n, using quantum codes
and exploiting the properties of the failure behaviour of the non-deterministic teleportation.
For details see Knill et al. [KLMO1]. Franson [FDF02] suggested a scheme by which the
probability of unsuccessfully teleporting the gate will scale as 1/n? rather than 1/n for
large n. Unfortunately the price is that gate failure does not simply result in an accidental
qubit error, making it difficult to scale.

Some important improvements have been made to the original scheme, making quantum
optical computing experimentally viable. Nielsen [Nie04] proposed a scheme based on the
cluster-state model of quantum computation. This is an alternative name for the ‘one-way’
quantum computation introduced in Ref. [RBO1], in which quantum measurement and
control completely replace the unitary two-qubit gates of the conventional circuit model.
A large entangled state (the ‘cluster’) is prepared, then measurements are performed on
individual qubits, and the results are used to control single-qubit unitaries on other qubits
in the cluster, which are then measured, and so on. The cluster state does not have to be
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completely constructed before the computation begins; to an extent it can be assembled on
the fly, as described by Browne and Rudoplph [BROS5]. This allows LOQC with far fewer
physical resources than the original KLM scheme. The assembly of cluster states relies
on the basic non-deterministic teleportation protocol introduced above, in which success
is heralded. What makes these schemes viable is that failure corresponds to an accidental
qubit measurement, as noted above, and the deleterious effect of this is restricted to a single
locality within the growing cluster and can be repaired.

To conclude, we summarize the physical requirements for scalable linear optics quan-
tum computation: (i) single-photon sources; (ii) fast, efficient single-photon detectors;
(iii) low-loss linear optical networks; and (iv) fast electro-optical control. The specifica-
tions for the single-photon source are particularly challenging: it must produce a sequence
of identical single-mode pulses containing exactly one photon. The key quality test is that
it must be possible to demonstrate very high visibility in the interference of photons in
successive pulses (known as Hong—Ou—Mandel interference [HOMS87]). Potential single-
photon sources have been demonstrated [MDO04]. The requirement for fast single-photon
detectors that can reliably distinguish zero, one and two photons is also difficult with current
technology, but is achievable by a variety of means. Low photon loss is not in principle a
problem, and there are LOQC protocols that can correct for loss [KLMO1]. The required
electro-optical control (which can be considered feedforward) is also not a problem in prin-
ciple. However, it is certainly challenging because the slowness of electro-optics requires
storing photons for microsecond time-scales. For small numbers of gates some of these
technical requirements can be ignored, and there is a considerable body of experimental
work in this area [KMNT07, LZG07].

7.9 Adaptive phase measurement and single-rail LOQC

In Section 7.8.2 we introduced the dual-rail encoding for LOQC in order to show how one-
and two-qubit gates could be implemented. However, as noted in Section 7.8.3, the basic
unit for two-qubit gates, namely the non-deterministic teleporter of Fig. 7.15, works on
single-rail qubits. This suggests that it is worth considering using single-rail encoding, if one
could work out a way to do single-qubit unitaries in the two-dimensional subspace spanned
by the single-mode Fock states |0) and |1). This idea was first tried in Ref. [LRO2], where
non-deterministic single-rail single-qubit gates were constructed. However, these gates had
low probability of success and, moreover, to obtain high fidelities required commensurately
many resources. The resources used were coherent states and photon counting.

More recently, it was shown [RLWO0S5] that, by adding an extra resource, namely dyne
detection and the ability to do feedback, the resource consumption of single-rail logic could
be dramatically reduced. Specifically, this allowed a deterministic protocol to prepare arbi-
trary single-rail qubits and to convert dual-rail qubits into single-rail qubits. Moreover,
the reverse conversion can be done (albeit non-deterministically), thus allowing dual-rail
single-qubit gates to be applied to single-rail qubits. The basic idea is to use feedback and
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dyne measurement to create an adaptive phase measurement [Wis95], as was realized
experimentally [AAS*02]. Since this section ties together the idea of adaptive measure-
ment, from Chapter 2, with continuous quantum measurement and feedback theory, from
Chapters 40, to find an application in quantum information processing, it seems a fitting
topic on which to end this book.

7.9.1 Dyne measurement on single-rail qubits

Consider a single optical mode within a high-quality cavity prepared in state |(0)) at time
t = 0. Say the cavity has only one output beam, giving rise to an intensity decay rate y .
Say also that this beam is subject to unit-efficiency dyne detection with the local oscillator
having phase ®(#) (for homodyne detection, this phase is time-independent). Then, working
in the frame rotating at the optical frequency, the linear quantum trajectory describing the
system evolution is (see Section 4.4.3)

Ay, 1) = [—1yatade + fye*Pat)dt] |y, 1)) (7.135)

Here J(z) is the dyne current, which is ostensibly white noise in order for (V;(t)|v,(¢)) to
be the appropriate weight for a particular trajectory (see Section 4.4.3).

Now say that the mode initially contains at most one photon: [{(0)) = ¢o|0) + ¢;[1).
Then there is a simple analytical solution for the conditioned state:

[V (1)) = (co + c1 R)I0) + cre™7'/2|1), (7.136)

where R, is a functional of the dyne photocurrent record up to time #:

t
R, = / e ®We /2 [y J(s)ds. (7.137)
0

Exercise 7.43 Show this.

The measurement is complete at time ¢ = oo, and the probability of obtaining a particular
measurement record J ={J(s): 0 < s < oo} is

9 = (a@OP()) post(D).- (7.138)

Here .5 (J) is the ostensible probability of J; that is, the distribution it would have if
J(t)dt were equal to a Wiener increment dW(¢). Now, from the above solution (7.136),
g (J) depends upon the system state only via the single complex functional A = R,. That
is, all of the information about the system in the complete dyne record J is contained
in the complex number A. We can thus regard the dyne measurement in this case as a
measurement yielding the result A, with probability distribution

©(A)?A = |co + c1 A* P pos(A)d?A. (7.139)
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Here g0 (A) is the distribution for A implied by setting J(¢)dr = dW(z). Thus, the mea-
surement can be described by the POM

E(Ad*A = (10) + AI1){0] + A*(1)pos(A)d*A. (7.140)

In the above the shape of the mode exiting from the cavity is a decaying exponential
u(t) = ye~"'. The mode-shape u(t) means, for example, that the mean photon number in
the part of the output field emitted in the interval [¢, ¢ + df) is |c; [2u(r)ds.

Exercise 7.44 Verify this using the methods of Section 4.7.6.

We can generalize the above theory to dyne detection upon a mode with an arbitrary
mode-shape u(t), such that #(¢) > 0 and U(co) = 1, where

U(t):/ u(s)ds. (7.141)
0

We do this by defining a time-dependent decay rate, y(¢) = u(t)/[U(¢) — 1]. Then we
can consider modes with finite duration [0, T'], in which case U(T) = 1. For a general
mode-shape, Eq. (7.140) still holds, but with A = Ry and

R, = / e ®® Ju(s) J(s)ds. (7.142)
0

Exercise 7.45 Show this by considering y (t) as defined above.

7.9.2 Adaptive phase measurement on single-rail qubits

For any time # < T the measurement is incomplete in the sense defined in Section 1.4.2.
Thus one can change the sort of information obtained about the system by adapting the
measurement at times 0 < ¢ < T (see Section 2.5.2). In the present context, the only
parameter that can be controlled by a feedback loop is the local oscillator phase ®(¢). This
allows adaptive dyne detection as discussed in Section 2.6. Indeed, here we consider the
adaptive scheme introduced in Ref. [Wis95] which was realized in the experiment of Armen
et al. [AAST02]. This is to set

O(¢t) = arg R, + 7 /2. (7.143)

From Eq. (7.142), we can then write a differential equation for R as

dR, = iuli—’|,/u(t) J(t)dr. (7.144)

Bearing in mind that [J(¢)d¢]?> = dt (both ostensibly and actually), this has the solution

R, = U @)e*"?, (7.145)
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" [ uGs)
<p(t)—/0 ‘/mf(s)ds. (7.146)

Exercise 7.46 Verify Eq. (7.145).
Hint: Consider first the SDE for |R|? and then that for ¢(t) = [1/(2i)] In(R,/R}).

where

Now ostensibly J(s)ds = dW(s), so ¢(¢) is a Gaussian random variable with mean zero

and variance
/t ues) 4o log(w). (7.147)
o U(s) U

But U(0) = 0 by definition, so ostensibly the variance of ¢(¢) is infinite. That is, under
this adaptive scheme A = Ry describes a variable with a random phase and a modulus of
unity. Since the modulus is deterministic, it can contain no information about the system.
Thus, under this scheme, all of the information is contained in 8 = arg(A). Since this is
ostensibly random, the POM for this measurement is, from Eq. (7.140),

E©)do = |9)(9|i—9. (7.148)

Here |0) = (|0) +¢?|1))/ V2 is a truncated phase state [PB97]. This is precisely Example
2 introduced in Section 1.2.5 to illustrate measurements for which the effect £(0)dé is not
a projector.

This adaptive dyne detection is useful for estimating the unknown phase of an optical
pulse [Wis95, WK97, WK98, AAST02], but for LOQC we are interested only in its role
in state preparation when the system mode is entangled with other modes. Say the total
state is |W). Then, from Eq. (7.148), the conditioned state of the other modes after the
measurement yielding result 6 is

O1V) /7, (7.149)

where the squared norm of this state is equal to the probability density for obtaining this
outcome. We now discuss applications of this result.

7.9.3 Preparing arbitrary single-rail qubit states

A basic qubit operation is the preparation of superposition states. For dual-rail encod-
ing in LOQC this is trivial to perform by making single-qubit gates act on a one-
photon state, as described in Section 7.8.2. Arbitrary single-rail superposition states,
a|0) +e7?4/1 — 2|1), with o and ¢ real numbers, are not so easy to produce. Previ-
ous suggestions for deterministic production of such states involved nonlinearities signif-
icantly larger than is currently feasible. Alternatively, non-deterministic techniques based
on photon counting [PPB98, LR02] have been described and experimentally demonstrated
[LMO2], but these have low probabilities of success. A non-deterministic scheme based on
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homodyne detection has also been demonstrated [BBL04], but has a vanishing probability
of success for high-fidelity preparation. We now show that it is possible deterministically
to produce an arbitrary single-rail state from a single-photon state using linear optics and
adaptive phase measurements.

We begin by splitting a single photon into two modes at a beam-splitter with intensity
reflectivity 7, producing |¥) = /7|1)|0) + /1T — n|0)|1). If we then carry out an adaptive
phase measurement on the first mode we obtain a result 8, which prepares the second mode
1n state

J110) +e7 /1 —q|1). (7.150)

Exercise7.47 Verify this, and show that the result 0 is completely random (actually random,
not just ostensibly random).

Now, by feedforward onto a phase modulator on the second mode, this random phase can
be changed into any desired phase 6’. Thus we can deterministically produce the arbitrary
state

110y + 7 /T —y|1). (7.151)

7.9.4 Quantum gates using adaptive phase measurements

We now have to show how to perform single-qubit unitaries on our single-rail qubits.
Some of these are easy, such as the phase rotation used above. However, others, such
as the Hadamard gate (which is essential for quantum computation) are more difficult.
This is defined by the transformations [0) — (|0) + [1))/+/2 and |1) — (|0) — [1))/v/2. A
Hadamard transformation plus arbitrary phase rotation will allow us to perform arbitrary
single-qubit unitaries [LRO2]. A non-deterministic Hadamard transformation for single-rail
qubits based on photon counting was described in Ref. [LR02], but its success probability
was very low. Here we show that a Hadamard transformation based on a combination of
photon counting and adaptive phase measurements, whilst still non-deterministic, can have
a much higher success probability.

The key observation is that a deterministic mapping of dual-rail encoding into single-rail
encoding can be achieved using adaptive phase measurements. Consider the arbitrary dual-
rail qubit «|01) + e7*+/1 — «2|10). Suppose an adaptive phase measurement is made on
the second rail of the qubit, giving the result 8. If a phase shift of —6 is subsequently
imposed on the remaining rail of the qubit, the resulting state is «|0) + e /1 — a2|1),
which is a single-rail qubit with the same logical value as the original dual-rail qubit.

What about the reverse operation from a single-rail encoded qubit to a dual-rail encoded
qubit? It does not appear to be possible to do this deterministically with only linear optics.
However, a non-deterministic transformation is possible by teleporting between encodings.
Dual-rail teleportation can be achieved using a dual-rail Bell state such as |01)[10) +
[10)|01). (We are ignoring normalization for convenience.) Single-rail teleportation can be
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Fig. 7.16 A schematic representation of the application of an arbitrary single-qubit unitary to a
single-rail qubit. The single-rail qubit is teleported onto a dual-rail qubit, the unitary is applied, then
an adaptive phase measurement is used to convert back to a single-rail qubit. BSM means Bell-state
measurement and APM means adaptive phase measurement. All operations are deterministic except
the Bell-state measurement, which succeeds 50% of the time. Based on Figure 1 from T. C. Ralph
et al., Adaptive Phase Measurements in Linear Optical Quantum Computation, Journal of Optics
B 7, S245, (2005), IOP Publishing Ltd.

achieved using a single-rail Bell state such as |0)|1) 4 |1)]0). In both cases only two of the
four Bell states can be identified with linear optics, so the teleportation works 50% of the
time, as illustrated in Fig. 7.16.

Now suppose we take a dual-rail Bell state and use an adaptive phase measurement
to project one of its arms into a single-rail state. We obtain the state |0)|10) + |1)]|01),
which is Bell entanglement between dual- and single-rail qubits. If we now perform a Bell
measurement between the single-rail half of the entanglement and an arbitrary single-rail
qubit then (when successful) the qubit will be teleported onto the dual-rail part of the
entanglement, thus converting a single-rail qubit into a dual-rail qubit.

We now have a way of (non-deterministically) performing an arbitrary rotation on an
unknown single-rail qubit. The idea is depicted schematically in Fig. 7.16. First we teleport
the single-rail qubit onto a dual-rail qubit. Then we perform an arbitrary rotation on the
dual-rail qubit. We then use an adaptive phase measurement to transform the dual-rail qubit
back into a single-rail qubit. The only non-deterministic step is the Bell measurement in
the teleportation, which in this simple scheme has a success probability of 50%. This is
a major improvement over previous schemes. As discussed in Section 7.8.3, the success
probability for this step can be increased arbitrarily by using larger entangled resources.
Also as discussed in that section, the fundamental two-qubit gate, the CS gate, is in fact
a single-rail gate. Thus, by employing quantum feedback control we are able to perform
universal quantum computation in LOQC using single-rail encoding.

7.10 Further reading

There are many other applications of measurement and control in quantum information
processing besides those mentioned in this chapter. Here are a few of them.



396 Applications to quantum information processing

Rapid purification of a qubit. A two-level quantum system initially in a completely mixed
state will gradually purify to a 6, eigenstate under a continuous QND measurement of &,
(as in Eq. (5.204) of Section 5.7, but for a single spin). It was shown by Jacobs [Jac03]
that, using feedback control to make the state always unbiased with respect to &, (that is,
to keep the system Bloch vector in the x—y plane), the information gain from the QND
measurement is greater. That is, the rate of increase of the average purity of the system
can be increased. Moreover, this is achieved by Markovian feedback of the QND current
with a time-varying feedback strength, as in Section 5.7. In the asymptotic limit of high
purity (long times) the system can be purified to any given degree using measurement and
feedback in half the time it would take from the measurement alone. Note, however, that
different results are obtained from considering the average time required to obtain a given
level of purity — see Refs. [WR06, CWJ08, WBO0S].

Mitigating the effect of a noisy channel. Consider a qubit prepared in one of two non-
orthogonal states in the x—z plane of the Bloch sphere, with the same value of x but
opposite values of z. Say this qubit is subjected to dephasing noise; that is, a rotation
around the z axis by a random angle described by some probability distribution. The task
is to use measurement and feedback control to attempt to correct the state of the qubit;
that is, to undo the effect of the noisy channel. It was demonstrated in Ref. [BMGT07]
that projective measurements are not optimal for this task and that there exists a non-
projective measurement with an optimum measurement strength that achieves the best
trade-off between gaining information about the system (or the noise) and disturbing
it through measurement back-action. Moreover, a quantum control scheme that makes use
of this weak measurement followed by feedback control is provably optimal for ameliorating
the effect of noise on this system.

Controlling decoherence by dynamical decoupling. In this chapter we have discussed
methods of controlling decoherence that are based on quantum error correction, both for
undetected errors (conventional quantum error correction) and for detected errors. An
alternative is to try to prevent the errors from happening in the first place by decoupling the
system from its environment. Dynamical decoupling, introduced by Viola and co-workers
[VLK99], uses open-loop control, without ancillae or measurement. On the basis of the idea
of bang-bang control [VL98], the quantum system is subjected to a sequence of impulsive
unitary transformations so that the evolution is described on longer time-scales by an
effective modified Hamiltonian in which unwanted interactions are suppressed. In later
work [SV06] the idea of a randomly generated (but known to the experimenter) sequence
of unitary control pulses was shown to overcome some of the limitations for regular
dynamical decoupling when there are rapidly fluctuating interactions or when the usual
deterministically generated sequence of control pulses would be too long to implement.

Adaptive phase estimation inspired by quantum computing. At the heart of Shor’s
1994 factoring algorithm is a routine known as the quantum phase-estimation algorithm
[NCOO]. It relates to accurately estimating the eigenvalues of an unknown unitary oper-
ator and involves an algorithm called the quantum Fourier transform (QFT). As shown
in Ref. [GN96], the QFT algorithm can be performed using single-qubit measurement
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and control, much as in cluster-state quantum computing as discussed above. In fact, the
quantum phase-estimation algorithm can be used as an (adaptive) protocol for estimating
the phase ¢ in a single-qubit phase gate exp(ip Z/2), using only single-qubit operations
(preparations, measurements and control), as long as it is possible for the gate to be applied
multiple times to a given single qubit between preparation and measurement [GLMO6].
The quantum phase-estimation algorithm enables a canonical measurement of phase (see
Section 2.4), but the nature of the prepared states means that it does not attain the Heisen-
berg limit for the phase variance (2.133). However, a simple generalization of the quantum
phase-estimation algorithm, using the principles of adaptive phase estimation discussed
in Section 2.5, enables a variance scaling at the Heisenberg limit to be achieved, with
an overhead factor of less than 2.5 [HBB07]. Moreover, this was recently demonstrated
experimentally by Higgins ef al. using single-photon multi-pass interferometry [HBB107] -
the first experiment to demonstrate Heisenberg-limited scaling for phase estimation. In this
chapter, we have concentrated on showing that quantum computing can benefit from an
understanding of quantum measurement and control, but this work demonstrates that the
converse is also true.
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Quantum mechanics and phase-space

A.1 Fundamentals of quantum mechanics

A.1.1 Pure states and operators

The state of a quantum-mechanical system corresponding to maximal knowledge is
known as a pure state. It is represented by a vector in Hilbert space H, a complex vector
space with an arbitrarily large dimensionality. We use Dirac’s notation and write the basis
vectors for the Hilbert space as |¢;) for j € {0, 1,2, ..., D — 1}. Strictly the formulation
we present below holds only for finite D, but the generalizations for infinite D present few
problems, although there are some traps for the unwary. For a fuller discussion, see, for
example, the excellent book by Ballentine [Bal98].

We define an inner product on the Hilbert space so that the basis states are orthonormal:
(¢ilg;) = 6;;. Then, for a complete basis, we can write an arbitrary pure state, or state
vector, or ket as

W) = vildi), (A1)

where, for all i, ¥; € C (the complex numbers). The dual vector, or bra, is defined as

(Wl =Y "y (gl (A2)

If the state vector is to be normalized we require the inner product, or bracket, to satisfy

Wly) =Y > =1. (A.3)

In order to relate the state to quantities of physical interest, we need to introduce
operators. An operator is an object that maps a Hilbert space onto itself, and so can be
written in Dirac notation as

A= Aijlgn) (g, (A4)
ij
where the A;; are complex numbers. Operators are sometimes called g-numbers, meaning
quantum numbers, as opposed to c-numbers, which are ordinary classical or complex
numbers. Ignoring some subtle issues to do with infinite-dimensional Hilbert spaces, we
can simply state that all physical quantities (commonly called observables) are associated
with Hermitian operators. An Hermitian operator is one that is equal to its Hermitian
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adjoint, defined as

ZA 161) (1. (A.5)

In matrix terms, A = (A*)". In Table A.1 we summarize definitions such as these and
their relations to linear algebra. A knowledge of the results in this table is assumed in
subsequent discussions.

If A is the operator which represents a physical quantity A, then the simplest connection
we can make with the state of the system |y) is that the mean value of A is given by

(A) = (YIA]y), (A.6)

where, unless otherwise stated, we take the ket to be normalized. We derive this
expression from more basic considerations in Section 1.2.2.

Note that Eq. (A.6) shows that the absolute phase of a state plays no physical
role; el?|y) gives the same mean value for all observables as does |). Of course the
relative phase of states in a superposition does matter. That is, for a state such as
e? [yr) + e'?2|yr,), the average value of physical quantities will depend in general upon

¢ — ¢1.
Exercise A.1 Convince yourself of these statements.

Any Hermitian operator A can be diagonalized as

A= "2 0, (A7)
A

where {1} are the eigenvalues of A which are real, while{|1)} forms a complete basis.
Here for simplicity we have taken the spectrum — the set of eigenvalues — to be discrete
and non-degenerate (that is, all eigenvalues are different).

Exercise A.2 Using this representation, show that(A) is real.

If we assume that the operator for A2 is A% (which is justified in Section 1.2.2), then it
is not difficult to show that the variance in A,

Var[A] = (Y| A%1Y) — (WIA]y)?, (A.8)

is in general greater than zero. This is the puzzling phenomenon of quantum noise; even
though we have a state of maximal knowledge about the system, there is still some
uncertainty in the values of physical quantities. Moreover, it is possible to derive so-called
uncertainty relations of the form

Var[A]Var[B] > [(y|[A, BlIw)[*/4, (A.9)

where [A, ]§] = AB — BA is called the commutator. If the commutator is a c-number
(that is, it is proportional to the identity operator), this relation puts an absolute lower
bound on the product of the two uncertainties.

Exercise A.3 The position Q and momentum P of a particle have operators that obey
[P, Q] = —ih (see Section A.3). Using Eq. (A.9), derive Heisenberg’s uncertainty relation

((AP?)(A0)) = (h/2)°, (A.10)
where AP = P —(P) and similarly for Q.
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Table A.1. Linear algebra and quantum mechanics

Linear algebra Quantum operator algebra

H Complex vector space H Hilbert space
dim(H) dimension D dim(H) dimension D
A Matrix A Operator
v Column vector [r) State vector or ket
@7 Conjugate row vector (Y| Bra
@"Ti Inner or dot product v - i (¥16) Inner product
v-u=0 Orthogonality (y16) =0 Orthogonality
v-v=1 Unit vector (Wly)y =1 Normalized state vector
u(@*s)’ Outer product (a matrix) 10) (V| Outer product (an operator)
{a} Eigenvectors Ad = aa {la)} Eigenstates Alor) = a|a)
{a} Eigenvalues (complex) {a} Eigenvalues (complex)
(AHT Hermitian adjoint At Hermitian adjoint
U Unitary matrix (U*)T = U~! U Unitary operator Ut = U~!
A Hermitian matrix A = (A*)T A Hermitian operator A = AT
= {A} Real eigenvalues = {A} Real eigenvalues
= {)} Orthogonal eigenvectors = {|A)} Orthogonal eigenstates
{e; }f:ol Orthonormal basis {l¢;)} f’:_O' Orthonormal basis
= ¢ e =38, = (91} = 0k
U Change of basis ¢, = 3", Uyé, U Change of basis |¢)) = >, Ujx|dx)
I Identity Z_/.(E j)EjT 1 Identity >~ ; 1¢;) (¢,
v; Vector component €; - v ¥ Probability amplitude v; = (¢;|¥)
Aji Matrix element (¢, T Aéy Aji Matrix element (¢; |A|¢k)
tr A Trace Zj Ajj Tr[A] Trace Zj(¢j|A|¢j)
H =H, ® H, Tensor product H =H, ® H, Tensor product
- D = dlm(H) = Dl X D2 - D = dlm(H) = Dl X D2
U ® iy Tensor product |¥) ®10),  Tensor product |¢)|0),
= Eixpy+; = (€)1 @ (€,)2 = |Prxp,+j) = 1P1)1 ® |¢))2
Al ® B, Tensor product Al ® B, Tensor product

— 4, Billy) © 011 =
Ay ® B,|0),

= A Q B[V} ® ur] =
(A1) ®(B,ids)
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A.1.2 Mixed states

The pure states considered so far are appropriate only if one knows everything one can
know about the system. It is easy to imagine situations in which this is not the case.
Suppose one has a physical device that prepares a system in one of N states,
|vi): j =1,..., N, with corresponding probabilities g ;. These states need not be
orthogonal, and N can be greater than the dimension of the Hilbert space of the system.
We will call the action of this device a preparation procedure and the set
{9, 1) j=1,2,..., N} an ensemble of pure states.

If one has no knowledge of which particular state is produced, the expected value of a
physical quantity is clearly the weighted average

(M) =" @i IALy,). (A11)
J

We can combine the classical and quantum expectations in a single entity by defining a
new operator. This is called (for historical reasons) the density operator, and is given by

N
p =Y @iVl (A.12)
j=1
We can then write
(A) =Tr[pA]. (A.13)

where the trace operation is defined in Table A.1.
Exercise A.4 Show this, by first showing that Tr[|y)(0]] = (0]¢).

The density operator is also known as the density matrix, or (in analogy with the state
vector) the state matrix. It is the most general representation of a quantum state and
encodes all of the physical meaningful information about the preparation of the system.
Because of its special role, the state matrix is the one operator which we do not put a hat
on.

The state matrix p is positive: all of its eigenvalues are non-negative. Strictly, it is a
positive semi-definite operator, rather than a positive operator, because some of its
eigenvalues may be zero. The eigenvalues also sum to unity, since

J

In the case in which the ensemble of state vectors has only one element, p represents a
pure state. In that case it is easy to verify that p> = p. Moreover, this condition is
sufficient for p to be a pure state, since p> = p means that p is a projection operator (these
are discussed in Section 1.2.2). Using the normalization condition (A.14), it follows that p
must be a rank-1 projection operator, which we denote as 7. That is to say, it must be of
the form

o =¥y ) v (A.15)

for some ket [1/). A state that cannot be written in this form is often called a mixed or
impure state. The ‘mixedness’ of p can be measured in a number of ways. For instance,
the impurity is usually defined to be one minus the purity, where the latter is p = Tr[,oz].
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Exercise A.5 Show that 0 < p < 1, with p = 1, if and only if p is pure.
Hint: The trace of the matrix p* is most easily evaluated in the diagonal basis for p.

Alternatively, one can define the von Neumann entropy
S(p) = =Tr[plog p] = 0, (A.16)

where the equality holds if and only if p is pure. To obtain a quantity with the dimensions
of thermodynamic entropy, it is necessary to multiply it by Boltzmann’s constant kg.

An interesting point about the definition (A.12) is that it is not possible to go backwards
from p to the ensemble of state vectors {g;, |¥;): j = 1,2, ..., N}. Indeed, for any
Hilbert space, there is an uncountable infinity of ways in which any impure state matrix p
can be decomposed into a convex (i.e. positively weighted) ensemble of rank-1 projectors.
This is quite different from classical mechanics, in which different ensembles of states of
complete knowledge correspond to different states of incomplete knowledge. Physically,
we can say that any mixed quantum state admits infinitely many preparation procedures.

The non-unique decomposition of a state matrix can be shown up quite starkly using a
two-dimensional Hilbert space: an electron drawn randomly from an ensemble in which
half are spin up and half are spin down is identical to one drawn from an ensemble in
which half are spin left and half spin right. No possible experiment can distinguish
between them.

Exercise A.6 Show this by showing that the state matrix under both of these preparation
procedures is proportional to the identity.
Hint: If the up and down spin basis states are |1) and || ), the left and right spin states are

|=) = (1) + )/V2and | <) = (1) = IN/V2.

In this case, it is because the state matrix has degenerate eigenvalues that it is possible for
both of these ensembles to comprise orthogonal states. If p has no degenerate eigenvalues,
it is necessary to consider non-orthogonal ensembles to obtain multiple decompositions.

A.1.3 Time evolution

An isolated quantum system undergoes reversible evolution generated by an Hermitian
operator called the Hamiltonian or energy operator H. There are two basic ways of
describing this time evolution, called the Schrodinger picture (SP) and the Heisenberg
picture (HP). In the former, the state of the system changes but the operators are constant,
whereas in the latter the state is time-independent and the operators are time-dependent.

Using units where /» = 1 (a convention we use in most places in this book, except for
parts of Chapter 6), the SP evolution of the state matrix is

d A
3P = —ilH. p()]. (A.17)
For pure states the corresponding equation (the Schrodinger equation) is
d A
3 v 0) = —H[Y @), (A.18)

It is easy to see that the solutions of these equations are

p(t) = U(t, 0)p0)T1(t,0), [ (1)) = U(t,0)[y(0)), (A.19)
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where U (¢, 0) = exp(—iH1). This is called the unitary evolution operator, because it
satisifes the unitarity conditions

U0 =00 =1. (A.20)

If the Hamiltonian is a time-dependent operator H (t), as would arise from a classical
external modulation of the system, then the evolution is still unitary. The evolution
operator is

0@.0)=1+) (=i f ds, H(sy) f sy Ao f Cas AG). (A2
0 0

n=1 0

Exercise A.7 Show this, and show also that U(t, 0) is unitary.

Hint: Assuming the solutions (A.19), derive the differential equation and initial conditions
for 0 (t,0) and U t(¢, 0). Then show that Eq. (A.21) satisfies these, and that the unitarity
conditions (A.20) are satisfied at t = 0 and are constants of motion.

In the HP, the equation of motion for an arbitrary operator A is
d . R N
EA(I) = +i[H(1), A(?)]. (A.22)

Note that, because H () commutes with itself at a particular time ¢, the Hamiltonian
operator is one operator that is the same in both the HP and the SP. The solution of the HP
equation is

Awt) = U7, 0)A0)U(t, 0). (A.23)
The two pictures are equivalent because all expectation values are identical:
Tr[A()p(0)] = Tr[UT(t, 0)A0)T (1, 0)p(0)]
= Tt[AO)U(t,0)p(0)T(t,0)]
= Tr[A0)p(1)]. (A.24)

Here the placement of the time argument ¢ indicates which picture we are in.

Often it is useful to split a Hamiltonian H into I:IO + V(t), where I:IO is
time-independent and easy to deal with, while V(t) (which may be time-dependent) is
typically more complicated. Then the unitary operator (A.21) can be written as

U(t,0) = e ! Uie(z, 0), (A.25)
where ﬁlp(t, 0) is given by
R 0 t . Sn . 52 .
Y [ s Vi) [ ds et [ . (a2
0 0 0

n=1
Here Vig(1) = giflor \A/(t)e’”%’ and IF stands for ‘interaction frame’.

ExerciseA.8 Show this, by showing that e~ Uis(t, 0) obeys the same differential equation
as U (t,0).

That is, one can treat \71F(t) as a time-dependent Hamiltonian, and then add the evolution
e~ gt the end. This can be used to define an interaction picture (IP), so called because
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V(t) is often the ‘interaction Hamiltonian’ coupling two systems, while I:Io is the ‘free
Hamiltonian’ of the uncoupled systems. The IP is a sort of half-way house between the SP
and HP, usually defined so that operators evolve according to the unitary e =%’ while

states evolve according to the unitary Uyg(z, 0). That is, one breaks up the expectation
value for an observable A at time ¢ as follows:

(A@®) = Ti[UT (¢, 0)A0)T (2, 0)p(0)] (A.27)
_ Tr[{eiHO’A(O)e’iﬁO’ }{UIF(r, 0)p(0) 0L, 0)}]. (A.28)

An alternative approach to using the identity U (z, O) = e~ Urs(t, 0) is simply to
ignore the final exp(—iHyt) altogether, and Just use Uip(z, 0) as one’s unitary evolution
operator. The latter is often simpler, since Vir may often be made time-independent (even
if A is explicitly time-dependent) by a judicious division into Hy and V. If it cannot, then
a secular or rotating-wave approximation is often used to make it time-independent (see
Exercise 1.30). R

We refer to the method of just using Uyg as ‘working in the interaction frame’. This
terminology is used in analogy with, for example, ‘working in a rotating frame’ to
calculate projectile trajectories on a rotating Earth. Working in the interaction frame is
very common in quantum optics, where it is often (but incorrectly) called ‘working in the
interaction picture’. The interaction frame is not a ‘picture’ in the same way as the
Heisenberg or Schrodinger picture. The HP or SP (or IP) includes the complete
Hamiltonian evolution, whereas working in the interaction frame ignores the ‘boring’ free
evolution. The interaction frame may contain either a Heisenberg or a Schrodinger
picture, depending on whether Upg(z, 0) is applied to the system operators or the system
state. The HP in the IF has time-independent states and time-dependent operators:

p0)=pO);  AW) = U(t, A Uig(t, 0). (A.29)
The SP in the IF has time-independent states and time-dependent operators:
p(t) = Uip(r, 00pO) U1, 00:  A(r) = A0). (A.30)

Thus the SP state in the IF is the same as the IP state (as usually defined). But the SP
operators in the IF are not the same as the IP operators, which are evolved by Uy(t, 0) as
in Eq. (A.28).

We make frequent use of the interaction frame in this book, so it is necessary for the
reader to understand the distinctions explained above. In fact, because we use the
interaction frame so often, we frequently omit the IF subscript, after warning the reader
that we are working in the interaction frame. Thus the reader must be very vigilant, since
we often use the terms ‘Heisenberg picture’ and ‘Schrodinger picture’ with the phrase ‘in
the interaction frame’ understood.

A.2 Multipartite systems and entanglement

A.2.1 Multipartite systems

Nothing is more important in quantum mechanics than understanding how to describe the
state of a large system composed of subsystems. For example, in the context of
measurement, we need to be able to describe the composite system composed of the



Quantum mechanics and phase-space 405

system and the apparatus by which it is measured. The states of composite systems in
quantum mechanics are described using the tensor product.

Consider two systems A and B prepared in the states [{4) and |g), respectively. Let
the dimension of the Hilbert space for systems A and B be D and Dg, respectively. The
state of the total system is the tensor product state |¥) = [{a) ® |¥p). More speciﬁcally,

if we write the state of each component in an orthonormal basis |{4) = Z 20 Ya, j |¢A)

[YB) = DB ! bi|pP), then the state of the total system is
Da—1 Dy—1
W)= )" Y abi(1$,)a ® Idu)s). (A31)
=0 k=0

Note that the dimension of the Hilbert space of the composite system C is
D¢ = Dp x Dg. We can define a composite basis |®, j))c = [¢;)a ® |dr)B, Where
I(k, j)is a new index for the composite system. For example, we could have
| =k x Da + j. Then an arbitrary pure state of C can be written as

Dc—1

W)e= Y al®)ec. (A.32)

=0

This is a vector in the compound Hilbert space H¢ = Hs ® Hpg. Similarly, an arbitrary
mixed state for C is represented by a state matrix acting on the D¢-dimensional
tensor-product Hilbert space.

If we have n component systems, each of dimension D, the dimension of the total
system is D", which is exponential in n. The dimension of the Hilbert space for
many-body systems is very big! It is worth comparing this exponential growth of
Hilbert-space dimension in multi-component quantum systems with the description of
multi-component classical systems. In classical mechanics, a state of complete knowledge
of a single particle in three dimensions is specified by six numbers (a 3-vector each for the
position and momentum). For two particles, 12 numbers are needed, and so on. That is,
the size of the description increases linearly, not exponentially, with the number of
subsystems. However, this quantum—classical difference is not present for the case of
states of incomplete knowledge. For a single particle these are defined classically as a
probability distribution on the configuration space (which here is the phase space) RS. In
general this requires an infinite amount of data to represent, but this can be made finite by
restricting the particle to a finite phase-space volume and introducing a minimum
resolution to the description. Since the dimensionality of the phase-space increases
linearly (as 6n) with the number of particles n, the amount of data required grows
exponentially, just as in the quantum case. This is an example of how quantum states are
like classical states of incomplete knowledge — see also Section 1.2.1.

A.2.2 Entanglement

In Section A.1.2 we introduced the state matrix by postulating a classical source of
uncertainty (in the preparation procedure). In the context of compound quantum systems,
mixedness arises naturally within quantum mechanics itself. This is because of the
fundamental feature of quantum mechanics termed entanglement by Schrodinger in 1935
[Sch35b]. Entanglement means that, even if the combined state of two systems is pure, the
state of either of the subsystems need not be pure. This means that, in contrast to classical
systems, maximal knowledge of the whole does not imply maximal knowledge of the



406 Appendix A

parts. Formally, we say that the joint pure state need not factorize. That is, there exist
states |Wag) € Hap = H ® Hpg such that

[WaB) # [¥a)|¥B), (A.33)

where |a) € Hj and |¢g) € Hg. Note that we are omitting the tensor-product symbols
for kets, as will be done when confusion is not likely to arise.

If we were to calculate the mean of an operator A 5, operating on states in Hy, then we
would use the procedure

(Aa) = (WUapl(Ax ® 1p)|Wap)
= > (WaploD)Aa (@7 1War) = Y (T AAITD), (A34)
J

J
where |1/~/JA) is the unnormalized state (¢;3 |Wap). Using the fact that
(WIAly) = Telly) (¥ |A], we get
(Aa) =Tr[pada]. (A.35)
where

pa =Y _($71Was) (Wan|¢?) = Tra[|Wap)(Yasl] (A.36)
J
is called the reduced state matrix for system A. The operation Trg is called the partial
trace over system B.

It should be noted that the result in Eq. (A.36) also has a converse, namely that any state
matrix ps can be constructed as the reduced state of a (non-unique) pure state |Wap) in a
larger Hilbert space. This is sometimes called a purification of the state matrix pa, and is
an example of the Gelfand—Naimark—Segal theorem [Con90].

Exercise A.9 Construct a |Wag) that is a purification of pa, given that the latter has the
preparation procedure {gaj, [V;) }

For a bipartite system in a pure state, the entropy of one subsystem is a good measure of
the degree of entanglement [NCOO]. In particular, the entropy of each subsystem is the
same. Note that the von Neumann entropy is not an extensive quantity, as is assumed in
thermodynamics. As the above analysis shows, the entropy of the subsystems may be
positive while the entropy of the combined system is zero. For systems with more than
two parts, or for systems in mixed states, quantifying the entanglement is a far more
difficult exercise, with many subtleties and as-yet unresolved issues.

The equality of the entropies of the subsystems of a pure bipartite system is known as
the Araki—Lieb identity. It follows from an even stronger result: for a pure compound
system, the eigenvalues of the reduced states of the subsystems are equal. This can be
proven as follows. Let{ |¢f}} be the eigenstates of pa:

PAlBL) = paler). (A.37)

Since these form an orthonormal set (see Box 1.1) we can write the state of the compound
system using this basis for system A as

Wap) = Y /o1 160 167), (A.38)
r

where [¢F) = (1| Wap)/ /.-
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Exercise A.10 From this definition of |$2), show that{ |p3) } forms an orthonormal set,
and furthermore that

oBl#Y) = Paley). (A.39)

Thus the eigenvalues of the reduced states of the two subsystems are equal. The
decomposition in Eq. (A.38), using the eigenstates of the reduced states, is known as the
Schmidt decomposition.

Note that the orthonormal set{ |¢>f)} need not be a complete basis for system B, since
the dimension of B may be greater than the dimension of A. If the dimension of B is /ess
than the dimension of A, then it also follows that the rank of pa (that is, the number of
non-zero eigenvalues it has) is limited to the dimensionality of B. Clearly, for a
purification of pa (as defined above), the dimensionality of B can be as low as the rank of
Oa, but no lower.

A.3 Position and momentum
A.3.1 Position

Consider an operator Q having the real line as its spectrum. This could represent the
position of a particle, for example. Because of its continuous spectrum, the eigenstates |g)
of () are not normalizable. That is, it is not possible to have (g|g) = 1. Rather, we use
improper states, normalized such that

oo
/ dglg)(ql = 1. (A.40)
—00
Squaring the above equation implies that the normalization for these states is
(glg’) = 8(q — q"). (A41)
The position operator is written as
0= [ dalaratal (A42)

Here we are using the convention that the limits of integration are —oo to oo unless
indicated otherwise.
A pure quantum state |v/) in the position representation is a function of ¢,

v(g) = (qlv¥), (A.43)

commonly called the wavefunction. The probability density for finding the particle at
position ¢ is |(g)|?, and this integrates to unity. The state |1/) is recovered from the
wavefunction as follows:

) = / dgla)qly) = / dq ¥(@)lq). (A4d)

It is worth remarking more about the nature of the continuum in quantum mechanics.
The probability interpretation of the function ¥ (g) requires that it belong to the set
L@(R). That is, the integral (technically, a Lebesgue integral) | |¢(¢)|> dg must be finite,
so that it can be set equal to unity for a normalized wavefunction. Although the space of
L®(R) functions is infinite-dimensional, it is a countable infinity. That is, the basis states
for the Hilbert space H = L®(R) can be labelled by integers; an example basis is the set
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of harmonic-oscillator eigenstates discussed in Section A.4.1 below. The apparent
continuum of the position states {|g)} (or the momentum states {| p)} defined below) does
not contradict this: these ‘states’ are not normalizable and so are not actually in the Hilbert
space. They exist as limits of true states, but the limit lies outside H.

A.3.2 Momentum

It turns out that, if O does represent the position of a particle, then its momentum is
represented by another operator with the real line as its spectrum, P. Using i = 1, the
eigenstates for P are related to those for Q by

(qlp) = @m)~/%elr, (A.45)

Here the normalization factor is chosen so that, analogously to Egs. (A.40) and (A.41), we
have

/dP|P><P| =1,  (plp) =8(p—p). (A.46)

Exercise A.11 Show Eq. (A.46), using the position representation and the result that
[dy e =278(x).

The momentum-representation wavefunction is thus simply the Fourier transform of the
position-representation wavefunction:

v(p) = (ply) = @m) /2 / dg e "y (q). (A47)

From the above it is easy to show that in the position representation P acts on a
wavefunction identically to the differential operator —i d/dq. First, in the momentum
representation,

P = [avipipip (A48)

Thus,
(q|Ply) = fdp/dq’<q|p)p(p|q’><q’lw> (A.49)
= (@m)"! / dp / dg’ pe? =y (q"). (A.50)

Now pelP@=1) = i9ei?@=1) /34, so, using integration by parts and the fact (required by
normalization) that ¥ (¢) vanishes at +00, we obtain

@l Bly) = —i2m)"! / dp / dg’ ePa=a) aiq,m’) (ASD)

0
—io—v(q). (A.52)
q
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It is now easy to find the commutator between Q and P:

qllO, Plly) = (qll0, P] / dq’ ¥(q)lq') (A.53)
0 9

=q(=D)5-¥(q) = (=D 5-q¥(q) (A.54)
q dq

=iy (q) = ilql¥). (A.55)

Now ¥ (q) here is an arbitrary function, apart from the assumption of differentiability and
vanishing at +00. Thus it must be that

[0, P]=i. (A.56)

The fact that the commutator here is a c-number makes this an example of a canonical
commutation relation.

A.3.3 Minimum-uncertainty states

From the above canonical commutation relation it follows (see Exercise A.3) that the
variances in Q and P must satisfy

((APY)(A0)) = 1/4. (A.57)

(Remember that we have set i = 1.) The states which saturate this are known as
minimum-uncertainty states (MUSs). It can be shown that these are Gaussian pure states.
By this we mean that they are states with a Gaussian wavefunction. For a MUS, they are
parameterized by three real numbers. Below, we take these to be g, pp and o.

The position probability amplitude (i.e. wavefunction) for a MUS takes the form

¥(g) = (mo®)" " exp[+ipo(q — q0) = (¢ — q0)*/20™)]. (A.58)

Here we have chosen the overall phase factor to give ¥/(g) a real maximum at g = go. It is
then easily verified that the moments for Q are

(Q) = qo. (A.59)

(AQ)?) = o2)2. (A.60)

Note that the variance does not equal o2, as one might expect from Eq. (A.58), because

©(q) = ¥ (@)l

The Fourier transform of a Gaussian is also Gaussian, and in the momentum
representation

¥(p) = (/)" exp[—iqop — (p — po)*o?/2]. (A.61)

From this it is easy to show that
(P) = po, (A.62)
(AP} = 1/Q202). (A.63)

The saturation of the Heisenberg bound (A.57) follows.
Exercise A.12 Verify Egs. (A.59)—(A.63).
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A.4 The harmonic oscillator

So far there is nothing that sets a natural length (or, consequently, momentum) scale for
the system. The simplest dynamics which does so is that generated by the harmonic
oscillator Hamiltonian
. P me?
H=—+ .
2m 2
Here m is the mass of the particle and w is the oscillator frequency. This Hamiltonian
applies to any mode of harmonic oscillation, such as a mode of a sound wave in a
condensed-matter system, or a mode of the electromagnetic field. In the latter case, Q is
proportional to the magnetic field and P to the electric field.
Classically the harmonic oscillator has no characteristic length scale, but quantum

mechanically it does, namely
o =+/h/(mw), (A.65)

where we have temporarily restored & to make its role apparent. If we define the
(non-Hermitian) operator

(A.64)

1 Q Nos P
a= E (; + 17) (A.66)
then we can rewrite the Hamiltonian as
H = ho(a'a +aa")/2 = ho(a'a + ). (A.67)
Now, from the commutation relations of Q and P we can show that
[a,a"1=1. (A.68)
Also, we can show that the state |vy) with wavefunction
Yo(@) = (qlvo) o expl—¢*/(207)] (A.69)

is an eigenstate of @ with eigenvalue 0.
Exercise A.13 Show this using the position representation of P as —ihd/dq.

Thus it is also an eigenstate of the Hamiltonian (A.67), with eigenvalue % /2. Since afa
is obviously a positive semi-definite operator, this is the lowest eigenvalue of the
Hamiltonian. That is, we have shown that the quantum harmonic oscillator has a ground
state that is a minimum-uncertainty state with go = po = 0 and a characteristic length o
given by Eq. (A.65).

A.4.1 Number states

From the above it is easy to show that the eigenvalues of @t are the non-negative
integers, as follows. From the commutation relations (A.68) it follows that (for integer k)

[ata, @hH 1 = afla, @Hk) = k@h-. (A.70)

Exercise A.14 Show this.
Hint: Start by showing it for k = 1 and k = 2 and then find a proof by induction.
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Then, if we define an unnormalized state |,,) = (a7)"|v,) we can easily show that
@y, = @a@h yo) = [n@"" + @ @'a] lvo)
= n@"' o) = nlvn), (A.71)

which establishes the result and identifies the eigenstates.

Thus we have derived the eigenvalues of the harmonic oscillator as hw (n + %) The
corresponding unnormalized eigenstates are |v,), which we denote |n) when normalized.
If the Hamiltonian (A.64) refers to a particle, these are states with an integer number of
elementary excitations of the vibration of the particle. They are therefore sometimes called
vibron number states, that is, states with a definite number of vibrons. If the harmonic
oscillation is that of a sound wave, then these states are called phonon number states. If
the oscillator is a mode of the electromagnetic field, they are called photon number states.
Especially in the last case, the ground state |0) is often called the vacuum state.

The operator N = afa is called the number operator. Because a' raises the number of
excitations by one, with

In) o< (@1)"]0), (A.72)

it is called the creation operator. Similarly, a lowers it by one, and is called the
annihilation operator. To find the constants of proportionality, we must require that the
number states be normalized, so that

(n|lm) = 8um.- (A.73)
Now, since |n) is an eigenstate of ata with eigenvalue n,
(n|&T€1|n> =n{nln) = n. (A.74)
However, we also have
(nla*aln) = (ylv), (A75)
where |¢) = d|n) o |n — 1). Thus the constant of proportionality must be such that
) = aln) = e’nln — 1) (A.76)
for some phase ¢. We choose the convention that ¢ = 0, so that
aln) = /nln —1). (A.77)
Similarly, it can be shown that
atln) = Vn+ 1ln + 1). (A.78)

Exercise A.15 Show this, and show that the above two relations are consistent with

|n) being an eigenstate of a'a. Show also that the normalized number state is given by
In) = (nh~"*@""0).

Note that @ acting on the vacuum state |0) produces nothing, a null state.

A.4.2 Coherent states

No matter how large n is, a number state |n) never approaches the classical limit of an
oscillating particle (or oscillating field amplitude). That is because for a system in a
number state the average values of Q and P are always zero.
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Exercise A.16 Show this.

For this reason, it is useful to consider a state for which there is a classical limit, the
coherent state. This state is defined as an eigenstate of the annihilation operator

al) = ala), (A.79)

where « is a complex number (because 4 is not an Hermitian operator). There are no such
eigenstates of the creation operator a'.

Exercise A.17 Show this.

Hint: Assume that there exist states |B) such that at|B) = B|B) and consider the inner
product (n|(a"Y+1|B). Hence show that the inner product of |B) with any number state is
zero.

It is easy to find an expression for |«) in terms of the number states as follows. In
general we have

oy =) caln). (A.80)
=0
Since dlo) = o|a) we get
o0 o0
> Vncn—1) =" acyln). (A.81)
n=0 n=0

By equating the coefficients of the number states on both sides we get the recursion
relation

Cn = Cn, A.82
HE = (A.82)

so that ¢, = (@¢"/+/n!)cy. On choosing c( real and normalizing the state, we get

an

la) = exp(—|a|2/2) Z mm). (A.83)

The state |« := 0) is the same state as the state |n := 0). For « finite the coherent state
has a non-zero mean photon number:

(wlatala) = ((@la*)@la) = |l (A.84)

The number distribution (the probability of measuring a certain excitation number) for a
coherent state is a Poissonian distribution of mean |o|?:

2 n
©n = |(nla)? = e—‘“‘zw. (A.85)

n!

This distribution has the property that the variance is equal to the mean. That is,
(@lay) —(ata) = | (A.86)

Exercise A.18 Verify this, either from the distribution (A.85) or directly from the coherent
state using the commutation relations for & and a’.
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Setting & = 1, it is simple to show that

(@|Qla) = V20 Rela], (A.87)

(| Pla) = (v/2/0)Im[a], (A.88)

(@|(AQ)|a) = 6°/2, (A.89)
(@[(APY|a) = 1/(20%), (A.90)
(@|AQ AP + AP AQ|a) = 0. (A.91)

That is, a coherent state is a minimum-uncertainty state, as defined in Section A.3.3.
Because a is not Hermitian, the coherent states do not form an orthonormal set. In fact
it can be shown that

(Blet) = eﬁ*a—(\a\2+lﬂ|2)/27 (A.92)

from which it follows that |(B|a)|?> = e 1*=#” . If o« and B are very different (as they
would be if they represent two macroscopically distinct fields) then the two coherent
states are very nearly orthogonal. Another consequence of their non-orthogonality is that
the coherent states form an overcomplete basis. Whereas for number states we have

> mynl =1, (A.93)
the identity, for coherent states we have
/d2a|a)(a| =rl. (A.94)
This has applications in defining the trace, for example

1
Tr[p] = ;/dza(a|p|a). (A.95)

Exercise A.19 Show Eq. (A.94) using the expansion (A.83).
Hint: Write « = re'? so that d>a = r dr d¢. The result n! = fooo dx x"e™ may be useful.

Unlike number states, coherent states are not eigenstates of the Hamiltonian. However,
they have the nice property that they remain as coherent states under evolution generated
by the harmonic-oscillator Hamiltonian
A = wa'a. (A.96)
Here we have dropped the 1/2 from the Hamiltonian (A.67) since it has no physical
consequences (at least outside general relativity). The amplitude || of the states remains
the same; only the phase changes at rate w (as expected):

exp(—iHn)|a) = e ). (A.97)
Exercise A.20 Show this, using Eq. (A.83).

This form-invariance under the harmonic-oscillator evolution is why they are called
coherent states.
Coherent states can be generated from the vacuum state as follows:

le) = D(a)|0), (A.98)
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where
D(a) — ea&Tfa*& — efi(ia&Tfia*&) (A99)

is called the displacement operator. This is easiest to see as follows. First, note that if we
define the family of operators OAIL =U /I 00U » Where U, w = e@'—e"du_then these are
solutions to the equation

0, = —[aa" —a*a, 0,]. (A.100)

Exercise A.21 Show this, by analogy with the Heisenberg equations of motion.

Now, applying this to Oy = a, we see that OAM = 4 + pa is a solution to Eq. (A.100).
Then, noting that ﬁ(a) =0, = BT(—O[), we have

aD(@)|0) = D(e)D(@)aD(@)|0) = D(a)@ + a)|0) = aD(@)|0),  (A.101)

which proves the above result.

A.4.3 Squeezed states

Because the harmonic-oscillator Hamiltonian picks out a particular class of
minimum-uncertainty states (the coherent states), the other minimum-uncertainty states
are given a special name in this situation: the squeezed states. In fact, any Gaussian pure
state other than a coherent state is called a squeezed state. Whereas a coherent state
requires one complex parameter « to specify, a general squeezed state requires two
additional real parameters:

lee, 7, @) = D(@)|r, ¢), (A.102)
where
Ir, ¢) = exp[r(e 2¢a* — e*?a'?) /2] |0) (A.103)

is known as a squeezed vacuum. This is an appropriate name since it is in fact a

zero-amplitude coherent state for rotated and rescaled canonical coordinates, Q' and P,
defined by

O +iP =(Q'¢ +iP'e")e". (A.104)
For example, if ¢ = 0 then P = e~ P/, so the variance of P is smaller by a factor of e
than that of a coherent state. By contrast, 0 = e (', so the variance of Q is e times
larger than that of a coherent state. That is, the reduction in the variance of one coordinate
squeezes the uncertainty into the conjugate coordinate. The term squeezed state is often
applied more broadly, to any state (pure or mixed, Gaussian or not) of a harmonic
oscillator in which the uncertainty in one coordinate is below that of the vacuum state.

A.5 Quasiprobability distributions

It is often convenient to represent quantum states as quantum probability distributions, or
quasiprobability distributions, over non-commuting observables. Here we consider the
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three most commonly used distributions, called the P, Q and W distributions (or
functions).

A.5.1 Normal order and the P function

Once an annihilation operator has been defined, normal ordering can be defined. A
normally ordered operator expression is one in which all annihilation operators appear to
the right of all creation operators. For example, A = (a1a)? is not a normally ordered
operator expression, but A = afataa + afa is a normally ordered expression. Note that
this example shows that it does not make sense to speak of a ‘normally ordered operator’
(although this is common parlance), since it is the same operator being represented here,
in one case by a normally ordered expression and in the other by a non-normally ordered
expression. One advantage of normal ordering is that one can see immediately whether
any term will give zero when acting on a vacuum state by seeing whether it has at least
one annihilation operator.

Classically, the c-number analogues of & and at, which we can denote « and a*,
commute. This means that, regardless of the ordering of an expression f(«, «*), we have

(fla, o) = / d’a P(a, &) f (o, @), (A.105)

where P(«, o*) is a probability distribution over phase-space.! Quantum mechanically,
we do have to worry about ordering, but we could ask the following: for a given p, is there
a distribution P such that

Trlpf,(a, ah)] = /dza P(a, o) fu(at, o), (A.106)

where f, is a normally ordered expression? The answer is yes, but in general P is an
extremely singular function (i.e. more singular than a §-function). The relation between
the P function (as it is called) and p is

p= /dzoe P(a, o)) (a]. (A.107)

Thus, if P is only as singular as a §-function, then p is a mixture of coherent states.

Exercise A.22 Assuming a non-singular P function, verify Eq. (A.106) from Eq. (A.107).

A.5.2 Antinormal order and the Q function

Antinormal ordering is, as its name implies, the opposite to normal ordering. For example,
A = aaa’at — 3aa’ + 1 is an antinormally ordered operator expression for the operator

A defined above. As for normal ordering, one can ask the question, for a given p, is there
a distribution Q such that

loful@, a'y] = / Qo 0@, o) fule, o), (A.108)

! We write, for example, P(c, o*) rather than P(«), to avoid implying (wrongly) that these functions are analytical functions in
the complex plane.
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where f, is an antinormally ordered expression? Again the answer is yes. Moreover, the
Q function (as it is called) is always smooth and positive, and is given by

O(a, o) = "l plav). (A.109)
Exercise A.23 From this definition, verify Eq. (A.108).

A.5.3 Symmetric order and the Wigner function

A final type of ordering commonly used is symmetric ordering. This can be defined
independently of an annihilation operator, as an expression that is symmetric in @ and a7
is also symmetric in position O and momentum P. A symmetric operator expression is
one in which every possible ordering is equally weighted. Using the same example as
previously, a symmetric expression is

- %[a*a +aa']. (A.110)

We can ask the same question as in the preceding subsections, namely is there a
distribution function W such that

Trlpfs(a, a"Hl =/d2a W, &) fi(e, o), (A.111)

where f; is a symmetrically ordered expression? The answer again is yes, and this
distribution is known as the Wigner function, because it was introduced by Wigner
[Wig32]. Its relation to p is that

W, o) = % / do Tr[pexplo@’ — o) — w* (@ — o). (A.112)

The Wigner function is always a smooth function, but it can take negative values. It was
originally defined by Wigner as a function of position ¢ and momentum p. From
Eq. (A.66), with & = 1, these are related to o by
! (q ti ) (A.113)
a=—(—+iop). .
J2\e TP

In terms of these variables (using w = x — ik),

1 A N
Wi(g, p) = ) /dk/dx Tr[,o explik(Q — q) +1ix(P — p)]] . (A.114)
Note that the characteristic length o of the harmonic oscillator does not enter into this
expression.

A particularly appealing feature of the Wigner function is that its marginal distributions
are the true probability distributions. That is,

/dq Wig. p) = o(p) = (plplp), (A.115)

fdp Wi(g. p) = p(q) = (qlplg). (A.116)



Quantum mechanics and phase-space 417

Exercise A.24 Show this. .
Hint: Recall that [ dq e'?? = 278(p) and that §(p — P) = | p){pl|.

The Wigner function thus appears like a joint classical probability distribution, except that
in many cases it is not positive definite. Indeed, of the pure states, only states with a
Gaussian wavefunction ¥ (g) have a positive-definite Wigner function. Another appealing
property of the Wigner function is that the overlap between two states is given simply by
the integral of the products of their respective Wigner functions:

Trlp102] = ZJTﬁqu/dp Wi(g, p)W2(q, p). (A.117)

Exercise A.25 Show this.

Finally, the Baker—Campbell-Hausdorff theorem states that, for arbitrary operators A
and B satisfying [A, [A, B]] = 0 and [B, [4, B]] =0,

exp(A + B) = exp(A)exp(B) exp(—3[A, B]). (A.118)
Using this, the Wigner function can be rewritten as
1 oA I .
W, p) = —— / dk / dx Tr[pe‘k(Q_q)e”‘(P_p)e_lkx/z] (A.119)
(2m)?
__ / dk / dx Tr peix(p_[’)eik(Q_q)e+ikx/2]. (A.120)
(2m)?

From this, it is easy to prove the following useful operator correspondences:

0
Op < (q +3 a—) W(g. p). (A.121)
P
R i 0
pO e(q—%;)ww,p), (A.122)
)4
R i 0
Pp (p -3 a—) W(q. p). (A.123)
q
Py PN (p o i) W(q, p). (A.124)
2 dq

Exercise A.26 Show these. This means showing, for example, that

/dk/dx Tr[eix(ﬁ—p)eik(Q—q)e+ikx/zQp]

{3 - '
= /dk / dx (q + % £> Tr[e”“(P‘”)e‘k(Q_q)e+'k"/2p] ) (A.125)

Note that here p is not restricted to being a state matrix. It can be an arbitrary operator
with Wigner representation W (g, p), provided that the integrals converge and boundary
terms can be ignored.
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Stochastic differential equations

B.1 Gaussian white noise

Although the description ‘stochastic differential equation’ (SDE) sounds rather general, it
is usually taken to refer only to differential equations with a Gaussian white-noise term. In
this appendix we begin by reviewing SDEs of this sort, which are also known as Langevin
equations. In the final section, we generalize to other sorts of noise (in particular jumps).
This review is intended not to be mathematically rigorous, but rather to build intuition
about the physical assumptions behind the formalism. In particular, the concept of
stochastic integration will not be introduced at all. A more formal treatment of SDEs and
stochastic integrals, still aimed at physical scientists rather than mathematicians, can be
found in Ref. [Gar85]. Another more elementary introduction may be found in
Refs. [Gil93, Gil96].

Consider the one-dimensional case for simplicity. A SDE for the random variable X
may then be written as

X = a(X) + BXOE®). (B.1)

Here, the time argument of X has been omitted, « and 8 are arbitrary real functions, and

&(t) is a rapidly varying random process. This process, referred to as noise, is continuous
in time, has zero mean and is a stationary process. The last descriptor means that all of its
statistics, including in particular its correlation function

E[E(DEE + 1], (B.2)

are independent of . Here E denotes an ensemble average or expectation value as usual.
The noise is normalized such that its correlation function integrates to unity:

/ dr E[E(DEE + 1)] = 1. (B.3)

[ee]

Note that Eq. (B.3) implies that [@] = [X]7 ! and [8] = [X]T ~'/2, where here [A]
denotes the dimensionality of A and T is the time dimension.

We are interested in the case of Markovian SDEs, for which the correlation time of the
noise must be zero. That is, we can replace Eq. (B.3) by

f drEBEE(T + 1) = L, (B.4)

418
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for all € > 0. In this limit, £(¢) is called Gaussian white noise, which is completely
characterized by the two moments

E[E()E(N] = 8(r — 1), (B.5)
E[£(®)] = 0. (B.6)

The correlation function contains a singularity at t = ¢’ because of the constraint of
Eq. (B.4). Because of this singularity, one has to be very careful in finding the solutions of
Eq. (B.1). The noise £(t) is called white because the spectrum is flat in this limit, just like
the spectrum of white light is flat (in the visible range of frequencies anyway). Recall that
the spectrum of a noise process is the Fourier transform of the correlation function.
Physically, an equation like (B.1) could be obtained by deriving it for a physical
(non-white) noise source £(t), and then taking the idealized limit. In that case, Eq. (B.1) is
known as a Stratonovich SDE. This result is known as the Wong—Zakai theorem [WZ65].
The Stratonovich SDE for some function f of X is found by using the standard rules of
differential calculus, that is,

fX) = fXOla(X) + BXOED)], (B.7)

where the prime denotes differentiation with respect to X. As stated above, the differences
from standard calculus arise when actually solving Eq. (B.1).

Let X(¢) be known, and equal to x. If one were to assume that the infinitesimally
evolved variable X were given by

X(t +dt) = x + [a(x) + B)E()]dr (B.8)

and, further, that the stochastic term &(¢) were independent of the system at the same time,
then one would derive the expected increment in X from 7 to ¢ + df to be

E[dX] = a(x)dt. (B.9)

The second assumption here seems perfectly reasonable since the noise is not correlated
with any of the noise which has interacted with the system in the past, and so would be
expected to be uncorrelated with the system. Applying the same arguments to f yields

E[df] = f'(x)a(x)dt. (B.10)

That is, all expectation values are independent of S. In particular, if we consider
f(X) = X2, then the above imply that the infinitesimal increase in the variance of X is

E[d(X?)] — d(E[X])? = 2xa(x)df — 2xa(x)dt = 0. (B.11)

That is to say, the stochastic term has not introduced any noise into the variable X.

Obviously this result is completely contrary to what one would wish from a stochastic
equation. The lesson is that it is invalid to make simultaneously the following three
assumptions.

1. The chain rule of standard calculus applies (Eq. (B.7)).
2. The infinitesimal increment of a quantity is equal to its rate of change multiplied by dr (Eq. (B.8)).
3. The noise and the system at the same time are independent.

With a Stratonovich SDE the first assumption is true, and the usual explanation [Gar85] is
that the second is also true but that the third assumption is false. Alternatively (and this is
the interpretation we adopt), one can characterize a Stratonovich SDE by saying that the
second assumption is false (or true only in an implicit way) and that the third is still true.
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In this way of looking at things, the fluxion X in a Stratonovich SDE is just a symbol
that can be manipulated using the usual rules of calculus. It should not be turned into a
ratio of differentials dX /dt. In particular, E[X] is not equal to dE[X]/df in general. This
point of view is useful for later generalization to jump processes in Section B.6, where
one can still consider starting with an SDE containing non-singular noise, and then taking
the singular limit. In the jump case, the third assumption is inapplicable, so the problem
must lie with the second assumption. Since the term Stratonovich is restricted to the case
of Gaussian white noise, we will also use a more general terminology, referring to any
SDE involving X as an implicit equation.

A different choice of which postulates to relax is that of the It stochastic calculus.
With an Itd SDE, the first assumption above is false, the second is true in an explicit
manner and the third is also true (for Gaussian white noise, but not for jumps). The Itd
form has the advantage that it simply allows the increment in a quantity to be calculated,
and also allows ensemble averages to be taken easily. It has the disadvantage that one
cannot use the usual chain rule.

B.2 1t0 stochastic differential calculus

Because different rules of calculus apply to the Itd and Stratonovich forms of a SDE, the
equations will appear differently in general. The It6 form of the Stratonovich equation
(B.1)is

dX = [a(X) + %ﬂ(X),B/(X)]dt + B(X)dW(1). (B.12)
Here, the infinitesimal Wiener increment has been introduced, defined by
dW(t) = &(t)dr. (B.13)
This is called a Wiener increment because if we define
t
W) = / E@Hdr’ (B.14)
fo

then this has all of the properties of a Wiener process. That is, if we define AW (¢) =
W(t + At) — W(¢), then this is independent of W(s) for s < ¢, and has a Gaussian
distribution with zero mean and variance At:

PI[AW(t) € (w, w + dw)] = [27r Ar]™"* exp[—w?/(2 At)]dw. (B.15)

It is actually quite easy to see these results. First the independence of AW (¢) from W(s)
for s < t follows simply from Eq. (B.5). Second, it is easy to show that

E[AW()’] = At, (B.16)
E[AW(?)] = 0. (B.17)
Exercise B.1 Verify these using Egs. (B.5) and (B.6).

To go from these moments to the Gaussian distribution (B.15), note that, for any finite
time increment Az, the Wiener increment AW is the sum of an infinite number of
independent noises &(¢)d¢, which are identically distributed. By the central limit theorem
[Gil83], since the sum of the variances is finite, the resulting distribution is Gaussian. We
thus see why &(r) was called Gaussian white noise: because of the Gaussian probability
distribution of the Wiener process. Note that the Wiener process is not differentiable, so
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strictly £(¢) does not exist. This is another way of seeing why stochastic calculus is a
tricky business and why we have to worry about the [td versus Stratonovich definitions.

In Eq. (B.12) we have introduced a convention of indicating Itd equations by an explicit
representation of an infinitesimal increment (as on the left-hand side of Eq. (B.12)),
whereas Stratonovich equations will be indicated by an implicit equation with a fluxion on
the left-hand side (as in Eq. (B.1)). If an It (or explicit) equation is given as

dX = a(X)dr + b(X)dW(z), (B.18)
then the corresponding Stratonovich equation is
X =a(X) — 10/ (X)b(X) + b(X)E(1). (B.19)

Here the prime indicates differentiation with respect to X. A simple non-rigorous
derivation of this relation will be given in Section B.3.

In the It6 form, the noise is independent of the system, so the expected increment in X
from Eq. (B.18) is simply

E[dX] = a(X)dr. (B.20)

However, the nonsense result (B.11) is avoided because the chain rule does not apply to
calculating d f(X). The actual increment in f(X) is simple to calculate by using a Taylor
expansion for f(X 4 dX). The difference from the usual chain rule is that second-order
infinitesimal terms cannot necessarily be ignored. This arises because the noise is so
singular that second-order noise infinitesimals are as large as first-order deterministic
infinitesimals. Specifically, the infinitesimal Wiener increment dW (¢) can be assumed to
be defined by the following It6 rules:

E[dW()*] = dt, (B.21)
E[dW(r)] = 0. (B.22)

These can be obtained from Eqs. (B.16) and (B.17) simply by taking the infinitesimal
limit A — d.

Note that there is actually no restriction that dW(¢) must have a Gaussian distribution.
As long as the above moments are satisfied, the increment AW (¢) over any finite time will
be Gaussian from the central limit theorem. By a similar argument, it is actually possible
to omit the expectation value in Eq. (B.21) because, over any finite time, a time average
effects an ensemble average of what is primarily a deterministic rather than stochastic
quantity. This can be seen as follows. Consider the variable

N—1
At =Y [SW()P, (B.23)
j=0
where t; = tg + j dt, where 8t = At/N. Then it follows that
(AT) = At, (B.24)
(AT — (A7) = oL (B.25)
- JNJZ '

Exercise B.2 Show these results.
Hint: For the second of these, first show that ([5W(tj)]2[6W(tk)]2> = (51)%(1 + 25 ).
Remember that the 3W (t;) and SW (i) are independent for k # j, while, for j = k, use the

fact that, for a Gaussian random variable X of mean 0, <X4) = 3<X 2>2.
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In the limit N — oo, where 6t — dt, the standard deviation in At vanishes and At
converges to At in the mean-square sense. Since this is true for any finite time interval, we
may as well replace dW? by dt.

Using this result and expanding the Taylor series to second order gives the modified
chain rule

df(X) = f(X)dX + 1 f(X)dX)*. (B.26)
Specifically, with dX given by Eq. (B.18), and using the rule dW (1)* = dt,
df(X) = [f'(X)aX) + 3 f"(XObX)*]dr + f'(X)b(X)AW (2). (B.27)

With this definition, and with f(X) = X2, one finds that the expected increase in the
variance of X in a time d¢ is

E[dX(1)*] — d(E[X(1)])* = b(x)* dt. (B.28)

That is to say, the effect of the noise is to increase the variance of X. Thus, the correct use
of the stochastic calculus evades the absurd result of Eq. (B.11).

B.3 Theltd-Stratonovich relation
Consider again the Stratonovich equation, with the (boring) deterministic term set to zero:
X = BXE®). (B.29)

Assuming that the chain rule of standard calculus applies, and that the noise at time ¢ is
independent of the system at that time, we have shown that naively turning this from an
equation for the rate of change of X into an equation for the increment of X,

X+ dt) = X (1) + B(X)E(¢)dt, (B.30)

leads to absurd results in general. This is because, when the noise &(¢)d¢ is as singular as
we are assuming (scaling as J/dt, rather than dr), even an infinitesimal time increment
cannot be assumed to yield a change of size scaling as dr.

Since Eq. (B.30) comes from a first-order Taylor expansion of X (¢ + d¢) in dz, it makes
sense from the above arguments that we should use a higher-order expansion. The
all-order expansion is

a
X(t+dr) = exp(dt a—)X(s) (B.31)
s s=t
We can evaluate this by rewriting Eq. (B.29) as
a
&X(S) = B(X(s)E@)]s—- (B.32)
s=t

Note that £(¢) is assumed constant while X (s) changes. This is an expression of the fact
that the noise £(¢) cannot in reality be §-correlated. As emphasized above, equations of the
Stratonovich form arise naturally only when &(¢) is a physical (non-white) noise source,
and the idealization to white noise is made later. Thus the physical noise will have some
finite correlation time over which it remains relatively constant. This idealization is valid
if the physical correlation time is much smaller than the characteristic evolution time of
the system.
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We now expand Eq. (B.31) to second order in d¢. As in the Itd chain rule, this is all that
is necessary. The result, using Eq. (B.32), is

1 0l
X +dr) = X(t)+dr BX@)EQ) + E(dt)2 |:£,B(X(s))§(t):| . (B.33)

s=t

Now, using the usual chain rule to expand 08(X(s))/ds, again using Eq. (B.32), we get

1
dX = B(X)&(r)dr + E(é(t)dt)zﬂ(x)ﬁ'(X). (B.34)

Replacing £(¢)dt by dW(¢) and using Eq. (B.21) yields the correct Itd equation (B.12).
In cases for which f is linear in X, as in

X (1) = AX(D)E(D), (B.35)
the 1t6 equation
dX(t) = [AdW (1) + (A*/2)dr]1X(7) (B.36)
can be found easily since Eq. (B.31) becomes
X(t 4+ dr) = exp(AdW () X (2). (B.37)

This case is particularly relevant in quantum systems.

B.4 Solutionsto SDEs
B.4.1 The meaning of ‘solution’

Because the equations we are considering are stochastic, they have no simple solution as
for deterministic differential equations, as a single number that changes with time. Rather,
there are infinitely many solutions, depending on which noise &(¢) actually occurs. It
might seem that this is more of a problem than a solution, since it is not easy to
characterize such an infinite ensemble in general. However, this infinite ensemble of
solutions has definite statistical properties, because the noise & (¢) has definite statistical
properties. For example, the moments E[X (1)] and E[ X (1)?] are deterministic functions of
time, as is the correlation function E[ X (1) X (¢t + 1)].

To find averages such as these, in general a stochastic numerical solution is required.
That is, the SDE is solved for one particular realization of the noise and the result X ()
recorded. It is then solved again for a different (and independent) realization of the noise.
Any given moment can then be approximated by the finite ensemble average F. For

example, the one-time average E[ f (X (t))], at any particular time ¢, can be estimated from

1 M
FLr(xo)] = o7 3 r(x,0). (B.38)
j=1

where X (¢) is the solution from the jth run and M is the total number of runs. The error
in the estimate F[ f (X (t))] can be estimated by the usual statistical formula

o{Flf(X0)]} = \/F[[f(x(t))]z]ﬁ; F[f(X(t))]z. (B.39)
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Thus M has to be chosen large enough for this to be below some acceptable level.
Two-time averages such as correlation functions, and the uncertainties in these estimates,
may be determined in a similar way.

B.4.2 Ito6 versus Stratonovich

The existence of two forms of the same SDE, It6 and Stratonovich, may seem problematic
at this point. Which one is actually used to solve SDEs? The answer depends on the
method of solution.

Using a simple Euler step method, the Ité SDE giving an explicit increment is
appropriate. That is, for the one-dimensional example, one has

X(tj41) = X(1;) + a(X(1))) 0t + b(X(t,))\/E S, (B.40)

where 8t is a very small increment, with t;,; — ¢; = 6¢, and §; is a random number with a
standard normal distribution' generated by the computer for this time step. The ;. for
the next time step is a new number, and the numbers in one run should be independent of
those in any other run. If one were to use a more sophisticated integration routine than the
Euler one, then the Stratonovich equation may be the one needed. See Ref. [KP0O] for a
discussion.

In some cases, it is possible to obtain analytical solutions to a SDE. By this we mean a
closed integral form. Of course, this integral will not evaluate to a number, because it will
contain the noise term £(7). However, it can be manipulated so as to give moments easily.
Again, the question arises, which equation is actually integrated in these cases, the Itd one
or the Stratonovich one? Here the answer is that in practice it does not matter. The only
cases in which an analytical solution is possible are those in which the Itd equation has
been (perhaps by an appropriate change of variable) put in the form

dX = a(t)dt + b(r)dW, (B.41)
that is, where a and b are not functions of X. In this case the Stratonovich equation is
X =a(t)+ b()E®). (B.42)

That is, it looks the same as the Itd equation, so one could naively integrate it instead, to
obtain the solution

X(t) = X(0) +/ a(s)ds +/ b(s)&(s)ds. (B.43)
0 0

B.5 The connection to the Fokker—Planck equation

An alternative to describing a stochastic process using a SDE for X is to use a
Fokker—Planck equation (FPE). This is an evolution equation for the probability
distribution g(x) for the variable. In this section we show how the FPE corresponding to a
SDE can very easily be derived. In the process we obtain other results that are used in the
main text.

First note that the probability density for a continuous variable X is by definition

px) = E[§(X — x)]. (B.44)

! That is, a Gaussian distribution with mean zero and variance unity.



Stochastic differential equations 425

Now §(X — x) is just a function of X, so we can consider the SDE it obeys. If X obeys
dX = a(X)dt + b(X)dW(¢) (B.45)

then, using the Itd chain rule, one obtains

dé(X —x) = [aixé(X — x)] [a(X)dt + b(X)dW ()]

1 92 )
- [5 (BX)28(X —x)] b(X)*dt, (B.46)

— [_%5()( — x):| [a(X)dr + b(X)dW (1)]

1 92 5
+ [5 (ax)Za(X - x):| b(X)2dt. (B.47)

Exercise B.3 Convince yourself that, for an arbitrary smooth function f(X),
a d
[8—5(X - X)] f(X) = —[8(X —x) f(x)]. (B.43)
X ox

Hint: Consider the first-principles definition of a differential.

Using the result of this exercise and its generalization to second derivatives, and then
taking the expectation value over X, gives

2

d 1 0

dp(x) = { o la(x)dr 4 b(x)dW (2)] + > )

If p(x;1) = 6(X(r) — x) at some time, then by construction this will remain true for all
times by virtue of the stochastic equation (B.49). However, this equation (which we call a
stochastic FPE) is more general than the SDE (B.45), insofar as it allows for initial
uncertainty about X. Moreover, it allows the usual FPE to be obtained by assuming that
we do not know the particular noise process dW driving the stochastic evolution of X and
©(x). Replacing dW in Eq. (B.49) by its expectation value gives the (deterministic) FPE

b(x)*dt } o (x). (B.49)

2

d 1
© (x) = {—aa(X) +5 b(X)z} £ (x). (B.50)

2 (9x)?
Note that this g(x) is not the same as that appearing in Eq. (B.49) because we are no
longer conditioning the distribution upon knowledge of the noise process. In Eq. (B.50),
the term involving first derivatives is called the drift term and that involving second
derivatives the diffusion term.

B.6 More general noise

As we have noted, our characterization of the Ito—Stratonovich distinction as an
explicit—implicit distinction is not standard. Its advantage becomes evident when one
considers point-process noise. Recall that, when one starts with evolution driven by
physical noise and then idealizes this as Gaussian white noise, one ends up with a
Stratonovich equation, which has to be converted into an Itd equation in order to find an
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explicit solution. Similarly, if one has an equation driven by physical noise that one then
idealizes as a point process (that is, a time-series of §-functions), one also ends up with an
implicit equation that one has to make explicit. The implicit—explicit relation is more
general than the It6—Stratonovich one for two reasons. First, for point-process noise the
defining characteristic of an It equation, namely that the stochastic increment is
independent of the current values of the system variables, need not be true. Secondly,
when feedback is considered, this It6 rule fails even for Gaussian white noise. That is
because the noise which is fed back is necessarily correlated with the system at the time it
is fed back, and cannot be decorrelated by invoking It6 calculus.

Although point-process noise may be non-white (that is, it need not have a flat noise
spectrum), it must still have an infinite bandwidth. If the correlation function for the noise
were a smooth function of time, then there would be no need to use any sort of stochastic
calculus; the normal rules of calculus would apply. But, for any noise with a singular
correlation function, it is appropriate to make the implicit—explicit distinction. We write a
general explicit equation (in one dimension) as

dX = k(X)dM(1). (B.51)

Here, deterministic evolution is being ignored, so dM () is some stochastic increment. If
dM(t) = dW(¢) then Eq. (B.51) is an Itd SDE. More generally, dM (¢) will have
well-defined moments that may depend on the system X(¢). A stochastic calculus will be
necessary if second- or higher-order moments of dM () are not of second or higher order
in d¢. For Gaussian white noise, only the second-order moments fit this description, with
dW(t)*> = dt. In contrast, all moments must be considered for a point-process increment
dM(t) = dN().
The point-process increment can be defined by

E[dAN ()] = AM(X)dt, (B.52)
dN(1)* = dN(1). (B.53)

Here A(X) is a positive function of the random variable X (here assumed known at time ¢).
Equation (B.52) indicates that the mean of dN(¢) is of order df and may depend on the
system. Equation (B.53) simply states that dN(¢) equals either zero or one, which is why
it is called a point process. From the stochastic evolution it generates it is also known as a
jump process. Because dN is infinitesimal (at least in its mean), we can say that all second-
and higher-order products containing d¢ are o(d¢). This notation means that such products
(like dN dt, but not dN?) are negligible compared with dz. Obviously all moments of
dN(t) are of the same order as dt, so the chain rule for f(X) will completely fail.

Unlike dW, which is independent of the system at the same time, dN does depend on
the system, at least statistically, through Eq. (B.52). In fact, we can use the above
equations to show that

E[dN (1) f(X)] = E[A(X) f(X)]dr, (B.54)
for some arbitrary function f.
Exercise B.4 Convince yourself of this.

It turns out [Gar85] that for Markovian processes it is sufficient to consider only the above
two cases, dM = dW and dM = dN.

Now consider a SDE that, like the Stratonovich equation for Gaussian white noise,
arises from a physical process in which the singularity of the noise is an idealization. Such
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an equation would be written, using our convention, as

X = x(Op), (B.55)
where (t) is a noisy function of time that is idealized by

u(t) =dM(t)/dr. (B.56)

Equation (B.55) is an implicit equation in that it gives the increment in X only implicitly.
It has the advantage that f(X) would obey an implicit equation as given by the usual
chain rule,

F X)) = fXxXn®). (B.57)

Notice that the third distinction between Itd and Stratonovich calculus, namely that based
on the independence of the noise term and the system at the same time, has not entered
this discussion. This is because, even in the explicit equation (B.51), the noise may
depend on the system. The independence condition is simply a peculiarity of Gaussian
white noise. The implicit—explicit distinction is more general than the Stratonovich-It6
distinction. As we will show below, the relationship between the Stratonovich and Itd
SDEs can be easily derived within this more general framework.

The general problem is to find the explicit form of an implicit SDE with arbitrary noise.
For implicit equations, the usual chain rule (B.57) applies, and can be rewritten

[ = FEOxCOu@) = ¢(£X0) o), (B.58)

where this equation defines ¢( f). Now, in order to solve Eq. (B.55), it is necessary to find
an explicit expression for the increment in X. The correct answer may be found by
expanding the Taylor series to all orders in dM. This can be written formally as

0
X(t+dr) = exp(dt 8—>X(s)|s, (B.59)
S
)
= exp[x (x)dM(t)a]xh:X(,). (B.60)
Here we have used the relation
d dM ()
—X(@s) = x(X , B.61
|:ds (s) = x(X(s) @ ]m ( )

which is the explicit meaning of the implicit Eq. (B.55). Note that w(z) is assumed to be
constant, while X (s) is evolved, for the same reasons as explained following Eq. (B.32). If
the noise w(¢) is the limit of a physical process (which is the limit for which Eq. (B.55) is
intended to apply), then it must have some finite correlation time over which it remains
relatively constant. The noise can be considered §-correlated if that time can be considered
to be infinitesimal compared with the characteristic evolution time of the system X.

The explicit SDE is thus defined to be

dX(t) = (exp[x(X)dM(t)%] — 1>X(t), (B.62)
which means

9
dX(t) = (exp[x(x)dM(t)a] - 1>x|x_x(,). (B.63)
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This expression will converge for all x(X) for dM = dN or dM = dW, and is compatible
with the chain-rule requirement (B.58) for the implicit form. This can be seen from
calculating the increment in f(X) using the explicit form:

df = f(X(0) +dX®) — f(X@)
- f<3XP|:X(X)dM(f)%]X|x_X(z)> - f(x®)

0
= eXP[X(X)dM(f)a}f(x)|x=X(t) - f(X®)

d
= (exp|:¢(f)dM(t)§] - 1>f|f=f(xa)>, (B.64)

as expected from Eq. (B.58). This completes the justification for Eq. (B.62) as the correct
explicit form of the implicit Eq. (B.55).

For deterministic processes (x = 0), there is no distinction between the explicit and
implicit forms, since only the first-order expansion of the exponential remains with d¢
infinitesimal. There is also no distinction if x(x) is a constant. For Gaussian white noise,
the formula (B.62) is the rule given in Section B.3 for converting from Stratonovich to 1t6
form. That is, if the Stratonovich SDE is Eq. (B.55) with dM(¢) = dW(¢), then the Itd
SDE is

dX(t) = x(X)dW(@) + %X(X)X/(X)dt. (B.65)
Exercise B.5 Show this, using the It6 rule dW()? = dr.

This rule implies that it is necessary to expand the exponential only to second order. This
fact makes the inverse transformation (It6 to Stratonovich) easy. For the jump process, the
rule dN(¢)> = dN() means that the exponential must be expanded to all orders. This gives

dX@) = dN(t)(eXp[x(x)%] — 1>x(t). (B.66)

In this case, the inverse transformation would not be easy to find in general, but there
seems no physical motivation for requiring it.

B.6.1 Multi-dimensional generalization

The multi-dimensional generalization of the above formulae is obvious. Writing X; for
the componenents of the vector X and using the Einstein summation convention, if the

implicit form is
X (1) = xi; (X)) (1), (B.67)

then the explicit form is

, 9
dXi(1) = (exp[xkj(X)dM_i(t)a—XJ - 1)xi(r). (B.68)
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This is quite complicated in general. Fortunately, when considering quantum feedback
processes, the equations for the state are linear. Thus, if one has the implicit equation

p (1) = uOLp(@), (B.69)
where C is a Liouville superoperator, then the explicit SDE is simply
dp(t) = (exp[K dM(1)] — D)p(1). (B.70)

Exercise B.6 Convince yourself that this is consistent with Eq. (B.68).
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Einstein summation convention,
169
electromagnetic field, see field
electromechanical systems
nano, 136
quantum, 136, 193
electron
harmonically trapped, 302
in a double quantum dot, 207, 372
in a quantum dot, 113, 201
spin-polarized, 116
emission
spontaneous, 102, 106, 361
stimulated, 107
ensembles

coherent state, 351

ignorance interpretation of, 125, 126

non-orthogonal, 125, 402

orthogonal, 126, 127, 346, 402

physically realizable, 126, 127, 129, 175, 327,

330f
preferred, 124, 125
pure state, 125, 401, 402
stationary, 173
uniform, 346
stochastically generated, 153, 423
uniform Gaussian, 326, 329f
entanglement, 15, 405
atom-field, 106, 275, 276
continuous variable, 348
measure of, 406
system—apparatus, 16, 28
system—environment, 99
entropy, 12, 36, 402, 406
environment, 15, 97, 354
bosonic, 113
fermionic, 113
equations
Belavkin, 309
Bellman, 283
quantum, 311
Bloch, 107, 128
Fokker—Planck, 253, 282, 424
deterministic, 425
stochastic, 196, 197, 425
Heisenberg, 403
Kushner—Stratonovich, 198, 280
superoperator, 200
Langevin, see Langevin equation
linear matrix, 286
master, See master equation
Maxwell, 107
Ornstein—Uhlenbeck, 253, 284, 302
Riccati, 290, 297
algebraic, 292, 297t

stabilizing solutions of, see stabilizing

Riccati solutions
Schrodinger, 402
stochastic, 151, 162, 168
stochastic differential, see SDE
Zakai, 198
superoperator, 199
error
mean-square, 54
state-discrimination, 86
error correction
classical, 357
conditions for, 363
continuous, 368
for detected errors, 359
for monitored errors, 362
quantum, 353, 356
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error correction (cont.)
without measurement, 375
continuous, 376
error syndrome, 357
errors
bit-flip, 3, 354
classical, 353
detected, 359
continuously occurring, 361
irreversible
detected, 359
inherently, 359
phase-flip, 356
quantum, 353
detected, 359
monitored, 362
rate of, 374
reversible
detected, 359
estimate
best, 52
biased, 52
maximum-likelihood, 54
optimal, 68
Braunstein—Caves, 59, 62, 75
Cramér—-Rao, 56
unbiased, 54, 73
estimation
Heisenberg limit for, 67, 397
maximum-likelihood, 95
parameter
adaptive, 76
phase, 65
adaptive, 80, 83, 397
phase difference, 68
quantum parameter, Xi, 51
spatial displacement, 62

standard quantum limit for, 67, 68, 71, 83

time difference, 96, 260
estimator, 283f, 296f
robust, 340
evolution
completely positive, 119
diffusive, 161
discontinuous, 150
Heisenberg picture, 30, 141, 402
interaction frame, 99, 104, 116, 403
irreversible, 97
non-selective, 8, 25
continuous, 148, 149
non-unitary, 150, 273
reversible, 402
rotating frame, 404
Schrodinger picture, 30, 402
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selective, 25
discontinuous, 148
unitary, 15, 149, 403

factor

photocurrent scaling, 189
quality
measurement, 232
resonator, 136, 243

feedback

for noise reduction, 230
Heisenberg picture, 217
more robust than feedforward, 236
negative, 225, 235
optical beam
with linear optics, 217, 220
with nonlinear optics, 231
with QND measurements, 231, 233
positive, 230, 255, 258
proportional, 301
quantum, 28, 81, 83,216
all-optical, 266
coherent, 266, 267
globally optimal, 96
locally optimized, 96
semiclassical, 228
stability of, 223
usage of the term, 237

feedback control

‘deep’ quantum, 270
anti-decoherence, 241, 267
direct detection, 238
for atom lasers, 267
for cooling, 268, 330, 338
for Dicke-state preparation, 339
for gravitational-wave detection, 267
for linear systems
Markovian, 301, 306
optimal, 307
for noisy channels, 396
for rapid purification, 396
for spin-squeezing, 263, 339
Heisenberg picture, 243, 249
homodyne detection, 246
in cavity QED, 276
experimental, 271, 276
linear, 251
Markovian, 254, 256, 336
linear exponential quadratic Gaussian, 340
linear Gaussian
stability of, 298
linear quadratic Gaussian, 296, 328
asymptotic, 297
stability of, 298
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Markovian, 240, 301, 335 quantum, xiii, 309
for cooling, 302 ‘Wonham, 369
for error correction, 362 frequency
limitations of, 337, 339 atomic, 46, 48
non-Markovian, 238 cavity resonance, 43
for error correction, 368 detuning, 43, 55, 100, 134
optimal, 215, 282, 311 Josephson, 139
for error correction, 368 local oscillator, 83, 158, 166
with control constraints, 300 mechanical, 136
with time delay, 300 microwave, 43
practicalities of, 242 optical, 104
quantum, xi, xiii, 216, 237 Rabi, 48, 106
risk-sensitive, 339 single-photon, 43, 272
semiclassical, 270 resonance, 178
state-based, 269, 270, 283, 311 sideband, 178
using QND measurements, 259 uncertainty in, 106
with inefficient detection, 243
with time delay, 243 gain
feedforward feedback, 222, 223
electro-optic, 390, 394 optimal, 230, 302, 304
gain of, 236 trade-off with bandwidth, 224
less robust than feedback, 236 open-loop, 237
quantum, Xi teleportation, 351
fidelity, 40 gate
error correction, 371, 378 C-NOT, 354
teleportation, 346, 351, 353 CS, 383
field entangling, 382
classical, 106 Hadamard, 394
coherent, 156 logic, 354
continuum, 15, 102, 141 non-deterministic, 380
driving, 43 NS, 383
electric, 46 Toffoli, 375
in-loop, 226 group, 119, 319
input, 143, 181 Lie, 319
magnetic, 263 Pauli, 357
mean, 217
microwave, 43, 139 Haar measure, 40
output, 181 Hamiltonian, 309, 402
radiated, 15 dipole-coupling, 102
single-mode, 16, 42, 83, 130, 391, 411 driving, 106, 109, 146
squeezed, 145 effective, 134, 136, 140
thermal, 145 feedback, 242, 244, 249, 335
two-mode, 69 free, 404
vacuum, 143 interaction, 404
white-noise, 145, 191, 249 Jaynes—Cummings, 44
field-programmable gate array, 85 quadratic, 315
filter time-dependent, 403
bandwidth of, 195 Heisenberg cut, 15, 28, 97
low-pass, 195 Hilbert space, 398
optical, 178 infinite-dimensional, 19, 308, 398,
filtering 408
classical, xiii, 280 tensor-product, 405
Kalman, 290, 293 three-dimensional, 12

linear low-pass, 369 two-dimensional, 16, 402
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Holevo variance, 74
Hong-Ou-Mandel interference, 390
Husimi function, see Q function

identity
resolution of, 20
iff, 169
inequality
linear matrix, 294, 328, 334
information
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Fisher, 54,72, 74, 75
Shannon’s theory of, 341
information processing
quantum, 341
NMR, 266
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saturation, 261
interferometry, 68
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Mach—Zehnder, 68
multi-pass, 397
Ramsey, 47, 54, 56, 72, 133
single-photon, 397
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quantum, xiii, 50, 120, 150, 204, 210, 273,
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knowledge
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maximal, 8, 9, 406

Lamb shift, 105
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Langevin equations, 141, 281, 418
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quantum, 141, 144
linear, 315
non-Markovian, 245
Lie algebra, 383
limit
Doppler, 268
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shot noise, 219
standard quantum, 67, 71, 75, 219, 331
ultimate quantum, 67, 74
lower bound
Braunstein—Caves, 59
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quantum
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Brownian motion, 112, 121
caricature of, 123
high-temperature, 112
error correction, 376
feedback, 240, 247, 336
integro-differential, 101
Lindblad, 105, 119, 150, 309
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radiative damping, 102, 130
Redfield, 101
resonance fluorescence, 106, 128,
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spin-boson, 109, 374
high-temperature, 111, 127
stochastic, 155, 161
invariance of, 170
non-Markovian, 239
time-dependent, 101, 110
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controllability, 288, 319
correlation, 169
covariance, 284
conditioned, 292, 294
quantum, 313
unconditioned, 286, 294
diffusion, 284
quantum, 316
drift, 284
quantum, 316
Hurwitz, 285
positive definite, 285
positive semi-definite, 169, 285
properties of, 285
pseudoinverse of, 285
rank of, 285
spectral-norm bounded, 169
stable, 285
symplectic, 313
unravelling, 310
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measurement strength
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measurements, 51
Heisenberg picture, 181
accidental, 359
adaptive, 76, 79, 175, 190, 391
experimental, 83
back-action-evading, 35, 38
Bell, 345, 395
canonical, 63, 65, 72, 397
classes of, 35, 41
closure of, 41
classical, 2
binary, 2, 37
ideal, 3
non-disturbing, 2, 4-6
petrol and match, 7
complementary, 26, 32
complete, 35, 37, 187, 391
constrained, 76
continuous-in-time, See monitoring
covariant, 60
efficient, 35
generalized, xii, 15, 97
Heisenberg picture, 29
incomplete, 37, 79, 392
inefficient, 32, 34, 35
minimally disturbing, 35, 40
non-projective, 15, 22
of an observable, 35, 38
orthodox, 41
position, 19, 23, 27, 32
projective, xii, 10, 35, 41
quantum, xi, Xii
binary, 16, 25, 31, 45, 121
quantum-non-demolition, 39, 203, 229, 231,
259
repeated, 11, 22
sharp, 35, 37
simultaneous, 11, 14, 15, 23
single-qubit, 389, 397
Type I, 41
Type 11, 41
unsharp, 37
von Neumann, 10, 35, 41
mesoscopic electronics, 113, 201
meter, 15, 53, 97
mode shape, 392
model reduction, xiv
modulator
acousto-optic, 84
electro-optic, 84, 221, 353
momentum kicks, 27, 32
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monitoring, xiii, 97, 149
Heisenberg picture, 181
in mesoscopic electronics, 201
Moore—Penrose inverse, 321

noise
1/f,254n2, 374
amplifier, 304
binary, 3
classical, 8
dark, 49, 194
electronic, 85, 194, 374
Gaussian, 6
Gaussian white, 418, 419
input field, 191
Johnson, 196, 303, 374
measurement, 2, 15, 18, 19, 24, 31,
288
quantum, 83, 321
non-white, 419, 422
point-process, 425
preparation, 405
process, 284, 353
pure, 289
quantum, 316
quantum, 9, 26, 32, 230, 245,
399
random telegraph, 374
reduction by feedback, 230
shot, 184, 185
sub-shot, 217
technical, 85
vacuum, 166, 218
non-contextuality, 12
nonlocality, 9

observability, 291
Lloyd’s concept of, 324
potential, 323

observables, 10, 20, 398
apparatus, 27
quantum-non-demolition, 28, 39
quorum of, 95
simultaneously measurable, 11, 14

Ohmic contact, 115

operationalism, 9

operations, 20, 32
Kraus representation of, 21
trace-preserving, 22

operator algebra, 69

operator ordering
antinormal, 116, 415
normal, 116, 143, 415
symmetric, 314, 416
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operators, 398 P function, 415
angular momentum, 69, 259 pacifiability, 299, 307, 332, 335
annihilation, 115, 411 parametric down-conversion, 234, 327, 352
fermionic, 113 parametric driving, 252
canonically conjugate, 53 threshold for, 253
complementary, 26, 31 partial trace, 406
complex current, 310 perturbation theory
creation, 115, 411 second-order, 134, 140
fermionic, 113 phase
displacement, 31, 42, 60, 352, 414 harmonic oscillator, 65
fluctuation, 218 quantum
Fourier-transformed, 218 absolute, 399
Hamiltonian, see Hamiltonian relative, 399
Hermitian, 11, 398 sideband, 84
input field, 143, 181 phase shift
Lindblad, 119 optical, 70
linear, 315 atom-induced, 261
measurement, 16, 19 phase-space
unitary rearrangement of, 25 classical, 405
momentum, 399, 408 quantum, 312, 407
non-Hermitian, 410 phonons, 411
normal, 11, 189 photocurrent
number, 42, 411 direct detection, 155
outcome, 27, 29 linearized, 217
output field, 181 heterodyne, 168
Pauli, 103, 208, 342 homodyne, 161
phase, 65 photons, 16, 70, 77, 411
photocurrent, 184 antibunching of, 174, 275
photon flux, 182, 217 bunching of, 174, 275
linearized, 218 detection of, 150, 154, 188
position, 65, 399, 407 demolition, 15, 22, 34, 78
positive semi-definite, 401 non-demolition, 45, 50
probability, see probability operator emission of, 154
projection, 10, 401 loss of, 131
rank-1, 10, 16, 401 polarization of, 89
real current, 321 sources of single, 390
unitary, 403 thermal, 46
optical nonlinearity, 231, 234, 252 photoreceiver, 196
Kerr, 383 Planck’s constant, 309
measurement-induced, 382 plant (engineering), 279
oscillators Poisson bracket, 312
anharmonic POM, see probability-operator-valued
coupled, 272, 275 measure
quantum, 107 POVM, see probability-operator-valued
harmonic measure
amplitude of, 413 preparation, 51, 401
classical, 107, 302, 410 cluster state, 389
coupled, 274, 275 non-uniqueness of, 402
phase of, 413 off-line, 388
quantum, 131, 330, 410 single-qubit, 397
local, 80, 83 principle
mode-matched, 189 certainty equivalence, 296
optical parametric, 252, 327, separation, 282, 339

334 quantum, 311, 339
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probability
forward, 5
subjective, 2
probability amplitude
classical, 57
quantum, see wavefunction
probability distributions
Gaussian, 6, 56, 61
combining, 6, 289
marginal, 416
ostensible, 163, 171
Poissonian, 412
quasi-, 414
probability operator, 19, 33
non-projective, 22
probability-operator-valued measure, 20
Gaussian, 23
process
diffusion, 425
innovation, 281
jump, 426
point, 151, 217, 426
random telegraph, 205
stationary, 156, 418
Wiener, 280, 420
complex, 167, 169, 310
derived from point process, 160
programming
semi-definite, xiv, 334
projection postulate, 10, 15, 19
purification, 126, 406, 407
purity, 401

Q function, 24, 190, 415
g-numbers, 398
quadratures
amplitude, 218
input field, 184
output field, 163, 166
phase, 218
QND measurement of, 229, 231
system, 159, 166, 188
variance of, 252
quantum computing, xi, 341
linear-optical, 380, 382, 390
nonlinear-optical, 379
one-way, 389
solid-state, 138, 372
universal, 382, 395
quantum dot
double, 136, 207
Pin Si, 372
single, 113, 118, 201
quantum measurement problem, xiii, 97, 98, 123
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quantum mechanics
interpretation of, 9
quantum optics, xiii, 107, 150, 154,
217
quantum point contact, 201
quantum steering, 126
quantum trajectories, Xiii, 148, 151
linear, 162, 163, 168
non-Markovian, 195, 215, 247
used for simulations, 152
quantum watched-pot effect, 210
qubits, 103, 342
charge, 372
electronic, 136
entangled, 344
fungibility of, 342
photonic, 379
conversion of, 394
dual-rail, 382, 387
single-rail, 387, 390
spin, 342
superconducting, 138, 342

rate
damping
momentum, 112
oscillator, 136
decoherence, 138
dephasing, 111
error, 361, 370
injection, 117
radiative decay, 104, 108
tunnelling, 115, 118
relations
anticommutation, 113
Pauli, 103
commutation
bosonic, 102
canonical, 312, 409
free-field, 182, 219, 234
in-loop field, 227, 228
Pauli, 103
vacuum, 185
fluctuation—dissipation, 317
fluctuation—observation, 322, 333
gain—bandwidth, 224
input—output, 181
1t6—Stratonovich, 422
uncertainty, 399
angular momentum, 259
free-field, 219, 227, 234
Heisenberg, 14, 15, 399, 409
Schrodinger-Heisenberg, 313
time—energy, 95, 100, 115
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representation squeezing
Bloch, 103, 173, 208, 346 free-field, 219, 234
Schwinger, 69 in-loop, 217, 226, 230
reservoir, See environment, 97 integrated, 254
resistance intracavity, 253
quantum of, 113 low-frequency, 254
tunnel junction, 115 via feedback, 234
response function experimental, 234
linear, 222 stability
robustness for dynamical systems, 286
to decoherence, 98, 125, 130, 132 for quantum dynamical systems, 317
to parameter uncertainty, 236, 339, Nyquist criterion for, 223
340 of linear Gaussian control, 298
of linear quadratic Gaussian control, 298
SDE, 418 stabilizability, 287
analytically solved, 424 stabilizing Riccati solutions, 293, 297, 307, 325
explicit, 239, 249, 421, 426 state collapse, xii, 10, 26, 126
general, 426 objective, xiii
implicit, 239, 249, 420, 426 state matrix, 9, 401
110, 420, 422, 427 state reduction, see state collapse
numerically solved, 423 state vector, 9
quantum, Xiii state vector (engineering), 279
Stratonovich, 419, 422, 427 states
semigroup Bell, 344, 394
quantum dynamical, 119 classical, 1, 4, 34, 279
sharpness, 74 conditional, 4, 280, 308
single-electron transistor (SET), consistent, 2, 50
374 Gaussian, 6, 284
spectrum posterior, 4, 81
direct detection prior, 3, 5
linearized, 219 unconditional, 5, 8
heterodyne, 168, 181 unnormalized, 7
homodyne, 166, 179, 219, 253 coherent, 24, 42, 83, 106, 109, 132, 138, 411
in-loop, 225 coherent spin, 260
in-loop QND, 229 combined (classical and quantum), 197
Lorentzian, 205, 254 EPR, 348
noise, 419 ground, 410
white, 193 minimum uncertainty, 409, 410, 413
non-Lorentzian, 141 nonclassical optical, 240, 252
out-of-loop, 225, 226 number, 41, 132, 410
power, 168 quantum, 9, 34, 308
Mollow, 178, 179, 180f, 181 conditional, 10, 15, 25, 148, 257, 269,
probe absorption, 140 271
QPC current, 205, 213 consistent, 9, 50
quadrature, 219 fiducial, 17, 52
spin, 16, 103, 127, 402 Gaussian, 23, 252, 314, 409, 417
in bosonic environment, 109 improper, 13, 407
spin-squeezing, 259 magnetic, 261
conditional, 262 minimum uncertainty, 23
Heisenberg-limited, 260, 264 mixed, 12, 401
measure of, 260 pure, 398
via feedback, 264 reduced, 406
squashing, 228, 230 thermal, 46, 104, 107, 110

linewidth-narrowing by, 268 unconditional, 12, 25, 148
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406
Rydberg, 46
Schrédinger’s cat, 132, 134, 241
semiclassical, 132
spin-squeezed, 260
squeezed, 63, 253, 414
two-mode, 349
Susskind-Glogower phase, 66
truncated phase, 393
vacuum, 104, 163, 411
statistical distance, 55
quantum, 57
statistics
nonclassical optical, 241
stationary, 418
sub-Poissonian, 241
subspace
quantum, 342
subsystem
quantum, 267
superconducting systems, 138
superoperator, 20
A, 240
D, 105
g, 152
H, 152
J, 20
Lindbladian, 120
Liouvillian, 120
superposition, 399
system (engineering), 279
systems
classical, 1, 278
linear, 283
multipartite, 404
quantum, 8, 308
linear, 251, 312
open, 97
super, 196

teleportation
classical, 347, 351
dual-rail, 394
gate, 385
non-deterministic, 387
quantum, 343, 385
Heisenberg picture, 349
continuous variable, 347
experimental, 347, 352
single-rail, 387, 394
theorem
Araki-Lieb, 406
Baker—Campbell-Hausdorft, 348, 377, 417
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Bayes’, see Bayesian inference, 4
Bell’s, 9
Gelfand—Naimark—Segal, 21, 406
Gleason’s, 12
polar decomposition, 40
Schrodinger—-HIW, 126, 326
spectral, 10, I1
Wong—Zakai, 419
time
dead, 277
delay
between emission and detection, 150
electronic, 222
in feedback loop, 150, 177, 239, 278,
300, 304
tomography
quantum, 94
transform
Fourier, 408
of a correlation function, 419
of a Gaussian, 409
of exponential decay, 141
of field quadratures, 218
optical, 389
gauge, 170
Girsanov, 281
Laplace, 223, 308
unitary, 381
trapped ions, xiii, 268
tunnelling
coherent, 110, 136, 208
dot-to-dot, 207
electron, 114
Josephson, 139
source-to-drain, 201

unravellings, 158
continuous, 169
general, 309
double quantum dot, 210
optimal for feedback, 333
resonance fluorescence, 172

variables
binary, 37
classical, 1, 2, 5, 8, 86
quantum, 16, 25, 31, 42, 121
continuous
classical, 1, 6
quantum, 13, 19, 23, 27, 32, 123, 347,
407, 408
discrete, 1
hidden, 8, 215
system, 1
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vector
Bloch, 103, 128
complex current, 170, 186, 310
configuration, 279
quantum, 308
vibrons, 411
voltage
bias, 115, 139
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von Neumann chain, 15, 28, 97

W function, see Wigner function
wave-plate, 382
wavefunction
momentum representation, 408
position representation, 407
Wigner function, 252, 314, 416
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